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INTRODUCTION 

This Lecture Series is sponsored by the Structures and Materials Panel and the 
Consultant and Exchange Programme of AGARD. 

The choice and subsequent use of a material is quite often irrationally made with 
bias supplied by the engineer because of his educational background and experience. 
For example, when called upon to specify a corrosion-resistant material, a metallurgist 
will f is t  think of a stainless steel, whereas a materials engineer with a polymer back- 
ground will specify a polymeric material. What is therefore needed is a “systems 
approach” to the choice and processing of materials based upon an analysis of the 
character of the material. 

The Lecture Series will begin with a discussion of the systems approach to the 
selection and application of materials, to be given by Dr Robert Maddin. The second 
in the series will be given by Dr Walter %Owen and will be primarily concerned with 
the characterization, selection and use of high strength steels. The third lecture will 
be given by Dr Joseph Pask and will be concerned with the characterization, selection 
and uses of ceramic materials. The fourth in the series will be given by Professor 
Wippler and will cover the characterization, selection and use of polymeric materials. 
Dr Kelly will present the fifth lecture which will deal with characterization, selection 
and use of composite materials. 

The last lecture will cover two fields of special interest to aerospace: aluminium 
alloys and titanium, their characterization and selection aspects. This lecture will be 
divided into two parts and will be presented by Mr Syre for the titanium, and by 
Mr Tigeot for the aluminium alloys part of the paper. 
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A SYSTEMS APPROACH TO THE SELECTION AND APPLICATION O F  MATERIALS 

by 

Robert Maddin 
Director 

School of Metallurgy and Materials Science 
University of Pennsylvania 
Philadelphia, Pennsylvania 

INTRODUCTION 

It has been stated numerous times in the past that the advance of our civilization through its  tech- 
nology and industry depends upon materials. 
upon the solution of materials problems; this i s  true in the electronics industry, in space, in the use of 
atomic energy and in defense, a s  well a s  in the planning, design and manufacture of systems, devices, 
machinery for use in transportation, housing, a i r  and water pollution and deep submergence equipment *. 

In more recent years this advance has depended primarily 

Consider the fact that there a r e  more than 75,000 materials available in one way or  another for 
The problem i s  how to select some of these for the 

Would a fibre-reinforced-plastic 
selection and use in some particular application. 
application. Would a metal be better than a ceramic or  a polymer? 
be suitable? In the past, which material was eventually selected was, to a great extent, dependent upon 
the experience (the educational background) of the materials engineer. Jf his experience w a s  primarily 
that of a metallurgist, it i s  fairly certain that the choice of the material would be a metal. And i f  the 
background of the specifier included experience in polymers, than a polymer would most likely be the 
choice. Quite apparently, then, what is needed is a materials system concept. 

A partial answer to this problem has been the emergence of the !new breed' of materials information 
As Milek ** points out, we a r e  in the midst of an information explosion and to meet this 

The members of these 
specialist. 
explosion more than 100 Information Analysis Centres have ar isen (in the U. S.A. ). 
centres have evolved into a new breed of specialist on materials. Milek l ists  some of their characteristics: 

Provides a unique technical information service to industrial, university and 
governmental organization 8 .  

Possesses a genuine interest in the field of information retrieval, materials 
science and engineering. 

Has a service attitude, i, e., to be of assistance to engineers, scientists, 
designers, l ibraries,  management, etc. 

Possesses a broad interdisciplinary technical background and education. 

Maintains a world-wide surveillance of the literature and i s  a strong user of 
the technical library. 

Generally requires some knowledge of data processing to store and retrieve 
the large bulk of data and information generated in the world today. 

Is adept at answering a broad range of scientific and technical enquiries even 
i f  they a r e  improperly phrased, incomplete o r  ambiguous. 

Can quickly pinpoint problems a r e a s  and suggest alternate solutions as well 
a s  other sources to contact for further research. 

Is in an excellent position to generate state-of-the-art surveys by structuring 
and organizing data and information by ease of interpretation and usage. 

Generates new data and information by assembling and evaluating the best data 
and information from a wide range of sources and by cutting out superfluous, 
erroneous, or irrelevant data and information. 

Such an individual must be strongly oriented in chemistry, physics, metallurgy, polymers, 
ceramics a s  well a s  mathematics. 
need not only years of study in all of these fields but also special study in l ibrary science, data process- 
ing and computer language. Consequently this !new breed', although but a partial answer to the dilemma 
of materials solution since there can be so few of them, i s  rare.  

Clearly, there a r e  few who could so qualify for to do so they would 

He evolves through experience rather 

* Address by W. Duke, To Material Congress, ASM, Philadelphia, 1969. 
** J.T. Milek, SAMPE JOURNAL, AUG/SEPT 1964, 31. 
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than is  synthesized through education. 
t,he bias of his background spoken of earlier. 
Duke of the Whittaker Corporation in his address  to the 1969 Materials Engineering Congress and Ek- 
position in Philadelphia, that all chemists.metallurgists, ceramicists have a stake in a materials system 
concept. 
engineering function. 
one variable at a time to change,and examining the perturbation on the whole. Today many complex 
problems have to be examined as a whole and this examination of the whole is considered a systems 
approach to the solution. 
materials system concept: 

The fact that he evolves through experience, however, builds in 
Again I point out, as emphasized so well by Dr. Wm. M. 

During the past few years,  companies have begun to organize teams to perform the materials 
Traditionally, a complex problem was looked a t  by permitting, where possible, 

Duke lists the typical analyses undertaken by a materials engineer in a 

(a) A description of the market o r  application 

(b) The shape of the part  required 

(c) 

(d) 

The environment in which the par t  will be exposed 

Describe the properties of the material  to  withstand the environment 

(e) Selection of a material  along with a process since the two are interdependent. , 

The sequence of events has been illustrated by Duke in the following Figs. 1-5 and he emphasizes 

Eventually the f i n a l  selection will, of course, be 
that since the process must produce a required shape, the material  and process must be compatible 
since a shaping process will contribute to properties. 
dependent upon cost and'aviiilability. The important point to be made here  is that what the material  to 
be specified is, should be dependent only upon whether o r  not it will meet all of the specifications. 
makes little sense to specify a stainless steel when a polyvinylchloride will meet all the requirements. 
Similarly, it would be foolish to specify that a par t  be broached when it could be cast much more quickly 
and cheaply without changing properties. 
systems analysis is  concerned with whether o r  not a material  o r  system of materials provides the re-  
quired properties-at-a-price in the desired shape. #' 

It 

, 

A quote directly from Duke says it better than I can - "The 

Let u s  now examine some of the systems either in use today o r  in the process of construction. I 
will describe just two in use today, one for F R P  (fiber-reinforced-plastics) and one for stainless steel 
and spend the remaining part  on a universal system now being constructed by the Whittaker Corporation 
of Los Angeles, California and which Dr. Duke described somewhat in  his address  referred to  earlier. 

The first of these i s  a materials selector described by James R. Best of the Owens-Corning Glass 
Company, Toledo, Ohio, in the Proceedings of the Society of the Plastics Industry 1970 * . 
material  is  a fiber-glass-reinforced-plastic ranging from 5% to  50% fiberglass added to  various plastics 
such as  acetal, epoxy, nylon, polycarbonate, polysulfine, PVC, polyester, polystyrene, polyethylene, 
polypropolene, urethane and others. As is well known, additions such as  fiberglass improves strength, 
toughness, useful temperature range, dimensional stability but still can permit the normal shaping 
techniques. 

The 

The purpose of a large choice of F R P  is to optimize design, performance and economics, The 
It is systems analysis resulted in what the Owens- Corning Company calls their 'Compound Selector'. 

a box small enough to  fit into an attache case. 
f i t  a pencil into holes corresponding to  a desired type of end use and/or a combination of properties 
needed and/or a type of base plastic desired o r  considered. The card for each material that passes 
through the screening is lifted out of the box. 
of the reason why the material  w a s  selected and contains detailed information on the various properties. 

Very briefly, it works by having the materials engineer 

Each of the cards has a full description with photographs 

The card also gives the names and addresses  of the various companies that supply the material. 
New developments in FRP are given to you a s  available by the receipt of a new card to  be placed in the 
selector. Let us  examine this process in a bit more  detail. 
of course, dependent on the quality of i t s  input. 
within numerous companies combined to achieve maximum usefulness. 

The quality of this cardboard computer is, 
Best states that in this case many individuals from 

The edge-notched card system of multiple indexing is used in the selector since it is claimed 
that this system can do jobs that would otherwise require time searching through pages of data and 
l i terature o r  programming a computer. 
card is  used when several  levels of reinforcement render distinctly different properties. The number 
of cards is limited to one readily handled in such a mechanical sorting system. This goal was traded 
against the use of enough cards so that the properties range shown for each material  could be usefully 
precise. The system allows additional cards to be added a t  a later time to keep abreast  of the current 
developments. 

One data card is  used for each F R P  compound. A separate 

The early edition of the selector contains the compounds shown in Fig. 6. 

i 

* James R. Best, Proceedings SPI, 1970, 1A. I .  
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Properties data for these compounds were readily available either in the literature o r  from com- 
The sort of properties panies. 

included on the card a r e  shown in Fig. 7. 
orientation o r  molecular orientation. 
factor such a s  creep o r  extremes of strain rate in general. 
figure, six a r e  selected for initial screening. These a r e  

They include mechanical, electrical, thermal and chemical information. 
Not included a r e  data concerned with anisotropy due to fibre 

There i s  also ?ot included the properties dependent on time a s  a 
Of these nineteen properties shown in tbe 

Tensile Strength 

Flexural Modulus 

Impact Resistance 

Heat Deflection Temperature 

Flame Retardance 

Volumetric Materials Cost 

and a r e  incorporated into the edge notched multiple screening system. 
primary importance, photos and descriptive information containing key reasons for applications 
suggested a r e  included on the cards. 
successful use of the compounds. 
enough information to encourage contacting a supplier. 

Since the applications a r e  of 

These include numerous, but certainly not all, examples of 
The objective i s  to narrow the choice of materials and to provide 

Best points out that the selector can be used in three ways (1) to  select an FRP based upon the 
type of base plactic desired, (2)  to  see quickly what other materials have already solved problems 
similar to your own and (3) to narrow down the choice of materials with a combination of key properties. 

We see, therefore, a systems solution--that is ,  restricted to a particular type and use of material-- 
to the choice of a large a r r ay  of high production injection molding and compression molding compounds 
used primarily in automotive equipment and appliance components previously available only in the 
suppliers sales brochures. 

You will immediately recognize that this system suffers from the same complaint in that it does 
not consider all types of materials but assumes, a priori, that the only type of material usable i s  an FRP. 
The same complaint i s  true of the next system I shall describe - "Selection of a Stainless Steel" originated 
by the Carpenter Technology Company of Reading, Pa. ,  U. S. A. 

Since stainless steels vary in their chromium composition (one of the two basic ingredients) from 

Additions of chemical elements that include carbon for strength, nickel (the other main 

The problem i s  to choose the right 'steel' for the right application. 

a s  little a s  1270 to  a s  high a s  27%. there has ar isen a wide variety of compositions each one designed for 
a particular task. 
ingredient), molybdenum, copper, titanium, silicon, aluminum, selenium, etc. have generated a large 
number of alloys. 
Company calls their system the 'Selectaloy System'. 

The Carpenter 
Selection i s  based upon five criteria: 

1 .  Corrosion Resistance - this includes the level of corrosion resistance required in 
a specified corrosive environment. 

2. Mechanical Properties - primarily strength properties 

3. Fabrication Operations - how i s  the alloy to be processed - machined, welded, 
cold-headed, etc. 

4. 

5. ' Product Availability - availability of raw material, service,warehouse, etc. 

Total Cost - including alloy price, installation cost and life expectancy. 

The problem of the choice of a steel i s  due primarily to the publication of volumes of unco- 

If one required steel 
ordinated material. The search for the alloy in this Selectaloy System begins with Type 304- the familiar 
18-8 stainless alloy. 
subjected to more severe or  less  severe environments the choice then goes to other alloys of the stainless 
steel type--see for example Fig. 8. 

Typical applications of 304 a r e  listed o r  a r e  available. 

The five key factors here a r e  

1. Nature of the corrodent 

2. Concentration of the corrodent 

3. Temperature of the corrodent 

4. Presence of contaminants 

5 .  Acceptable corrosion rate 

This part of the system i s  not a s  automatic a s  the FRP system - the engineer has to consult some 250 
corrosion data tables and charts to aid him in his analysis. 
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Once the level of corrosion resistance has been established, the requirements for mechanical 
properties have to be ascertained. This is done in a similar way be tabulating alloy types according to 
strength as  shown in Fig. 9a, b, c. Thus the steels a r e  categorized vertically according to increased 
corrosion resistance and horizontally according to increased strength. The table can then be filled up 
(for example Fig. 1 0 )  according to relative corrosion and relative strength values. 
jection uses  eleven basic stainless steels representative of certain classifications of types of stainless 
and heat-resistance alloys. 

The Selectaloy pro- 

An attempt to partially quantize the information is provided by showing types of corrosive environ- 

This consideration is  made only by knowing what basic alloy modifications 
ments a s  seen in Fig. 11. 
of selection is the fabrication. 
provide the most desirable fabrication characteristics. 
fabricability a r e  made on the basis of tables and charts which can be obtained from the company. 
we see, then, a system which does systematize but does so, f a r  from automatically. It suffers, however, 
as  does the FRP system from the a priori assumption of the material type whereas the system envisioned 
by Duke overcomes this constraint. 

Thus we have considered corrosion resistance and strength. The next aspect 

The cost availability selection criteria as for 
Here 

Let us now turn our attention to  a system being constructed by W. Duke and C. L. Kobrin of the 
Whittaker Corporation in Los Angeles, California. 
material in t e rms  of well-understood precise terms,  i. e., the material must be well characterized. 
Materials Advisory Board of the U. S. A. has defined 'characterization' a s  'describing those features of 
composition and structure (including defects) of a material that a r e  significant for a particular preparation, 
study of properties, o r  use, and suffice for reproduction of the material'. 
to consist of a precise description of the chemical composition, the impurities a s  distinct from the intended 
composition, the factors associated with grain structure, factors associated with its sub structure, i ts  
porosity, and others. 

Of primary consideration is the definition of a 
The 

Character is thus considered 

The parameters suggested to define 'character'  a r e  shown in Fig .  12. 

Let us examine these parameters somewhat more  closely. The overall chemical composition 
In processing it is assumed that this refers  to the qualitative and quantitative 'nominal' composition. 

composition is  always controlled within the specifications. 
composition is necessary since so many of the properties a r e  determined by this parameter. 

Obviously knowledge of the chemical 

The next set of parameters is associated with impurities that a r i s e  in processing o r  in the manu- 
facture of the material. For example, many mechanical, physical and chemical properties a r e  effected 
by the species and amount of impurities residing in prain boundaries in metals. Consequently, we must 
know thetype and amount of impurities in grain boundaries, whether o r  not they a r e  distributed homo- 
geneously (these will effect, among other properties, electrical resistivity, etc. ), whether soluble and, 
if  so, how much is  there, 
fracture characteristics) and their distribution. 
effect on fracture characteristics of metals. 

(if large size as, for example, inclusion, they could affect the 
The distribution of insoluble impurities has a major 

The next set of parameters necessary to define the character of a material is  associated with the 
gra in  structure. 
ical properties a s  well a s  some of the physical properties of materials. 
a r e  arranged in close packed cubic o r  hexagonal is of paramount importance in determining the overall 
mechanical properties. Knowledge of their orientation is necessary since if  they a r e  aligned along one 
predominant direction they will develop anisotropic properties. 
strength and ductility. Domain size is  of importance for  magnetic materials only but the descriptions of 
character in te rms  of an irreducible set of parameters would not be complete without domain size. 

The crystal structure of the grains, particularly in  metals, defines largely the mechan- 
Whether the atoms (or molecules) 

Their &and shape determine the 

A precise knowledge of the parameters effecting sub- structure i s  now known to be of fundamental 
importance in  determining many of the properties of solid materials. 
lattice positions, atoms of the same type a s  in the matrix but in interstitial positions) a r e  now known to 
effect markedly some strength properties as  well a s  the diffusion characteristics, and other properties. 
By linear defects, i t  i s  meant primarily dislocations. 
and precipitation behavior a s  well a s  other characteristics. 
and distribution is necessary before the property variation can be quantized. 
twin boundaries, kink bands, stacking faults and sub-grain boundaries. 
similar to that of dislocation. 

For  example, point  defects (vacant 

As you well know, these defects effect strength 
A 'precise' knowledge of their density, type 

Planar defects include 
Their effect on properties is 

The next three parameters associated with sub- structure a r e  concerned solely with polymeric 
materials. 
behavior of the polymer. 
of crystallinity. 

In polymers, the molecular weight is of fundamental significance in determining the overall 
This is equally t rue of the orientation of the molecules and the overall degree 

These next parameters a r e  mostly important for ceramic materials. For  example, the volume, 
- size and distribution of pores in metals prepared by powder metallurgy techniques and in ceramics have 
a large effect on properties and hence a knowledge of these parameters is absolutely necessary. 

We next come to a description of additional condensed phases that may be designed into a material. 
Of importance to many alloys, this set of parameters is  even more important in ceramic and composite 
materials. Consequently, the distribution, volume fraction of condensed phases (other than the matrix) 
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determines many of the properties of ceramics and alloys. 
volume fraction and crystal orientation of fibres has a dramatic effect and, hence, we must have precise 
knowledge of these parameters. 

In the case of composite materials, the 

Lastly, the two parameters describing the surface complete the characterization of a material. 
Here, the nature of the surface, whether it has a physically absorbed layer o r  a chemical oxide (for 
example) i s  important, particularly in its reaction to the environment. 

It i s  thus stated that these a r e  the irreducible and non-redundant parameters that define the 
character of a material whether the material i s  a metal, a polymer, a ceramic or  a composite. 
parameters a r e  required. As Duke points out, we can test this definition on, for example, fracture 
strength, Fig, 13. 
the fracture strength; no control over the other parameters exists to effect this particular property. By 
control i s  meant two criteria (1) character of a particular material can be controlled by the available or  
potentially available manufacturing process; (2) the character affected is used a s  a means of defining and 
controlling a property. Referring again to Fig. 13, we see that we can effect the fracture strength of a 
material by controlling the chemical composition and, hence, the box contains a C; we can control the 
soluble impurities in the grain boundaries and here again we have a C. 
have no effect on the fracture strength and here there i s  an X for no control. 
insoluble impurities in their volume fraction, their size and their distribution have an effect. 
structure, their orientation, their size and their shape all have an effect and hence these boxes contain 
C. 

No other 

According to the definition, certain aspects of character can be controlled to effect 

The homogeneous impurities 
On the other hand, the 

The crystal 

Domain size does not apply for this property. 

In this way we have defined those parameters which effect character and hence give control over 
the fracture strength. The description of control of a number of properties i s  contained in this figure. 

In a similar manner we can construct a Table (shown in Fig. 14) where one column i s  a material, 
gray cast iron, for example, and the other columns show what parameters of the character can be con- 
trolled. For  example, we can control the chemical composition (this control will, in turn, effect the 
UTS of the resulting alloy), but not the crystal structure of the grains (in this case). 
molecular weight of a general purpose epoxy (and this will, in turn, effect the strength) but we cannot 
control linear defects. 

We can control the 

Hence we now have a relationship between material and character. 

In the next Table (Fig. 15)  we attempt to determine what effect a particular manufacturing process 
has on the character. 
control over the point o r  line defects (normally) and this par t  of the character i s  of little importance in 
effecting properties which a re ,  in turn, to be controlled or  used in the choice of a material. 

Here we see t h t  in a melting and casting operation, for example, there i s  no 

In the eventual choice of a material for a particular application, we must first know the inter- 
relationships among the various aspects that determine o r  effect character. 
a possible relationship character. 
should in the future) what parameters of character should o r  could be controlled to change the properties 
(Table I, Fig. 13). We also know o r  hope to know what processes effect character and in turn how these 
processes change properties. 

In Fig. 16, there i s  shown 
As we have seen, character effects properties but we now know (or 

In the eventual choice of a material, it remains to be determined whether a process i s  feasible 
for a particular material. At the 
present time materials a r e  chosen on the basis of handbook data on properties or  some sort of approach 
of that nature. What 
i s  envisioned by Duke i s  a computer approach to the choice of materials where the data shown in Tables I, 
11, 111 a r e  fed into a computer. 
qualifications a s  required. 

And in the last case there  is the availability and cost of the material. 

Similarly, the relationship between properties and processes i s  entirely empirical. 

The engineer will take out the choices available to him that f i l l  the 

Duke points out that this type of character analysis suggests where research and development can 
make significant contributions. 
processing techniques. 
quirements a s  well a s  new materials, combination processes wil l  find application. 
combination processes would include explosive bonding of composites, thermo-mechanical processes 
such a s  maraging and ausforming treatments, etc. 
ing heat-treating cycles. 
of materials with the added advantage of 'tailor-making' materials. 

It provides new insights into the capabilities and versatility of certain 
Since conventional processes a r e  beginning to be inadequate to satisfy new re- 

Some sample 

Character analysis will help here a s  it will in develop- 
Duke considers that character analysis will offer new insights into the capability 

You will al l  recognize that this phase of the analysis i s  primarily qualitative. There a r e  some 
quantitative aspects a t  the present time. 
will produce what changes in the electrical resistivity o r  how much zinc added to copper will give how 
much solid solution hardening. 
and eventually fed into a computer. 

For  example, we have a fair idea how much of some elements 

There a r e  large amounts of data in the literature that must be compiled 

In concluding this talk, I quote from Duke's address 'Someday it may be necessary only to dial a 
computer with a set of required properties.. .and by properties I mean formability and weldability.. . 
and let the computer provide a list of options I 
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In t roduc t ion  

The p r i n c i p l e s  and ideas  on which modern u l t r a -h igh  s t r e n g t h  steels 
have been developed w i l l  be  o u t l i n e d  and a f e w  concepts of  b a s i c  importance 
w i l l  be i l l u s t r a t e d  by a desc r ip t ion  of  s p e c i f i c  a l l o y s  and thermal and 
mechanical t rea tments  which are app l i ed  t o  them. The concern h e r e  is 
exclus ive ly  wi th  those  a l l o y s  intended t o  possess  a very h igh  s t r eng th ,  a s  
def ined  by t h e  y i e l d  stress o r  t h e  flow stress, a t  a s m a l l  o f f s e t  ( l e s s  than,  
say  0.2% s t r a i n )  combined wi th  acceptab le  d u c t i l i t y .  I t  w i l l  be assumed 
that,  i n  gene ra l ,  components made from these  steels w i l l  be subjec ted  t o  
s ta t ic  loading,  a slow app l i ed  s t r a i n  r a t e  o r  very low frequency c y c l i c  
loading a t  temperatures  wi th in  100 degrees ,  o r  so, of room temperature.  I t  
i s  r e a l i z e d ,  of  course,  t h a t  f o r  some important  a p p l i c a t i o n s  o f  t hese  steels, 
r e s i s t a n c e  t o  f a t i g u e ,  o r  c reep  a t  e l eva ted  temperature ,  o r  impact loading  
a r e  important .  Where appropr ia te ,  these  p r o p e r t i e s  w i l l  be d iscussed  b r i e f l y ,  
A p roper ty  which i s  r a p i d l y  becoming recognized t o  be of  primary importance i n  
almost a l l  r e a l  a p p l i c a t i o n s  i s  the  c e s i s t a n c e  o f  t hese  a l l o y s  t o  stress 
co r ros ion  and r e l a t e d  effects. 
importance,  sup r i s ing ly  l i t t l e  i s  known about t h e  mechanical behavior  of  
u l t r a -h igh  s tzength  steels when they are s t r e s s e d  i n  a cor ros ive  atmosphere. 

Although t h i s  i s  a matter of  paramount 

The use fu l  concepts  c u r r e n t l y  used t o  exp la in  t h e  mechanical behavior  and 
t o  develop improved a l l o y s  are gene ra l i za t ions  deduced from observa t ions  of  
t h e  r e l a t i o n s h i p s  between p r o p e r t i e s  and macroscopic s t r u c t u r a l  va r i ab le s .  
Most of the f e a t u r e s  o f  t h e  s t r u c t u r e  of  importance i n  t h i s  contex t  are those 
which can be  s tud ied  by o p t i c a l  microscopy. 
microscopy has  been h e l p f u l .  
o f  macroscopic va r i ab le s .  

J u s t  occas iona l ly  e l e c t r o n  
Thus, most o f  t h e  d i scuss ion  w i l l  be  i n  terms 

1 
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Strengthening Mechanisms 

I 

I n t e n s i v e  research  i n  many d i f f e r e n t  p a r t s  of  t h e  world and spread over more than 
a century i n  t i m e  has  been necessary t o  i d e n t i f y  t h e  mechanisms by which steels are 
hardened. 
and s tudied  q u a n t i t a t i v e l y  under imposed experimental  condi t ions  such t h a t  t h e  
c o n t r o l l e d  v a r i a b l e s  a f f e c t  only one mechanism. (1 ,2)  However, no exac t  knowledge 
i s  a v a i l a b l e  about t h e  c o n t r i b u t i o n  of  each mechanism, and p o s s i b l e  synerge t ic  e f f e c t s ,  
i n  real circumstances such t h a t  s e v e r a l  mechanisms opera te  simultaneously.  I t  i s  clear 
t h a t  t h e  simple a d d i t i v e  r u l e  proposed by some of t h e  e a r l y  i n v e s t i g a t o r s  i s  not  
c o r r e c t .  

A l l  t h e  p o s s i b l e  mechanisms of primary importance have now been recognized 

The problem i s  one of  extreme complexity. 

The mat r ix  phase i n  u l t r a - h i g h  s t r e n g t h  steels i s  always der ived from b.c .c .  
ferri te.  
and s t r a i n  r a t e .  Twinning can be important  i n  specimens subjec ted  t o  impact loading 
o r  very low temperatures.  
made from u l t r a - h i g h  s t r e n g t h  steels and w i t h i n  t h e  l i m i t s  of  t h e  present  d i scuss ion  
deformation twinning i s  not  a s i g n i f i c a n t  mode o f  deformation. 
f e r r i t i c  i r o n  t e s t e d  a t  temperatures above about 120 K s l i p  occurs  by wavy g l i d e .  Cross- 
s l i p  i s  easy and d i s l o c a t i o n - t a n g l e s  can o f t e n  be observed by e l e c t r o n  microscopy. A t  
temperatures below about 120 K t h e  s l i p  traces become s t r a i g h t  t h e  number o f  opera t ive  
s l i p  systems appears  t o  be decreased and tangl ing  i s  r a r e .  The temperature a t  which 
t h e  change from wavy t o  p lanar  s l i p  occurs  i s  inf luenced by t h e  presence o f  some 
a l l o y i n g  elements. For example, J o l l e y  ( 3 )  found t h a t  by adding 3.28% N i  t h e  t r a n s i t i o n  
temperature could be depressed below 500 K.  
s t r e n g t h  steels deform by wavy s l i p ,  a l though t h e  t r a n s i t i o n  i n  s l i p  mode may be a 

Deformation may occur by s l i p  o r  twinning, depending upon t h e  temperature 

These condi t ions  a r e  seldom encountered by components 

I n  n e a r l y  pure 

A t  a l l  temperatures o f  i n t e r e s t  u l t r a - h i g h  

' f a c t o r  i n  determining t h e  f r a c t u r e  mode i n  some s p e c i a l  circumstances (3 ) .  

O f  t h e  many ways i n  which i r o n  can be s t rengthened,  those  which have proved t o  be 
o f  p r a c t i c a l  importance i n  t h e  development of  s teels  wi th  g r e a t  s t r e n g t h  are: 

1. 

2. M a r t e n s i t i c  t ransformation.  
3. I n t e r s t i t i a l  s o l i d - s o l u t i o n  hardening. 
4 .  P r e c i p i t a t i o n  hardening. 
5. Ausforming. 
6. 

Grain refinement i s  a well-known method of s t rengthening i r o n  and many o t h e r  

Refinement of t h e  ferr i te  g r a i n  s i z e  o r  t h e  m a r t e n s i t i c  
p l a t e  s i z e .  

S t r a i n  tempering and r e l a t e d  processes .  

meta ls .  The r e l a t i o n s h i p  between y i e l d  stress (ay) o r  flow stress a t  some s p e c i f i e d  
s t r a i n  ( o f ) ,  and g r a i n  diameter (d) i s  s t a t e d  by t h e  Hall-Petch r e l a t i o n s h i p :  

o r  

U = U o + k y  d -% 
Y Y' 

u f  d -% 

Where uy, o and o f ,  o a r e  t h e  y i e l d  and flow stress r e s p e c t i v e l y  of  an i n f i n i t e l y  l a r g e  
c r y s t a l .  and kf a r e  cons tan ts  which are u s u a l l y  i n s e n s i t i v e  t o  t e s t i n g  temperature 
and s t r a i n  r a t e .  Recent work has shown t h a t  t h e  Hall-Petch r e l a t i o n s h i p  holds over a 
remarkably wide range of  g r a i n  s i z e .  Morrison has  shown t h a t  i t  i s  v a l i d  f o r  specimens 
o f  annealed mild steel wi th  g r a i n s  as small a s  1 .6  microns. For these  steels, t h e  
va lue  of  ky w a s  2630 psi/" -%. 
refinement of t h e  ferr i te  g r a i n  s i z e  i n  f e r r i t e - p e a r l i t e  aggregates  and of  t h e  
m a r t e n s i t i c  p l a t e  s i z e  i n  quenched and tempered steels.  
explored very p r o f i t a b l y  by Grange (5), who used severa l  d i f f e r e n t  methods of g r a i n  
refinement.  

Perhaps t h e  most u s e f u l  method i s  r a p i d  temperature-cycling between t h e  a u s t e n i t e  
and ferr i te  range, This  method has  been sca led  up t o  p i l o t - p l a n t  product ion a t  U.S. 
S t e e l  using induct ion  hea t ing  and spray quenching. 
8640 steel ,  which w a s  subsequently tempered a t  8009 F, t h e  g r a i n  s i z e  was changed from 
AS'IM number 4 t o  14 and t h e  y i e l d  s t r e n g t h  w a s  increased  by 55 k p s i  (from 170 t o  225 
k p s i ) .  
i s ,  of course,  one of t h e  very a t t r a c t i v e  f e a t u r e s  o f  t h i s  form of  s t rengthening.  

k Y 

S imi la r  l a r g e  i n c r e a s e s  i n  s t r e n g t h  a r e  produced by 

These phenomena have been 

By applying such techniques t o  an 

The i n c r e a s e  i n  s t r e n g t h  w a s  not  accompanied by a decrease i n  d u c t i l i t y .  This 

Although it  has  been r e a l i z e d  f o r  a long t i m e  t h a t  t h e  s t r e n g t h  of  m a r t e n s i t i c  
a l l o y s  i n c r e a s e s  markedly as t h e  s t r u c t u r e  i s  made f i n e r ,  t h e  m i c r o s t r u c t u r a l  u n i t  
which i s  d i r e c t l y  r e l a t e d  t o  t h e  s t rengthening w a s  c l e a r l y  i d e n t i f i e d  only recent ly .  I n  
high-carbon steels and i n  some carbon-free a l l o y s  w i t h  a h igh  concent ra t ion  of  g a m a -  
s t a b i l i z i n g  elements,  p a r t i c u l a r l y  n i c k e l ,  t h e  m a r t e n s i t e  formed by quenching c o n s i s t s  
o f  i s o l a t e d  l e n t i c u l a r  p l a t e s  of  m a r t e n s i t e  embedded i n  a mat r ix  of  r e t a i n e d  a u s t e n i t e .  
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If the  a l l o y  conta ins  an apprec iab le  concent ra t ion  of carbon t h e  mar t ens i t e  i s  cubic .  
The p l a t e s  form i n  a zig-zag p a t t e r n ,  touching a t  t h e  t i p s ,  i f  t h e  mar t ens i t e  i s  formed 
i n  a b u r s t .  Then t h e r e  i s  l i t t l e  doubt t h a t ,  i n  r e l a t i o n  t o  deformation, t he  primary 
mic ros t ruc tu ra l  u n i t  i n  t hese  a l l o y s  i s  t h e  mar t ens i t e  p l a t e .  S l i p  o r  deformation 
twinning i s  confined wi th in  t h e  mar t ens i t e  p l a t e s .  However, t h e  m a r t e n s i t i c  s t r u c t u r e d  
formed i n  a l l o y s  d i l u t e  i n  carbon and s u b s t i t u t i o n a l  s o l u t e  elements does not  con ta in  
i s o l a t e d  p l a t e s .  Thin p l a t e s  a r e  s tacked p a r a l l e l  t o  each o t h e r  t o  form blocks of 
p l a t e s .  The p l a t e s  are separa ted  only by a low-angle d i s l o c a t i o n  boundary and the 
mar t ens i t e  comprising the  p l a t e s  i s  always cubic .  
a u s t e n i t e  t h e  blocks of p l a t e s  co inc ide ,  approximately,  w i th  t h e  pa ren t  a u s t e n i t e  g r a i n s  
bu t  when formed from coarse-grained a u s t e n i t e  t h e  s i z e  of  a block i s  usua l ly  much 
smal le r  than  t h e  s i z e  of an  a u s t e n i t e  g ra in .  Nilles (6)  and Marder and Krauss ( 7 )  have 
independent ly  demonstrated t h a t  deformation i n  t h i s  type of  mar t ens i t e  i s  confined 
wi th in  t h e  blocks o f  p l a t e s  and t h a t  t h e  inc rease  i n  s t r e n g t h  which r e s u l t s  from 
r e f i n i n g  the  s t r u c t u r e  c o r r e l a t e s  d i r e c t l y  wi th  t h e  s i z e  of  t hese  blocks.  The Hal l -  
Petch r e l a t i o n s h i p s  can apply i f  t h e  average diameter of a block i s  s u b s t i t u t e d  f o r  d 
i n  equat ion  1. Some r e s u l t s  due t o  Nilles a r e  shown i n  Figure 1. 

I n  a l l o y s  quenched from a f ine-gra ined  

The inc rease  i n  flow stress which can be achieved by ref inement  of  t h e  s i z e  of 
mar t ens i t e  blocks i s  about  t h e  same as t h a t  which i s  p o s s i b l e  by reducing t h e  g r a i n  s i z e  
of  an annealed f e r r i t i c  a l l o y .  I t  i s  c h a r a c t e r i s t i c  of  t h i s  type o f  mar t ens i t e  t h a t  i t  
does no t  con ta in  any untransformed pa ren t  a u s t e n i t e  (8). I t  i s  t h e  form of  mar t ens i t e  
commonly found i n  h igh-s t rength  steels, a l though one important  c l a s s  of  a l l o y s ,  t h e  
TRIP steels, r e q u i r e  t h e  presence of r e t a i n e d  a u s t e n i t e  i n  the  undeformed a l l o y .  
add i t ion  t o  r e f i n i n g  t h e  s t r u c t u r e ,  t ransformat ion  t o  mar t ens i t e  in t roduces  o t h e r  forms 
of hardening. 
forms of  hardening, b u t  now it  i s  r e a l i z e d  t h a t  t ransformat ion  hardens i r o n  by 
in t roducing  hardening effects  which are known a l s o  i n  c i rcumstances which do not  involve  
a m a r t e n s i t i c  t ransformat ion .  The major forms of  hardening i n  untempered mar t ens i t e  a r e  
subs t ruc tu re  hardening and i n t e r s t i t i a l  s o l i d  s o l u t i o n  hardening. The subs t ruc tu re  i n  
t h e  i s o l a t e d  p l a t e s  o f  high-carbon mar t ens i t e  c o n s i s t s  of  many p a r a l l e l  t h i n  (about  1 
micron th i ck )  lamellae,  each twin r e l a t e d  t o  i t s  neighbors.  I n  t h i s  cond i t ion  t h e  
steels are b r i t t l e  and thus  they a r e  always tempered before  use.  The twins do not  
surv ive  i n  t h e  well-tempered s t r u c t u r e  bu t  they do in f luence  the l o c a t i o n s  a t  which the 
ca rb ide  p a r t i c l e s  are p r e c i p i t a t e d  during t h e  tempering process .  
t h e  more usua l  form of  mar t ens i t e ,  i n  which blocks o f  mar t ens i t e  p l a t e s  are formed, 
c o n s i s t s  of  a very high dens i ty  of d i s l o c a t i o n s  arranged i n  c e l l  wal l s .  
micrographs of  t h i s  s t r u c t u r e  look exac t ly  l i k e  those  of severe ly  cold-worked i r o n  (9)  
and t h e  hardening which can be a t t r i b u t e d  t o  t h e  subs t ruc tu re  i s  about t h e  same i n  the  
two cases when compared a t  the same ce l l  s i z e  ( 2 ) .  The in t roduc t ion  of a m a r t e n s i t i c  
subs t ruc tu re  inc reases  t h e  0.2% flow stress by about 43 kp i  i n  Fe-Ni a l l o y s .  This form 
of  hardening accounts  f o r  more than 80% of the  hardness  of quenched pure i ron .  

I n  

I t  w a s  once thought t h a t  m a r t e n s i t i c  hardening w a s  one of t h e  unique 

The subs t ruc tu re  of 

E lec t ron  

So l id  s o l u t i o n  hardening by carbon i s  by far t h e  most important  mechanism of  
hardening i n  m a r t e n s i t i c  carbon-s tee ls .  This important f a c t  w a s  f i rs t  c l e a r l y  
demonstrated by Winchell and Cohen (1) .  To produce mar t ens i t e  i n  an i r o n  a l l o y  i t  i s  
necessary t o  quench and, by quenching, t he  carbon i s  r e t a i n e d  i n  s o l u t i o n  i n  t h e  b.c.c.  
l a t t i c e .  
o f  t h e  process  adopted t o  produce the  mar t ens i t e  (quenching) and not  of  t h e  m a r t e n s i t i c  
t ransformat ion  i t s e l f .  
a l l o y s  rises very s t e e p l y  on adding the f i r s t  0.1% carbon and cont inues  t o  rise u n t i l  
about 0.4% carbon had been added (Figure 2 ) .  
o f  carbon are added, probably because t h e  deformation no longer  occurs  by s l i p  bu t  i s  
superseded by twinning o r  microcrack formation. 
achieved i n  these a l l o y s  by carbon so lu t ion  hardening i s  about 220 kps i .  

Thus, i n  l a r g e  measure, m a r t e n s i t i c  hardening i n  carbon steels i s  a r e s u l t  

The flow stress of untempered ( v i r g i n )  mar t ens i t e  i n  Fe-Ni-C 

I t  l e v e l s  o f f  when g r e a t e r  concent ra t ion  

The maximum s t r e n g t h  t h a t  can be 

The primary purpose of tempering i s  t o  improve d u c t i l i t y ,  bu t  i n  t h e  very e a r l y  
s t ages  of  tempering t h e r e  i s  a l s o  an inc rease  i n  s t r eng th  a s  i l l u s t r a t e d  by t h e  da t a  
i n  F igure  2 .  
i n  s t r e n g t h  accompanied by improved d u c t i l i t y .  
s u f f i c i e n t l y  s m a l l ,  o f  a kind which e f f e c t i v e l y  p i n  a moving d i s l o c a t i o n  and spaced 
c l o s e  toge the r  (perhaps 100 - 200 a p a r t ) ,  s u b s t a n t i a l  hardening r e s u l t s .  This age- 
hardening phenomenon i s  a hardening mechanism of  major importance i n  many h igh  s t r e n g t h  
steels which e x h i b i t  secondary hardening o r  i n  which t h e  p r e c i p i t a t e s  a r e  no t  carb ides .  
The carbon concent ra t ion  i n  maraging steels i s  very small  and t h e  p r e c i p i t a t e  p a r t i c l e s  
which cause t h e  hardening con ta in  i n s i g n i f i c a n t  amounts of carbon. I n  ca rbon- s t ee l s  i t  
might be expected t h a t  t he  i n i t i a l  p r e c i p i t a t i o n  of  ca rb ides  on tempering would produce 
an  inc rease  i n  s t r e n g t h  bu t  t h i s  s t rengthening  e f f e c t  i s  o f f s e t  by t h e  sof ten ing  of  t he  
ma t r ix  fe r r i te  so lu t ion  due t o  dep le t ion  of  carbon. 

Fu r the r  tempering produces d i s c r e t e  p r e c i p i t a t e  p a r t i c l e s  and a decrease 
I f  p r e c i p i t a t e  p a r t i c l e s  are 

Another form of  s t rengthening  which i s  of  i n t e r e s t ,  bu t  important  only over  r a t h e r  
r e s t r i c t e d  ranges of app l i ed  s t r a i n  ra te  and t e s t i n g  temperature,  i s  due t o  C o t t r e l l  

I 
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drag. 
i l l u s t r a t i o n  of t h e  s t rengthening  which can r e s u l t  from t h i s  e f f e c t  i s  provided by t h e  
da t a  i n  F igure  3 .  
8 . 3  x 10-4 s -1 has  a flow stress a t  room temperature o f  about 140 kps i .  
a temperature above 50° C t h e  flow stress inc reases ,  sharp ly  by about 22 k p s i  because 
a t  t h e  h igher  temperature  t h e  carbon atoms are s u f f i c i e n t l y  mobile i n  t h e  m a r t e n s i t i c  
( f e r r i t i c )  l a t t i ce  t o  be dragged by t h e  moving d i s l o c a t i o n s  involved i n  the  s l i p  
deformation. This  phenomenon i s  accompanied by seve ra l  unusual e f f e c t s  (10 - 1 2 ) .  The 
s t r a i n - r a t e  s e n s i t i v i t y  i s  nega t ive  o r  zero.  That i s ,  on inc reas ing  the  s t r a i n - r a t e  
t h e  flow stress decreases  o r  remains unchanged. When t h e  maximum stress i s  reached 
t h e  p l a s t i c  flow becomes uns t ab le  and a s e r r a t e d  s t r e s s - s t r a i n  curve i s  recorded.  This  
i s  preceded by an unusual ly  l a r g e  inc rease  i n  t h e  dens i ty  of sessile d i s l o c a t i o n s  i n  
t h e  f e r r i t e .  

The moving d i s l o c a t i o n s  drag a c loud of  carbon atoms along wi th  them. An 

A m a r t e n s i t i c  a l l o y  Fe-21%Ni - 0.8%C t e s t e d  a t  a s t r a i n  r a t e  of 
On hea t ing  t o  

Strengthening can o f t e n  be enhanced by using thenno-mechanical t rea tments  which 
a c t i v a t e  more than one of t h e  b a s i c  s t rengthening  mechanisms i n  such a way t h a t  they 
i n t e r a c t  w i th  each o the r .  
po ten t  i s  ausforming. I n  t h i s  process  t h e  s teel  i s  deformed, u sua l ly  by r o l l i n g ,  
whi le  i t  i s  s t i l l  i n  t h e  a u s t e n i t i c  state. The steel i s  then quenched t o  mar t ens i t e .  
The composition of  t h e  steel must be such that t h e r e  i s  a temperature  range between 
t h e  p e a r l i t e  and t h e  b a i n i t e  C-curves of  t h e  t ime-temperature- t ransformation diagram 
i n  which t h e  a u s t e n i t e  i s  metas tab le  f o r  an i n d e f i n i t e  t i m e  (F igure  4) .  It i s  i n  t h i s  
temperature range t h a t  t h e  warm working i s  c a r r i e d  out .  
temperature t h e  s t r e n g t h  of t h e  quenched and tempered product  i nc reases  gradual ly  wi th  
inc reas ing  amounts o f  deformation. Usually t h e  s t rengthening  s a t u r a t e s  a t  some l a r g e  
deformation approaching 80% reduct ion  (13) .  Comparing t h e  s t r e n g t h  of an ausformed 
steel  and t h a t  o f  t he  same s teel  subjec ted  t o  t h e  same thermal t reatment  bu t  w i th  t h e  
r o l l i n g  omit ted,  t h e  increment o f  s t r e n g t h  (Aof) which can be a t t r i b u t e d  t o  t h e  
ausforming i s  s e n s i t i v e  t o  changes i n  t h e  composition of  t h e  steel. 

The b e s t  known example and t h e  one which i s  usua l ly  most 

For  any s e l e c t e d  r o l l i n g  

I t  inc reases  wi th  i n c r e a s e  i n  t h e  carbon concent ra t ion  and appears  t o  be r e l a t e d  
t o  t h e  propor t ion  of carbide-forming elements p re sen t  i n  t h e  steel. 
which t h e  increment i n  s t r e n g t h  i s  achieved by ausforming have long been a sub jec t  of 
controversy.  It appears  from t h e  work of Hoffman (14) t h a t  p a r t  o f  t h e  s t rengthening  
i s  due t o  work hardening and another  p a r t  t o  modi f ica t ion  of  t h e  tempering process .  
H e  demonstrated t h a t  s u b s t a n t i a l  s t rengthening  by these  processes  can be achieved i n  a 
steel (Fe -23 N i  -0.4C) which does not  conta in  ca rb ide  formers and wi th  an M s  temperature 
below room temperature (-400 C ) .  On ausforming Aaf was 30 k p s i  and on tempering t h e  
increment w a s  i nc reased  by a f u r t h e r  50kpsi.Tempering of  t h e  ausforming a l l o y  was 
r e t a rded  b u t  t h e  process  was no t  so slow as i n  steels conta in ing  carb ide  formers. An 
inc rease  i n  AU of 1.06 k p s i  f o r  each 1% of  ausforming was observed. This  observa t ion  
a lone  sugges ts  that  work hardening due t o  t h e  increased  d i s l o c a t i o n  dens i ty  of  t he  
mar t ens i t e  i s  a primary cause of  s t rengthening  i n  these  steels. I n  one sense,  t h e  
mar t ens i t e  i n h e r i t s  t h e  worked subs t ruc tu re  of  t he  a u s t e n i t e  from which i t  forms. 

The mechanisms by 

When carbide-forming elements a r e  p re sen t  t h e  e f f e c t s  found t o  be ope ra t ive  i n  
t h e  Fe-NI-C a l l o y s  are enhanced by t h e  p r e c i p i t a t i o n  of a l l o y  ca rb ides  during t h e  
deformation (15), by modi f ica t ion  of  t h e  ca rb ides  formed during tempering and, i n  some 
steels (such as those  conta in ing  MO) by secondary hardening. The ca rb ides  p r e c i p i t a t e d  
during the deformation inc rease  f u r t h e r  t h e  dens i ty  of d i s l o c a t i o n s  i n  t h e  mar t ens i t e  a s  
w e l l  a s  poss ib ly  c o n t r i b u t i n g  t o  t h e  increment of s t rengthening  due t o  p r e c i p i t a t i o n  
hardening. 

Other ways of  i nc reas ing  t h e  work hardening increment of s t r e n g t h  of  m a r t e n s i t i c  
steels have been developed. 
mar t ens i t e  followed by f u r t h e r  tempering, has  proved t o  be  an e x c e l l e n t  way of 
i nc reas ing  t h e  s t r e n g t h  of some steels. If t h e  working and second tempering a r e  
c a r r i e d  ou t  a t  t h e  same temperature the  process  i s  known as dynamic s t r a in -ag ing  
(F igure  5). 
i s  a func t ion  of  t h e  composition of  t h e  steel. 
carbon steel g r e a t e r  s t r e n g t h s  can be achieved by dynamic s t r a i n  aging than  by tempering 
after a room temperature deformation (Figure 6), bu t  t h i s  i s  no t  t h e  case wi th  a l l  
steels (17). 
hardening b u t  t h e  major s t rengthening  e f f e c t  i s  probably due t o  the  modi f ica t ion  of t he  
tempering process .  

S t r a i n  tempering, t h e  co ld  o r  warm working of tempered 

As wi th  ausforming, t h e  response of  d i f f e r e n t  steels t o  these  t rea tments  
Zackay (16)  has shown t h a t  f o r  a 0.2% 

As wi th  ausforming t h e  deformation process  in t roduces  a d d i t i o n a l  work 

However, un l ike  ausforming, s t r a i n  tempering produces a very r a p i d  inc rease  i n  
s t r e n g t h  wi th  t h e  f i r s t  small  deformation and, of  course,  t he  t o t a l  deformation t h a t  
can be app l i ed  t o  a tempered steel i s  much smaller than t h a t  which can be  appl ied  t o  a 
tempered s teel  i s  much smal le r  than t h a t  which can be  app l i ed  t o  h o t  a u s t e n i t e .  Often 
a f u r t h e r  increment o f  s t r e n g t h  can be achieved by r epea t ing  t h e  s t ra in- tempering 
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process ,  bu t  t h e  effect  s a t u r a t e s  a f t e r  t h r e e  o r  fou r  temperings. 
, t h e  modi f ica t ion  t o  t h e  tempering process  produced by p r i o r  deformation i s  not  w e l l  
understood. It appears  t h a t  during t h e  second tempering many f i n e  ca rb ide  p a r t i c l e s  
(perhaps €-carb ide)  d i s so lve  (18). 
binding energy of  a carbon atom t o  a d i s l o c a t i o n  (>0.5 eV) and t o  an a l l o y  ca rb ide  
(<O. 3 eV) . Evident ly ,  t h e  red isso lved  carbdn segrega tes  t o  t h e  d i s l o c a t i o n s  f r e s h l y  
formed by the deformation after t h e  f i r s t  temper and immobilize them, thus  inc reas ing  
t h e  r e s i s t a n c e  t o  f u r t h e r  deformation. There i s  evidence t h a t  during the second temper 
o f  steels wi th  carbide-forming elements,  p r e c i p i t a t i o n  of  f i n e  ca rb ide  p a r t i c l e s  occurs  
on d i s l o c a t i o n s  and thereby provide a d d i t i o n a l  pinning. The r e s o l u t i o n  of  ca rb ides  and 
segrega t ion  of  t h e  carbon t o  d i s l o c a t i o n s  almost c e r t a i n l y  occurs  during dynamic 
s t r a in -ag ing  (18) and during t h e  deformation of  quenched s teels  i n  t h e  range of  
temperature i n  which C o t t r e l l  drag i s  e f f e c t i v e .  

The exac t  na tu re  of  

This must be a consequence of  t h e  d i f f e r e n c e  i n  t h e  

D u c t i l i t y  

Three f r a c t u r e  mechanisms may occur,  s i n g l y  o r  i n  combination, during t h e  f r a c t u r e  
o f  a h igh-s t rength  steel; grain-boundary cracking,  t r ansg ranu la r  c leavage o r  d u c t i l e  
shear .  Grain-boundary cracking i s  most p reva len t  i n  a l l o y s  subjec ted  t o  h igh  
temperature c reep  deformations.  
r e s i s t a n t ,  because they have a f i n e  g r a i n  s i z e  and, consequent ly ,  they a r e  no t  u sua l ly  
used a t  e l eva ted  temperatures .  However, even a t  temperatures  near  room temperature 
h igh-s t rength  steels sometimes f r a c t u r e  prematurely wi th  a c rack  pa th  which, a t  l e a s t  
over  p a r t  of i t s  length ,  i s  in t e rg ranu la r .  I n  these  cases ,  e i t h e r  due t o  i n c o r r e c t  
c o n t r o l  of t h e  chemistry o r  i n c o r r e c t  thermo-mechanical t reatment  carb ide  p a r t i c l e s  o r  
o t h e r  segrega tes  are p resen t  a t  t h e  g r a i n  boundary i n  s u b s t a n t i a l  quant i ty .  T h i s  i s  
one, bu t  no t  t h e  only,  reason why carbon i s  c a r e f u l l y  c o n t r o l l e d  and kept  t o  t h e  
minimum concent ra t ion  necessary t o  produce t h e  requi red  s t rengthening.  I t  i s  most unusual 
t o  f i n d  t h a t  grain-boundary b r i t t l e n e s s  i s  a problem i n  commercial u l t r a -h igh  s t r e n g t h  
steels. 

The steels under d iscuss ion  a r e  not  u sua l ly  cr.eep 

I n  p l a t e s  and shee t s  of  i n f i n i t e  ex ten t  subjec ted  t o ' a  t e n s i l e  stress app l i ed  
normally t o  a s i d e  o r  c e n t e r  notch f r a c t u r e  of h igh-s t rength  steels occurs  wi th  a f l a t  
f r a c t u r e  (plane s t r a i n )  o r  a shear  f r a c t u r e  (p lane  s t r e s s )  depending upon t h e  steel, t h e  
temperature,  t h e  s t r a i n  r a t e  and t h e  r a t i o  o f  t h e  crack l eng th  t o  t h e  p l a t e  th ickness .  
The most u s e f u l  measure o f  t h e  r e s i s t a n c e  of t h e  steel t o  f r a c t u r e  i s  KIC , t h e  plane-  
s t r a i n  f r a c t u r e  toughness (20) measured by tests i n  which t h e  c rack  and p l a t e  geometry 
and the temperature are s e l e c t e d  t o  ensure a f l a t  f r a c t u r e .  
of a steel  which d i r e c t l y  affect  K 
important  e f f e c t s  have been recognlged. 
d iv ided  between t h e  work absorbed i n  the  deformation of  t h e  p l a s t i c  zone a t  t h e  t i p  of  
t h e  crack and t h e  energy requi red  t o  c r e a t e  two new crack su r faces .  
agreed t h a t  f o r  metals the  p l a s t i c  work term i s  so much l a r g e r  than t h e  su r face  energy 
term t h a t  t h e  l a t te r  can be  neglected.  
always be so. 

The m e t a l l u r g i c a l  f e a t u r e s  
are not  understood q u a n t i t a t i v e l y ,  b u t  some 

The energy r equ i r ed  t o  propagate  a c rack  i s  

It i s  usua l ly  

It w i l l  be suggested l a t e r  that  this  may not  

The m a t e r i a l  i n  t h e  p l a s t i c  zone ahead of t h e  c rack  i s  sub jec t ed  t o  h igh  stresses 
a t  a h igh  s t r a i n  r a t e .  
p a r t i c l e s  o r  b r i t t l e  i nc lus ions  and thereby provide an easy pa th  f o r  t he  main crack.  
Thus, i t  i s  important  i n  h igh  s t r e n g t h  steels t o  reduce the  number and t h e  s i z e  of such 
p a r t i c l e s .  
a s  f o r  example by sphero id iz ing  a p e a r l i t i c  steel, wi thout  a s i g n i f i c a n t  reduct ion  i n  
t h e  volume f r a c t i o n  of  ca rb ide  p re sen t .  
c a s t i n g  h igh-s t rength  steels probably i s  a d i r e c t  consequence of t h e  removal of  
i nc lus ions  from the  crack pa th .  

These stresses may be s u f f i c i e n t  t o  crack l a r g e  ca rb ide  

Much improved toughness can be achieved by reducing t h e  s i z e  o f  t h e  carb ides ,  

The major b e n e f i t  of vaccum mel t ing  and 

Although wi th in  t h e  p l a s t i c  zone the deformation i s  extremely complex, two 
parameters o f  major importance i n  determining f r a c t u r e  behavior  have been i d e n t i f i e d  
wi th  confidence: 
e x i s t i n g  i n  t h e  zone and t h e  work hardening index n (21,22). 
t h e  easier p l a s t i c  flow w i l l  be and t h e  more e f f e c t i v e l y  t h e  c rack  w i l l  be blunted.  
Since t h e  steels o f  i n t e r e s t  h e r e  are designed t o  have a h igh  y i e l d  stress, t h e r e  i s  
l i t t l e  hope o f  using t h e  f i r s t  of t hese  parameters t o  improve t h e  d u c t i l i t y  of high- 
s t r e n g t h  steels. 
toughener may l i e  i n  t h i s  a rea .  
w i th  decreasing t e s t i n g  temperature and consequently,  t h e  s t r a i n - r a t e  s e n s i t i v i t y  i s  
reduced a l s o .  
a t  low temperatures than  does pure i ron .  For a l l  t hese  reasons J o l l e y  (3)  suggested 
that  n i cke l  b l u n t s  p o t e n t i a l  running cracks  by en larg ing  t h e  p l a s t i c  zone and thereby 
inc reas ing  t h e  p l a s t i c  work term. 
e f f e c t  o f  n i cke l  on d u c t i l i t y  i s  unique amongst t h e  common a l loy ing  elements bu t  many 
of  them produce a l l o y  sof ten ing  a t  low temperatures.  

The y i e l d  stress of t he  steel a t  t h e  temperature and h igh  s t r a i n - r a t e  
The lower t h e  y i e l d  stress, 

However, p a r t  o f  t h e  explana t ion  of  t he  e f f e c t i v e n e s s  of  n i cke l  as a 
Nickel,  reduces t h e  rate of  i nc rease  o f  t h e  flow stress 

There i s  evidence t h a t  i r o n  conta in ing  n i cke l  s l i p s  on more s l i p  systems 

The d i f f i c u l t y  wi th  t h i s  explana t ion  i s  t h a t  t h e  

Thus, t h i s  can, a t  b e s t  be only  a 
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I 

p a r t i a l  explana t ion .  

The o t h e r  parameter,  t h e  s t r a i n  hardening index, does, however, provide a very usefu l  
gu ide  t o  t h e  improvement of d u c t i l i t y ,  The ex ten t  of uniform p l a s t i c  ex tens ion  which 
can occur i s  r e l a t e d  t o  n. 
t h e  specimen w i l l  main ta in  a uniform c ross - sec t ion  during p l a s t i c  flow u n t i l  t he  t r u e  
s t r a i n  i s  numerical ly  equal  t o  t h e  s t r a i n  hardening index. It  w i l l  then neck. This p l a s t i c  
i n s t a b i l i t y  i s  t h e  s t a r t  o f  a sequence of events  lead ing  t o  f r a c t u r e  of t h e  bar .  Mater ia l  
i n s i d e  t h e  necked reg ion  w i l l  develop voids  by f r a c t u r e  o f  b r i t t l e  p r e c i p i t a t e  o r  
impuri ty  p a r t i c l e s .  The voids  e longate  and t h e  m a t e r i a l  between them p u l l s  o u t ,  aga in  
by uns t ab le  p l a s t i c  flow. This  l eads  t o  a s u b s t a n t i a l  crack wi th in  t h e  neck and f r a c t u r e  
i s  usua l ly  completed by i n t e n s i v e  shear ing  of  t he  remaining material. C lea r ly ,  t o  delay 
necking a l a r g e  va lue  o f  n i s  requi red .  
c rack  i s  more complex than t h e  ex tens ion  of  a simple ba r ,  bu t  t h e  same e f f e c t s  a r e  
involved and p l a s t i c  i n s t a b i l i t y  i s  of fundamental importance. 

One way of  i nc reas ing  n i s  by d i spe r s ing  p r e c i p i t a t e  p a r t i c l e s  t o  produce a high 
concent ra t ion  of f i n e  p a r t i c l e s .  The b e n e f i c i a l  e f f e c t s  of  adding manganese t o  carbon 
steels can, i n  l a r g e  p a r t ,  be  a t t r i b u t e d  t o  t h e  e f f e c t  o f  t h i s  element on the  s i z e  and 
d i s t r i b u t i o n  of t h e  carb ide  p r e c i p i t a t e s .  Ausforming, s t r a i n  tempering and dynamic 
s t r a i n  aging of carbon s teels  conta in ing  carb ide  forming elements a l l  i nc rease  t h e  s t r a i n  
hardening index t o  a marked e x t e n t  by producing a dense t ang le  of d i s l o c a t i o n s  i n  which 
a r e  embedded a h igh  concent ra t ion  o f  f i n e  carb ide  p a r t i c l e s .  
c e r t a i n l y  t h e  primary cause of t h e  improvement i n  d u c t i l i t y  brought about by these  thermo- 
mechanical processes .  
a steel  can be  inc reased  i s  small. A d i f f e r e n t  approach t o  those which r e l y  upon 
d i spe r s ion  of  p a r t i c l e s  and t ang l ing  of d i s l o c a t i o n s  r e c e n t l y  has  been explored wi th  
promising r e s u l t s .  Strain- induced t ransformat ion  of  a metas tab le  a u s t e n i t e  produces an 
extremely r a p i d  inc rease  i n  t h e  flow stress. This has been used by designing two-phase 
steels conta in ing  tempered mar t ens i t e  o r  b a i n i t e  and untransformed metas tab le  a u s t e n i t e .  
I n  t h e  p l a s t i c  zone ahead of  a crack t h e  a u s t e n i t e  t ransforms m a r t e n s i t i c a l l y  producing a 
high work-hardening rate and a h igh  r e s i s t a n c e  t o  c rack  growth. TRIP steels, developed by 
Parker  and Zackay (23,24) u t i l i z e  t h i s  method of developing d u c t i l i t y  i n  a h igh-s t rength  
steel .  The idea  i s ,  however, much o l d e r  than t h e  C a l i f o r n i a  work, Strain- induced 
t ransformat ion  was first success fu l ly  used commercially i n  Hadfield steels. 

I n  a simple un iax ia l  t ens ion  test  of a round-bar specimen, 

The s i t u a t i o n  i n  the  p l a s t i c  zone ahead of  a 

This e f f e c t  i s  almost 

The number o f  known ways i n  which t h e  r a t e  of s t r a i n  hardening of 

It  has  long been recognized t h a t  t h e  two most e f f e c t i v e  a l loy ing  elements,  from 
amongst those  commonly added t o  steels, f o r  improving toughness a r e  manganese and n icke l .  
This observa t ion  suggested t h a t  elements which s t a b i l i z e  t h e  y-phase improve the  toughness. 
However, t h i s  view had t o  be abandoned when i t  w a s  found t h a t  manganese i s  e f f e c t i v e  only 
i n  steels conta in ing  carbon and i t s  e f f e c t  appears  t o  be p r imar i ly  i n  modifying the  form 
and d i s t r i b u t i o n  o f  carb ides .  Nickel ,  however, i s  a very e f f e c t i v e  toughening agent  even 
i n  t h e  absence of  carbqn (25) .  The only o the r  elements known t o  have a s i m i l i a r  e f f e c t  a r e  
c e r t a i n  noble  me ta l s  ( I r ,  Rh, Ru and P t )  (26).  The b a s i c  cause of t h e  unusual ly  poten t  
e f f e c t  o f  n i cke l  has  been t h e  sub jec t  o f  much s tudy  i n  r ecen t  years ,  bu t  understanding 
of  t h i s  phenomena i s  incomplete. Nickel,  i s  of  course,  widely used t o  toughen u l t r a -h igh  
s t r e n g t h  steels. Leslie e t  a 1  (25) ,  a f t e r  a d e t a i l e d  experimental  s tudy,  concluded t h a t ,  
con t r a ry  t o  t h e  views of  J o l l e y  ( 3 )  quoted e a r l i e r ,  t h e  improvement i n  toughness on 
adding n i cke l  cannot  be a t t r i b u t e d  d i r e c t l y  t o  a reduct ion  i n  t h e  temperature and s t r a i n -  
ra te  dependence of t h e  y i e l d  stress b u t  t h a t  t h e  enhancement of  c r o s s - s l i p  a t  high s t r a i n -  
r a t e s  and low temperature i s  important .  They propose t h a t  t h e  e f f e c t  o f  n i cke l  r e l a t i v e  t o  
o t h e r  p o s s i b l e  a l l o y  element add i t ions  i s  a d i r e c t  r e s u l t  of increased  cohesion of a - i ron  
c r y s t a l s  i n  n i cke l  steel. 

The deduced that t h e  cohesive energy i s  h ighes t  i n  n i c k e l  steels by cons ide ra t ion  of 
t h e  Engel-Brewer c o r r e l a t i o n  (27) which assumes t h a t  t h e  cohesive energy inc reases  wi th  
t h e  number s,  p and d e l e c t r o n s .  
n i cke l  appears  t o  re focus  a t t e n t i o n  on the  su r face  energy term. Previously i t  was assumed 
by almost a l l  i n v e s t i g a t o r s  t h a t  t h i s  term i s  n e g l i g i b l e  compared wi th  t h e  energy 
absorbed i n  t h e  p l a s t i c  zone. 

This view of t he  improvement of d u c t i l i t y  on adding 

Some Spec i f i c  S t e e l s  

1. Ausformed Low-Carbon Alloy S t e e l s  

e a r l y  i n v e s t i g a t i o n s  of ausforming were obtained using H - 1 1  t o o l  steel (0.35C, 5.OCr, 
1 .5  MO, 0.4V) (13) and t h e  r e s u l t s  are o f t e n  used a s  a b a s i s  f o r  comparison of t h e  
p r o p e r t i e s  developed i n  newer steels. 
conta in ing  carbon and carbide-forming a l loy ing  elements i s  t h a t  developed by Republic 
S t e e l  Corporat ion and designated HP-9-4-25 (9 .0  N i ,  4.0C0, 0.25C) and HP-9-4-45 
(9.0 N i ,  4.0 C O ,  0.45C). Yie ld  s t r eng th  between 220 and 360 k p s i  can be developed i n  the  

Some of  t h e  most impressive combinations of s t r e n g t h  and d u c t i l i t y  developed i n  t h e  

Perhaps t h e  most i n t e r e s t i n g  series of  s teels  
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higher  carbon a l l o y ,  t h e  lower end o f  t h e  range by convent ional  hea t  t reatment  and t h e  
h ighes t  s t r e n g t h  by ausforming and s t r a i n  tempering. 
increased  deformation during ausforming bu t  t h e  effect  s a t u r a t e s  a t  about 50% 
deformation. A t  a l l  s t r e n  t h  l e v e l s  w i th in  t h e  range 220 - 360 kps i ,  t h e  d u c t i l i t y  i s  
b e t t e r  than K = 40 x lo-' p s i  ink.  Recently most a t t e n t i o n  has  been d i r e c t e d  toward 
t h e  lower-car&% (0.25C) a l l o y  because of i t s  b e t t e r  d u c t i l i t y .  
thermo-mechanically t o  g ive  s t r e n g t h  over about t h e  same range a s  t h a t  developed by t h e  
a l l o y  wi th  g r e a t e r  concent ra t ion  o f  carbon. t any s t r e n g t h  l e v e l  w i th in  t h e  range t h e  
toughness i s  g r e a t e r  by about AK 
i n  s t r e n g t h  on ausforming sa turakgs  a t  about 50% deformation. 

The s t r e n g t h  inc reases  wi th  

This  can be  t r e a t e d  

= 40 x lo-' p s i  ink.  I n  t h i s  steel a l s o ,  t h e  inc rease  

I n  t h e  HP-9-4 steels t h e  acceptab le  d u c t i l i t y  i s  achieved by t h e  add i t ion  of  
n i c k e l  (9.0%) t o  t h e  steel. The r o l e  of  t h e  c o b a l t  (4.0%) i s  no t  completely understood. 
There i s  no convincing evidence t h a t  c o b a l t  a f f e c t s  t h e  d u c t i l i t y  d i r e c t l y .  
p r i n c i p l e  func t ion ,  a s  i n  t h e  maraging steels, may be t o  reduce t h e  s o l u b i l i t y  of  some 
of t h e  p r e c i p i t a t e s ,  i n  t h i s  case carb ides .  
be obta ined  by adding a t o t a l  o f  2 t o  4% chromium p lus  molybdenum. 
e f f e c t i v e l y  t o  ausforming and s t r a i n  tempering. When compared a t  t h e  same s t r e n g t h  
l e v e l ,  s t ra in- tempered specimens a r e  a l i t t l e  tougher than those  ausformed. I n  
genera l ,  the t o t a l  e f f e c t  o f  ausforming followed by s t r a i n  aging i s  somewhat less than 
t h e  sum of t h e  effects produced when each of  t h e  t rea tments  i s  app l i ed  a lone  ( 1 7 ) .  

I t s  

The b e n e f i t s  o f  secondary hardening may 
Such steels respond 

I t  was noted by Kal i sh  e t  a1 (17) t h a t  when convent iona l ly  quenched and tempered 
and s t ra in- tempered specimens w e r e  compared a t  t h e  same s t r e n g t h  l e v e l ,  those specimens 
which were compared a t  t h e  same s t r e n g t h  l e v e l ,  those specimens which had been p a r t l y  o r  
wholly b a i n i t i c  before  t h e  tempering processes  were tougher than those  which had been 
m a r t e n s i t i c .  The importance of  b a i n i t e  has  been emphasized by Zackay (16,28) and Kula 
(29).  
which t h e  steel i s  a u s t e n i t i c ,  t h e  deformation i s  cont inued i n t o  t h e  temperature range 
i n  which lower-ba in i te  i s  formed e x c e l l e n t  combinations of s t r e n g t h  and d u c t i l i t y  a r e  
obta ined  a f t e r  tempering. Dynamical s t r a in -ag ing  appears  t o  be p a r t i c u l a r l y  e f f e c t i v e  
when app l i ed  t o  mixtures  of  mar t ens i t e  and b a i n i t e .  
thermomechanical t rea tments  t h e  e f f e c t s  of  i nd iv idua l  processes  a r e  approximately 
add i t ive .  

I f ,  i n s t e a d  of  conf in ing  t h e  ausforming deformation t o  a temperature range i n  

For these  and o t h e r  s i m i l a r  

2. Mat r ix  S t e e l s  

Mat r ix  steels (30,34) a r e  only a s m a l l  range of a l l o y s  developed and made by 
Vanadium-Alloy S t e e l  Company. They are o f  i n t e r e s t  because t h e  underlying idea  i s  q u i t e  
d i f f e r e n t  from any idea  on which a l l  t he  o t h e r  h igh-s t rength  steels have been developed. 
Mat r ix  steels were der ived  from t o o l  steels such a s  HSS M - 2  (0.8C, 6 . m ,  5.0 MO, 4 . 0  C r ,  
2.0V). 
e l e c t r o l y t i c  e x t r a c t i o n ,  t h e  composition o f  t h e  ca rb ides  was determined and, knowing 
t h e  composition of t h e  t o t a l  a l l o y ,  t h e  composition of t h e  ma t r ix  i n  which t h e  ca rb ides  
were embedded w a s  deduced. It was argued t h a t  a steel wi th  the composition of the 
ma t r ix  would have t h e  high s t r e n g t h  c h a r a c t e r i s t i c  of  t o o l  steels wi thout  t h e  
b r i t t l e n e s s  which r e s u l t s  from t h e  presence of  t h e  carb ides .  This  proved t o  be  so. The 
composition of  t h e  ma t r ix  v a r i e s  w i th  t h e  a u s t e n i t i z i n g  temperature because a t  h igher  
temperatures  more ca rb ide  p a r t i c l e s  d i sso lve .  Thus, t h e  composition s e l e c t e d  f o r  t h e  
Matr ix  steel had t o  be  optimized. The best-known steel of  t h i s  k ind  i s  Matr ix  M-A which 
con ta ins  0.5C, 2.0W, 2.75M0, 4.5Cr, 1.OV. I t  might be thought t h a t  t h i s  and r e l a t e d  
steels, d e r i v e  their s t r e n g t h  i n  l a r g e  measure from carbon i n  s o l u t i o n  i n  a - i ron  b u t  
t h i s  cannot be  co r rec t .  Judging by t h e  response of  t hese  steels t o  thermal and 
thermomechanical t rea tments  i t  appears  t o  be  almost c e r t a i n  t h a t  p r e c i p i t a t i o n  hardening 
from f i n e  d i spe r s ions  of  carb ides ,  probably i n  t h e  a u s t e n i t e  a s  w e l l  as i n  t h e  ferri te,  
i s  a s i g n i f i c a n t  s t rengthening  mechanism. 

Such steels con ta in  a l a r g e  volume f r a c t i o n  of  massive a l l o y  carb ides .  By 

A 0.2% y i e l d  s t r e n g t h  of  290 k p s i  and a t e n s i l e  s t r e n g t h  of 360 k p s i  can be 
developed i n  Matr ix  M-A steel by convent ional  heat t rea tment .  
accompanied by a degree o f  toughness which i s  less than t H A t  considered d e s i r a b l e  f o r  
most s t r u c t u r a l  a p p l i c a t i o n s  bu t  which i s  adequate f o r  demanding t o o l  and d i e  
app l i ca t ions .  A t  t h e  s t r e n g t h  l e v e l s  mentioned earlier, Matr ix  M-A has  a reduct ion  
a r e a  of  20%, an e longat ion  of 6% and a room-temperature Charpy V-notch impact va lve  o f  
9 f t - l b s .  The enormous improvement brought about by removing t h e  massive ca rb ides  i s  
i l l u s t r a t e d  by t h e  fac t  t h a t  whereas an M-2 HSS steel specimen w i l l  break i n  an 
unnotched Charpy test  w i t h  t h e  abso rp t ion  of  about  50 f t - l b s  of  energy the comparable 
Matr ix  steel M-A specimen w i l l  absorb more than 260 f t - l b s  and s top  t h e  beam i n  doing 
so. Mat r ix  steels, as H - 1 1  and o t h e r  d i e  steels, respond w e l l  to.thermomechanica1 
t rea tments .  By ausforming Matr ix  M-A t h e  0.2% y i e l d  s t r e n g t h  can be increased  t o  425 
k p s i ,  the t e n s i l e  s t r e n g t h  t o  460 k p s i ,  w i th  a s l i g h t  improvement i n  the d u c t i l i t y .  
Another important  proper ty  i s  t h a t  they r e t a i n  an apprec iab le  propor t ion  of  t h e  t e n s i l e  

This h igh  s t r e n g t h  i s  
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s t r e n g t h  a t  e l e v a t e d  temperatures.  
convent iona l ly  h e a t  t r e a t e d  M-A i s  260 k p s i  and of ausformed M-A i s  300 kps i .  

When t e s t e d  a t  1000 F, t h e  t e n s i l e  s t r e n g t h  of  

3. TRIP Steels 

Alloys which r e l y  upon t ransformation induced p l a s t i c i t y  t o  ensure toughness have 
been t h e  s u b j e c t  o f  i n t e n s i v e  development i n  recent  years  (23,32,33). The e x c e l l e n t  
combinations of  p r o p e r t i e s  t h a t  can be obtained by e x p l o i t i n g  t h i s  phenomenon are 
demonstrated by t h e  r e s u l t s  obtained by Zackay e t  a1 (34) using a series of  steels 
based upon 8.9 C r y  8.0 N i ,  4.0 MO, 2.0 Mn, 2.0 S i  and e i t h e r  0.25 o r  0.31 C.  These 
w e r e  s o l u t i o n  t r e a t e d  a t  2050 F, reduced 10 t o  80% a t  840° F and then cooled t o  -3200 F. 
Some specimens w e r e  subsequently s t ra in- tempered ( s t r a i n e d  15% a t  room temperature and 
tempered by 750 F).  
and 300 k p s i  and even a t  t h e  high y i e l d  s t r e n g t h s  e longat ions  (on a 2 inch  gauge 
length)  w e r e  between 25 and 40%. 
which w e r e  recorded i n  t h i s  i n v e s t i g a t i o n  are shown on Figure 7.  S t a i n l e s  steels with 
t ransformation induced p l a s t i c i t  
s teel  conta in ing  1 2  C r y  8 N i ,  1.3 MO, 0.25 C which, a f t e r  s u i t a b l e  processing,  develops 
a y i e l d  s t r e n g t h  of  200 k p s i ,  a t e n s i l e  s t r e n g t h  of  250 k p s i  and an e longat ion  of  33%. 

These processing t reatments  produced y i e l d  s t r e n g t h s  between 200 

Some of t h e  combinations of  s t r e n g t h  and d u c t i l i t y  

have a l s o  been developed. Typical  of  these  i s  a 

4. Maraging S t e e l s  

I n  c o n t r a s t  w i t h  a l l  t h e  o t h e r  high s t r e n g t h  steels, maraging steels u t i l i z e  t h e  
toughening effect  o f  adding n i c k e l  and of removing carbon, 
produced by p r e c i p i t a t i o n  of a l l o y  phases,  not  carb ides ,  i n  an i ron-n icke l  massive- 
m a r t e n s i t e  matr ix .  Modern maraging a l l o y s  were der ived from those developed a t  The 
I n t e r n a t i o n a l  Nickel Company by G.G.  Bieber i n  t h e  1950's. 
25% a r  20% n i c k e l  and combinations of  t i t an ium,  aluminum, and niobium t o  produce t h e  
p r e c i p i t a t e s .  
obtained i n  a l l o y s  conta in ing  c o b a l t  and molybdenum. 
Decker, Eash and Goldman (35) i n  1960. The most widely used grades a r e  those  shown i n  
Table 1. 

The major hardening i s  

The e a r l y  a l l o y s  contained 

Modern a l l o y s  a l l  use t h e  very e f f e c t i v e  hardening which can be 
This  e f f e c t  was discovered by 

Table 1 

Grade 

Nominal Chemical Compositions (w/o balance Fe) o f  
Maraging Steels 

CO - MO - T i  - 
A 18 N i  (200) 18 8 3 .2  0.1 0.2 
B 18 N i  (250) 18 8 5 .0  0.1 0.4 
C 18 N i  (300) 18 9 5.0 0.1 0.6 

These a l l o y s  are a u s t e n i t i z e d  a t  about 1500 F (815 C ) ,  cooled t o  room temperature 
t o  form massive m a r t e n s i t e ,  and age-hardened a t  900 F (485 C). Such a maraging 
t reatment  w i l l  produce s t r e n g t h  of  about 200 k p s i  i n  a l l o y  A ,  250 k p s i  i n  a l l o y  B and 
300 k p s i  i n  a l l o y  C. For s p e c i a l  purposes more complex h e a t  t reatment  sequences are 
used. There are a number o f  f e a t u r e s  of  t h e  h e a t  t reatment  and f a b r i c a t i o n  of  
maraging steels which g i v e  them important advantages over carbon-a l loy-s tee ls  h e a t  
t r e a t e d  t o  t h e  same s t r e n g t h  l e v e l s .  I n  Fe-18Ni a l l o y s  t h e  t ransformation t o  
m a r t e n s i t e  i s  complete a t  room temperature even a f te r  very slow cool ing from t h e  
a u s t e n i t i z i n g  temperature.  
s o l u t i o n  o r  t o  prevent  t ransformation involving d i f f u s i o n .  Consequently, components 
i n  maraging steels can be hardened throughout any thickness .  Hardenabi l i ty  i s  not  a 
problem. I n  t h e  m a r t e n s i t i c  condi t ion ,  before  aging, t h e  a l l o y s  a r e  s u f f i c i e n t l y  s o f t  
so t h a t  they can be machined by convent ional  methods. 
changes are n e g l i g i b l y  small  and i t  i s  usual  t o  machine f i n i s h e d  dimensions before  t h e  
f i n a l  age-hardening t reatment .  No parent  a u s t e n i t e  phase i s  r e t a i n e d  on transforming 
t o  m a r t e n s i t e  and, no dimensional changes due t o  t ransformation of r e t a i n e d  a u s t e n i t e  
occur  during f a b r i c a t i o n  o r  i n  serv ice .  
t reatment  t o  ensure t h a t  no l o c a l i z e d  revers ion  of  t h e  m a r t e n s i t e  t o  a u s t e n i t e  occurs  
due t o  t reatment  a t  too high a temperature o r  f o r  too prolonged a per iod.  

There i s  no need t o  quench t o  r e t a i n  a l l o y i n g  elements i n  

On aging t h e  dimensional 

Care must be taken during t h e  age-hardening 

The r o l e  of  t h e  var ious  a l l o y i n g  elements and t h e  n a t u r e  of  t h e  p r e c i p i t a t e s  have 
been t h e  s u b j e c t  o f  much controversy.  
summarized i n  an e x c e l l e n t  review by Floreen (36). 
t i t an ium t i e s  up any r e s i d u a l  carbon and t h e  remainder i s  a hardener.  
N i  and 25 N i  steels t h e  p r i n c i p a l  hardening was by t i t an ium probably i n  the  form of  
t - N i 3  T i .  

The present  understanding of t h e s e  m a t t e r s  i s  
I n  most steels p a r t  o f  t h e  

I n  t h e  o l d e r  20 

I n  t h e  modern a l l o y s  (A, B and C y  Table I) t i t an ium i s  a supplemental 
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hardner .  
c e r t a i n t y .  Molybdenum i n  these  a l l o y s  i s  p r e c i p i t a t e d ,  a f t e r  the s tandard  aging 
t rea tment ,  as N i g  MO. 
t h i s  p r e c i p i t a t e  i s  rep laced  by Fe2 MO o r  by a o-phase. 
f o r  t h e  p a r t i c u l a r l y  e f f e c t i v e  hardening obtained when c o b a l t  and molybdenum are 
added toge the r  i s  a l s o  unclear .  
molybdenum. 
t h e  hardening, b u t  t h e  most probable  explana t ion  i s  t h a t  t h e  c o b a l t  reduces t h e  
s o l u b i l i t y  of  molybdenum and modif ies  t h e  volume f r a c t i o n  and the d i spe r s ion  of  t h e  
MO-bearing p r e c i p i t a t e s .  

The p r e c i p i t a t e  conta in ing  t h e  t i t an ium has not  been i d e n t i f i e d  wi th  

After longer  aging,  o r  a f t e r  aging a t  h igher  temperatures ,  
The mechanism re spons ib l e  

No coba l t  i s  found i n  the  p r e c i p i t a t e s  conta in ing  
I t  i s  p o s s i b l e  t h a t  B-2 type long-range order ing  can  account f o r  p a r t  of 

5. S m a r y  

The y i e l d  s t r e n g t h  and t h e  r a t i o  of t h e  p l a n e - s t r e s s  f r a c t u r e  toughness t o  y i e l d  
s t r e n g t h  (Kcloys) f o r  quenched and tempered a l l o y  steels,  HP-9-4 steels and f o r  
maraging steels are shown i n  F igure  8, which i s  taken from the  work o f  Zackay (16) .  
The exce l l en t  p r o p e r t i e s  which can be obta ined  by using thennomechanical t rea tments  
which involve  deformation of mixtures  of a u s t e n i t e  and b a i n i t e  a r e  a l s o  shown. I t  i s  
usua l ly  assumed t h a t  f o r  c r i t i c a l  s t r u c t u r a l  app l i ca t ions  a material should have a 
Kclays r a t i o  equal  t o  o r  g r e a t e r  than 1. 
stress l e v e l  a t  which e x i s t i n g  materials can  be s a f e l y  used i s  about 250 kps i .  
(16) e s t ima tes  t h a t  by exp lo i t i ng  the  p o t e n t i a l  of deformed mar t ens i t e  b a i n i t e  mixtures  
and of dynamical s t r a i n  aging p r a c t i c a l  s t r eng th  l e v e l s  a s  high as 320 k p s i  w i l l  be 
achieved i n  t h e  near  fu tu re .  

On t h i s  b a s i s  i t  appears  t h a t  t h e  h ighes t  
Zackay 

O f  course,  a p p l i c a t i o n s  of  u l t r a -h igh  s t r e n g t h  steels a r e  not  always determined 
by s t r e n g t h  and d u c t i l i t y  a lone.  
cyc le  f a t i g u e  i s  o f  some importance. 
s teels ,  have a f a t i g u e  endurance l i m i t  approaching one h a l f  of t h e  y i e l d  stress and the  
l i m i t  i nc reases  as t h e  Yie ld  i s  increased .  
s a t i s f a c t o r y .  
t akes  p l ace  r a p i d l y  and none of them o f f e r  any a t t r a c t i o n  a s  c reep  r e s i s t a n t  m a t e r i a l s .  
Consequently, a p p l i c a t i o n  of  u l t r a - h i g h  s t r e n g t h  steels i s  confined t o  a very modest 
temperature range above room temperature (up t o  say 750 F).  However, those  a l l o y s  
conta in ing  s u b s t a n t i a l  concent ra t ions  of  n i cke l  do r e t a i n  t h e i r  d u c t i l i t y  a t  very  low 
temperatures.  Thus, HP-9-4 and maraging a l l o y s  a r e  used success fu l ly  i n  cryogenic  
a p p l i c a t i o n s .  

I n  many a p p l i c a t i o n s  the  r e s i s t a n c e  t o  h igh  o r  low- 
I n  genera l  a l l o y  steels, inc luding  t h e  HP-9-4 

Thus, t h e  f a t i g u e  behavior  i s  usua l ly  
A l l  t h e  steels loose  t h e i r  s t r e n g t h  a t  temperatures  a t  which over-aging 

The most d i f f i c u l t  a spec t  o f  t h e  f u t u r e  development and a p p l i c a t i o n  of  u l t r a -h igh  
s t r e n g t h  steels t o  a s s e s s  a t  t h e  p r e s e n t  t i m e  i s  t h e i r  use i n  cond i t ions  i n  which 
s t r e s s -co r ros ion  and r e l a t e d  e f f e c t s  are important.  I t  has  been claimed many t i m e s  
t h a t  t h e  s t r e s s - c o r r o s i o n  r e s i s t a n c e  of t h e  thermomechanically t r e a t e d  a l l o y  steels 
and t h e  maraging steels i s  supe r io r  t o  t h a t  of lower s t r e n g t h  steels. 
r e s u l t s  of  many of the convent ional  tests i n d i c a t e  t h a t  t h i s  i s  so. Unfortunately,  
t h e r e  appears  t o  be cons iderable  d i f f i c u l t y  i n  developing a test  f o r  r e s i s t a n c e  t o  
stress co r ros ion  which exac t ly  reflects the  behavior  o f  t he  material i n  a r e a l  
s i t u a t i o n .  
because o f  t h e  r a p i d  r e l e a s e  of t he  l a r g e  amount of s to red  e l a s t i c  energy i n  h ighly  
s t r e s s e d  s t r u c t u r e s .  There i s  l i t t l e  doubt t h a t  t he  s t r e s s -co r ros ion  behavior  of  
u l t r a -h igh  s t r e n g t h  steels w i l l  cont inue  t o  r ece ive  t h e  concent ra ted  and urgent  s tudy 
i t  i s  rece iv ing  i n  many l a b o r a t o r i e s  a t  the  p re sen t  t i m e .  
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SUMMARY 

Ceramic mater ia ls  a re  i d e n t i f i e d  as having ionic-covalent bonding, being composed o f  compounds, and 
being e i t h e r  c r y s t a l l i n e  o r  glassy. 
s t a b i l i t y  up t o  high temperatures. 
f l a w s  either i n t r i n s i c  o r  e x t r i n s i c ,  thus  requi r ing  a uniform d i s t r i b u t i o n  of uniform flaws t o  achieve 
r e l i a b i l i t y .  I n t r i n s i c  flaws can be  cor re la ted  with character  fea tures .  Ext r ins ic  f l a w s  i n  themselves 
a r e  character  features .  Both of  these  fea tures  can be  cor re la ted  with mechanical proper t ies  and behavior. 
A number of appl icat ions of ceramic mater ia l s  based on t h e i r  unique proper t ies  of chemical res i s tance ,  
high s t rength /dens i ty  r a t i o s  , high modulus of  e l a s t i c i t y / d e n s i t y  r a t i o s ,  hardness , o p t i c a l  transparency , 
and e l e c t r i c a l  res i s tance  are reviewed. 

The oxides a re  of p a r t i c u l a r  i n t e r e s t  because of t h e i r  chemical 
Limited or  no d u c t i l i t y ,  i.e. b r i t t l e  behavior, make them s e n s i t i v e  t o  

Ceramic, f requent ly  re fer red  t o  as non-metallic inorganic, materials are of general  i n t e r e s t  t o  t h e  
engineer because of their p o t e n t i a l l y  g r e a t e r  high temperature s tabi l i ty-both chemically and mechanically, 
high s t rength/densi ty  r a t i o s  , high modulus of e l a s t i c i t y / d e n s i t y  r a t i o s ,  hardness , o p t i c a l  transparency, 
and unique e l e c t r i c a l  p roper t ies .  The p r i n c i p a l  d i f f i c u l t i e s  i n  t h e  use of ceramic materials, on t h e  o ther  
hand, a r e  normally associated ( a )  with t h e i r  b r i t t l e n e s s  c h a r a c t e r i s t i c  which is  responsible  f o r  t h e  lack 
of  toughness i n  terms of l imi ted  res i s tance  t o  impact and thermal shock, (b)  with lack of r e l i a b i l i t y  
represented by a l a r g e  s c a t t e r  of values f o r  a given property, ( c )  with fabr ica t ion  problems i n  terms of  
shaping and s i z i n g ,  and ( a )  with jo in ing  d i f f i c u l t i e s .  
a t t r a c t i v e  and des i rab le ,  and the progress i n  t h e i r  development has been so grea t  s ince  World W a r  11, t h a t  
t h e  p o t e n t i a l  f o r  i n d u s t r i a l  ceramics appears very bright. 

Nevertheless, t h e  unique proper t ies  a r e  so 

Basic questions a r i s e  as ts t h e  cause of b r i t t l e n e s s  and lack  of r e l i a b i l i t y ,  and as t o  whether t h e r e  
a r e  character  fea tures  t h a t  can be modified t o  improve t h i s  s i t u a t i o n .  
within t h e  areas  of mater ia ls  science and ceramic processing science i s  thus d i rec ted  toward t h e  under- 
s tanding of  these  problems. Concurrently, th-re  i s  considerable a c t i v i t y  among t h e  design engineers i n  
developing techniques f o r  t h e  use of b r i t t l e  mater ia l s ,  p a r t i c u l a r l y  i n  areas where t h e  performance re- 
quirements can only be f u l f i l l e d  by t h e  unique proper t ies  o f  ceramic materials. 

Nature of Ceramic Mater ia ls  

A grea t  dea l  o f  research a c t i v i t y  

A c e r t a i n  amount of  or ien ta t ion  as t o  t h e  nature  o f  ceramic mater ia ls  may be useful. The term 
ceramics w a s  f irst  appl ied t o  clay-based products which included pot te ry ,  dinnerware, sanitaryware, porce- 
l a i n ,  w a l l  t i l e ,  f i r e c l a y  r e f r a c t o r i e s ,  and s t r u c t u r a l  clay products. In t h e  United S t a t e s ,  glass  and 
porcelain enamels were a l s o  included. Since s i l i c a  i s  a common ingredient  i n  these products, these indus- 
tries were frequent ly  r e f e r r e d  t o  as t h e  s i l i c a t e  indus t r ies .  The l a t t e r  c l a s s i f i c a t i o n ,  however, i s  no 
longer used synonymously with ceramics as a whole because of  the  development of non-si l icate  products such 
as magnesia and alumina r e f r a c t o r i e s ,  and t h e  so-called i n d u s t r i a l  ceramics which include oxides i n  
general ,  carbides ,  borides  and n i t r i d e s .  The b a s i c  unifying c h a r a c t e r i s t i c  of a l l  these  products is t h a t  
they are non-metallic and inorganic i n  nature. All 
non-metallic inorganic processed mater ia ls  , thus , 
come under t h e  heading of  ceramic mater ia l s ,  and t h e  
ind ica ted  changes i n  t h e  nature  of t h e  products w i t h  
time are a r e f l e c t i o n  of  t h e  progress o f  ceramic 
science and ceramic technology. 

NATURE OF MATERIALS 

A fur ther  or ien ta t ion  as t o  t h e  nature  o f  
ceramics (non-metallic inorganic  mater ia l s )  i n  re- 
l a t i o n  t o  metals ( m e t a l l i c  materials) and polymers 
(organic  mater ia l s )  is  i l l u s t r a t e d  i n  Fig. 1. I n  
general ,  t h e  p r i n c i p a l  and most d i f f e r e n t i a t i n g  
fea ture ,  s ince  it i s  fundamental, between t h e  
mater ia ls  i s  t h e  type of  chemical bonding o r  elec- 
t r o n i c  s t r u c t u r e :  ceramics a re  pr imari ly  ionic-  
covalent with a complete range of r e l a t i v e  amounts, 
polymers are covalent, and metals are m e t a l l i c  by 
def in i t ion .  Ceramics and polymers a r e  thus pr i -  
marily composed of compounds t h a t  a re  e i t h e r  
c r y s t a l l i n e  o r  amorphous/glassy depending on the  
amount and nature  of covalent bonding. Polymers 
are  thus e s s e n t i a l l y  always amorphous and metals, 
c r y s t a l l i n e .  Ceramics can be c r y s t a l l i n e  o r  
iGJ-asSY. 

Figure 1 
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Materials a r e  a l s o  c l a s s i f i e d  o r  discussed on the  b a s i s  of proper t ies :  mechanical, o p t i c a l ,  and 
e l e c t r i c a l - m a s e t i c .  
b t e r i a l s ,  it i s  l o g i c a l  t h a t  mater ia ls  could be c l a s s i f i e d  i n  t h i s  way a t  l e a s t  i n  a general  w a y .  
ceramic materials have d i f f e r e n t i a t i n g  c h a r a c t e r i s t i c s  of high e l e c t r i c a l  r e s i s t i v i t y ,  high d i e l e c t r i c  
s t rength  at high voltages , chemical iner tness  , o p t i c a l  transparency, hardness and poor d u c t i l i t y .  

Since all proper t ies  a re  dependent on t h e  atomic and e l e c t r o n i c  s t r u c t u r e s  of t h e  
Thus, 

From t h e  viewpoint of  engineering mater ia l s ,  mechanical proper t ies  a r e  always of prime i n t e r e s t .  
This i s  the  case with respect  t o  t h e  oxide types of ceramic mater ia l s  despi te  t h e i r  b r i t t l e n e s s  because of 
t h e i r  high s t rength/densi ty  and modulus of  e l a s t i c i t y / d e n s i t y  r a t i o s  , hardness, and because of t h e i r  
oxidation res i s tance  a t  e levated temperatures. 
d i rec ted  t o  t h e  problems and approaches associated with t h e  understanding and development of des i red  
mechanical propert ies  and behavior c h a r a c t e r i s t i c s  f o r  ceramic oxide mater ia ls .  

Nature of  B r i t t l e n e s s  

In t h i s  discussion,  then,  primary a t t e n t i o n  w i l l  be  

The p r i n c i p a l  d i f f i c u l t i e s  i n  t h e  engineering o r  mechanical use of ceramic mater ia ls  a re  normally 
associated with t h e i r  b r i t t l e n e s s  c h a r a c t e r i s t i c .  It thus becomes des i rab le  t o  explore t h i s  phenomenon as 
t o  i t s  nature  and t h e  d i f f i c u l t i e s  generated by i t s  existence. 

One w a y  t o  def ine " b r i t t l e "  i s  to .  say t h a t  it means "nonductile." The extreme case of a b r i t t l e  
mater ia l  then is  one t h a t  i s  completely e l a s t i c ,  or shows complete absence of p l a s t i c  s t r a i n ,  on loading 
and f rac ture .  Its s t r e s s - s t r a i n  diagram cons is t s  of a straight l i n e  t o  f a i l u r e ;  a l l  t h e  energy absorbed 
is  recovered upon removal of t h e  load, if f a i l u r e  has not occurred. No permanent s e t  of t h e  mater ia l  is 
possible;  there  i s  then no change i n  shape on f rac ture .  

On t h e  b a s i s  of  t h i s  descr ip t ion ,  b r i t t l e n e s s  i n  i t s e l f  i s  not  bad. 
t e n s i l e  stress should coincide with t h e  value required t o  p u l l  t h e  atoms apart .  
values, however, are not, a t t a i n e d  i n  load t e s t s .  The reason i s  t h a t  on loading, t h e  presence of flaws 
o r  i r r e g u l a r i t i e s  i n  a b r i t t l e  mater ia l ,  i . e .  i n  t h e  absence of p l a s t i c  deformation, permits high stress 
concentrations t o  develop a t  these s i t e s  without any a l lev ia t ion .  
d i t i o n s  result i n  t h e  nucleat ion and propagation of  a crack, o r  j u s t  propagation i f  t h e  flaw i s  already 
a crack, i n  a catastrophic  manner when t h e  s t r e s s  exceeds t h e  c r i t i c a l  value according t o  t h e  G r i f f i t h  
re la t ionship .  

Theoret ical ly ,  t h e  ul t imate  
Such extremely high 

Tensi le  s t r e s s e s  under these  con- 

This behavior i n  i t s e l f  a l s o  is  not bad. I f  t h e  ttflawsll were r e l i a b l y  uniform i n  s i z e ,  shape and 
d i s t r i b u t i o n ,  t h e  stress a t  f r a c t u r e  would be constant and the designer could use this value as a l i m i t  
with confidence. 
specimen. This leads t o  s c a t t e r  of  data ,  and consequently, l ack  of  r e l i a b i l i t y .  

The d i f f i c u l t y  i s  t h a t  t h e  flaws are not uniform within a specimen and from specimen t o  

Presence of  d u c t i l i t y  i n  metals assists i n  t h e  d iss ipa t ion  of energy at points  of s t r e s s  concentra- 
t i o n  by loca l ized  p l a s t i c  deformation. Even though some ceramic mater ia l s ,  l i k e  MgO, exhib i t  some dis-  
locat ion motion they are  handicapped s ince t h e  necessary f i v e  independent s l i p  systems f o r  general  d u c t i l e  
deformation are not readi ly  ava i lab le  because of a l a r g e  d i f fe rence  i n  t h e  y i e l d  s t r e s s e s  f o r  d i f f e r e n t  
s l i p  systems, p a r t i c u l a r l y  a t  normal temperatures. 
sec t ion  problems of s l i p  planes. 
l ead  t o  t h e  nucleation of cracks with subsequent propagation leading t o  f rac ture .  

Also, addi t iona l  d i f f i c u l t i e s  arise because of  in te r -  
Such i n t e r a c t i o n s  of s l i p  systems i n  many cases are bad i n  t h a t  they 

A simple conclusion can then be drawn t h a t ,  i n  general ,  t h e  b e s t  s i t u a t i o n s  would e x i s t  when e i t h e r  
good d u c t i l i t y  o r  no d u c t i l i t y  w a s  present. 
cerned with t h e  c o r r e l a t i o n  of  character  fea tures  or parameters with mechanical behavior. 
however, be  more than j u s t  a s t a t i s t i c a l  cataloging;  t h e  reasons o r  mechanisms should a l s o  be understood 
so t h a t  l o g i c a l  procedures could be followed toward t h e  improvement of  proper t ies .  
knowingly o r  unknowingly, i n  t h e  case o f  r e a l i z i n g  high s t rength  would be t o  cont ro l  character  parameters 
t h a t  play a r o l e  i n  t h e  nucleat ion of a crack and, i n  t h e  case of  r e a l i z i n g  d u c t i l i t y ,  t h a t  permit t h e  
buildup of s u f f i c i e n t  s t r e s s  t o  r e a l i z e  p l a s t i c  f l o w  without t h e  nucleat ion of a crack. Character izat ion 
of materials is thus imperative. 

Research s tudies  toward t h e  improvement of s t rength  a r e  con- 
They should, 

The objec t ives ,  e i t h e r  

Character izat ion 

The systems approach as indicated i n  Fig. 2 ind ica tes  t h e  l o g i c a l  sequence of  processing t h e  s t a r t i n g  
' m t e r i a l  t o  form a mater ia l  with a given character  which determines i t s  proper t ies  which, i n  t u r n ,  deter-  

mine t h e  mater ia l ' s  use and appl icat ion.  A fundamental treatment involves t h e  coupling of adjacent 
f a c t o r s ,  e.g. p roper t ies  fram an i d e a l  viewpoint should not be  cor re la ted  with processing parameters but  
with t h e  character  of  t h e  material. Likewise, processing should be  cor re la ted  with t h e  character  of  t h e  
produced material and not with i t s  property d i r e c t l y .  
t h e  systems approach, and a l s o  of mater ia ls  science and ceramic processing science. 

The character  of  t h e  material i s  then t h e  h e a r t  of 

The complete charac te r iza t ion  of a material involves a descr ip t ion  of t h e  atomic and micro character- 
i s t i c s  of  t h e  bulk and o f  t h e  sur face ,  and o f  t h e  macro c h a r a c t e r i s t i c s  of  s i z e  and shape (%=CA + C,, + $). 
I d e a l l y ,  it should be possible  t o  quant i ta t ive ly  c o r r e l a t e  or evaluate  t h e  c r i t i c a l  fea tures  of character  
with a s p e c i f i c  property o r  behavior (P) .  
and incomplete. Consequently, p roper t ies  have been used as an addi t iona l  means of character izat ion.  It 
has thus been suggested t h a t  an in te r im use be made of t h e  term Description and of t h e  formula 
D = f [x%] + f [ ( l - x ) ( P  + H)] i n  order  t o  keep t h e  need f o r  charac te r iza t ion  i n  focus. 
h i s t o r y  of t h e  processing i s  included only when t h e  known features  of character  and known proper t ies  a r e  
i n s u f f i c i e n t  t o  completely describe a material f o r  purposes of  reproduction. 
would not be  included as p a r t  of t h e  Description i f  they could be cor re la ted  with known fea tures  of t h e  
character .  
c o r r e l a t e  character  with proper t ies  increases ,  x i n  t h e  formula w i l l  approach one and t h e  need f o r  t h e  
term Description w i l l  disappear. 

I n  current  prac t ice ,  however, these  c a p a b i l i t i e s  are inadequate 

The term (HI f o r  

Idea l ly ,  p roper t ies  a l s o  

It thus  becomes evident  t h a t ,  as our knowledge of character  and our a b i l i t y  t o  q u a n t i t a t i v e l y  
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EVALUATION . - 
DESIGN AND APPLICATION 

Description=O= XCr+  (1-x) (P+H) CT=CA+CN+CM 

Figure 2 

Correlation of Character with Prmer t ies  

Several microstructures o f  polycrgetalllne mwIesia, both in the  range of 99.9+% MSO, are s h m  In 

The one on the  r igh t  is macroscopically opaque because of the  presence of 
&fortunately. w i t h  today's technology, the 

Fig. 3. The one on the  left is ccmpletely transparent ( the  hazy appearance of the  dish is due t o  a lack 
of a surface polish); i ts  microstructure is pore-free and similar i n  appearance t o  t ha t  of an overetched 
polished section of a metal. 
-si otherwise the  microstructures appear t o  be similar. 
presence of pores is typ ica l  fo r  mast single phase oxide ceramics; the  specific gravity or  density of 
these ceramics 18 then i n  t h e  range of about 95 t o  99% of the  theoretical  density. There is now con- 
siderable processing research in progress and. as can be seen, mie ros t rue tws  are being dtsmatically 
improved. mod progress is being made In developing processing procedures f o r  obtaining theoretically 
dense polycrystalline 8lUInina (Al2Os) which i s  already comercially available. and spinel f W 2 0 4 ) .  
f-r is s l igh t ly  translucent because sapphire is crystallographically anisotropic, and the l a t t e r  is 
transparent because of i t s  cubic or isotropic strueture ju s t  l i ke  magnesia. 

The 

From a mechanical behavior viewpoint, however. the  nature of the  pore structure is important as well 

Figure 4 aham compression stress-strain curves at 1000°C fo r  six types of polycrystalline 
88 the  volume fraction of pores. 
temperatures. 
K@. 
specimen. 
variations in the average pore s i ze  and distribution. 
little significant p l a s t i c  deformation a t  stresses I n  the  range of 29,000 t o  45,CQO ps i ,  but types 4 t o  6 
deformed t o  strains >0.02 before fracturing at stresses greater than !45,000 ps i .  

This opinion i s  based on mechanical behavior studies at elevated 

Type 1 i s  t h e  transparent theoretically dense specimen show i n  Fig. 3, and type 2 is the  opaque 
Types 2 t o  5 had a density of about 98.5% of theoret1ce.I o r  about 1.5% porosity, but ahwed 

It can be seen that t p s  1 t o  3 fractured with 

A l l  types were ducti le 
with strains i n  excess Of 0.02 at 12oooc. 

The marked differences in behavior between types 2 t o  6 of similar density, and the r e l a t i m l y  poor 
performance of type 1, Indicate that t h e  character features influencing the  stress-strain relations In 
polycrystsls are fairly ccrmplex. Careful examinations of microstructures of the  opaque types have in- 
dicated tha t  the ovorall pore StNCtureS varied 88 t o  population of pores. location of pores, and re la t ive  
sizes of pores and grains. 
duc t i l i ty  t o  be reallzed balm 1200% t h e  grain boundaries should be re la t ive ly  p o r e f r e e  and, if boundary 
pares ex i s t ,  they sbculdbe small w i t h  respect t o  the  grain S i E e .  Presence of very fine pores distributed 
within the grains appears t o  be beneficial, probably because they p e d t  8- -8 accwmndatlon when 

I 

I 
Correlations w i t h  the indicated mechanical behavior Shows tha t  fo r  some 

I 

limited sl ip OCCIIlS. 

These deductions, however, were not satisfactory i n  explaining the  behavior of the  types 1 and 3 
specimens. 
micmscopy shwed t ha t  no second phase existed at the  grain boundsries, the occurrence of much inter- 
granular fracture at lov tempenrturee (as sew i n  the left photograph of Wg. 5) i n  comparison with intra- 
granular fracture for the  other types (as shown in the r igh t  photograph), suggested tha t  the LIF WBB 
probably preferentially segregated at the boundaries i n  so l id  solution and thus weakened the boundaries. 

Analysis of the type 1 specimen indicated a LIF content of ahout 75 p p .  Although electron 
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figure 5 

leo, type 3 did not show as much duct i l i ty  as was expected f r o m  i t s  pore structure. A spectmscopie 
analysis indicated a larger wunt of Si02 and CaO which was primarily segregated along grain boundariea 
in so l id  solution. 
they did in te r fe re  w i t h  dislocation motion. 
they should be sufflciently strong t o  a l l o w  the  build-up Of s t r e s s  concentrations t o  realize s l i p  on the 
necessary five independent s l i p  systems and t o  p e p i t  extension of s l i p  ban* across grain boundaries. 

It wae ooncluded tha t  these inpur i t ies  did not wesken the grain boundaries but tha t  
The general conclusion re la t ive  t o  grain boundaries w a s  tha t  

Sufficient reports have appeared in l i t e r a tu re  t o  support the correlations that strength at normal 
t-raturee increases with decrease i n  porosity and decreaee in grain size. Systematic experimental 
correlations with control of other variables such as pore structure,  havever, are limited. 
data indicating 811 exponential increase of strength with a decrease of the  volume fracture of pores fo r  
polycrystalline a l d n a .  
grain boundaries are favored sights for crack nucleation; the  grain size then approximately represents the 
potential  microcrack length. The chemical snd physical nature of the  grain boundary determines the s t r e s s  
leve l  at which it becomes a microcrack. The type of impurity determines i t s  re la t ive  concentration at the 
grain boundary and i n  the  bulk. The presence of suf f ic ien t  - u t a  of impurities t o  form an identifiable 
phase in the grain boundary region result8 in a different material whose propertylbehavior characterist ics 
will be different,  perticularly at higher tenperatures where the second phase may behave as a liquid. 
Mechanical properties are then general ly  adversely affected in the sense of becoming weaker. A t  l w e r  
temperatures when the second phase may behave as a r igid glass,  the  material becomes stronger but less 
ductile. 

Figure 6 s h m  

A genernl explanation fo r  these relationships l a  based on the  concept t ha t  

correlations of creep behavior at elevated temperatures with character features have been even less 
documented. 
of the mechanism for creep. 

Most of the studies that have been reported haw been concerned w i t h  understanding the nature 
The same s i tua t ion  generally applies t o  mechanical shock. 

As indicated ear l ie r .  canplete characterization should include the  surface. especially for ceramic 
materialsbecause of t h e i r  b r i t t l e  nature and because the  shaping of ceramic pieces involves the use of 
grinding methods. The d i f f i cu l t i e s  here are associated with the fac t  tha t  microcracks c m  be easily 
introduced i n t o  the surface which then are readily propagated under tens i le  stresses.  The problem then is 
m e  of realizing a surface character tha t  i s  res i s tan t  t o  the intrcduction of b g e  during the finishing 
process. 

A t  t h i s  point it becmes of in te res t  t o  discuss the  current objectives tha t  are being fallowed in 
character developcent of single phase O x i d e B  t o  rea l i se  "um mechanical capebili t ies.  On the basis of 
current publicatims and statements. the desired character appears t o  be one of extremely fine grain s i ze  
snd free of pores; a requirement fo r  strong grain boundaries, however, should he included. This type of 
character should lead t o  maximum strength a t  low temperatures whether €here is limited p las t ic  deformation 
or  none. The present indications are that metal-like duc t i l i ty  will not be realized at low temperatures 
fo r  polycrystalline ceramic materiels because of the  lack of a sufficient 
mechanisms at t h e  s t r e s s  levels t ha t  could normally be attained before the nucleation and/or propagation 
of a crack. 
l4@ have been necessary for  the understanding O f  the  behavior of materials, e.g. the limited movezmnt of 
dislocations in polycrystals is a principal mechanism fo r  the  nucleation of microcraclrs. 
bri t t le behavior, one additional feature should be  included, and emphasized. w i t h  the above specified 
character ObJective. 
character, whatever it may be. at the  microscopic level without nny occasional or unusual flws or defects. 
The effect of the  uniform and uniformly distributed flm is incorporated i n t o  the laeasured property value 
of the  material tha t  the  des imer  can work with; the  occasional irregular large flaws or  variations are 
de t r imen ta l  i n  tha t  they are responsible for the  sca t t e r  of data generally exhibited by b r i t t l e  materiale. 
The l a t t e r  could generally be avoided by good engineering practice in processing. 

number of active or mobile 

It should be added, however, tha t  the  single crys ta l  deformation studies of materials such as 

Because of this 

This is t ha t  there should be c q l e t e  uniformity and reproducibility of the 

A t  temperatures above about half the  melting point. when diffusion processes become active,  m.sny 
ceramic materiels bec- ductile. 
rea l iz ing  good duc t i l i t y  have already been discussed. 
m d  other factors more extensively and quantitatively. 
optimum behavior of a material of a d v e n  c m s i t i o n  under given conditions i s  dependent upon "e 
specific character, and t ha t  thirr character will generally have t o  he different fo r  tha t  composition under 
8ome other condi t iws ,  e.g. grain s i ze ,  density. 

Some of the character features tha t  play a signiflcant role i n  
A great deal of work is necessary t o  evaluate these 
It should again be pointed out tha t  the desired 

I 
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I n  any case. the most important factors are uniformity and reproducibility in order t o  rea l ize  
r e l i ab i l i t y .  
realize th i s  objective and also t o  he able t o  develop and produce some desired character presently 
unattainable or  economically unfeasible. 

Selection of Ceramic Materiale 

We are thus dependent on a science of ceramic processing and m d  engineering practice t o  

The potential  l l s t  of compamds tha t  could = e m  as the basis of Ceramic materials for engineering 
applications includes oddes, borides, carbidea. n i t r ides ,  s i l i c ides  and sulfides. The cost factor i n  
their develowent md production s t i l l  limits mst of them t o  the laboratory level. Some of them have 
very specific properties which make t h e i r  use mandatoly i n  certain applications and tend t o  justiq o r  
comteract the cast factor. 
diamond; it is harder than o - A L O a ,  the  hardest easily available ceramic material. 
hardness would jus t i fy  i t s  cost. 
Borides, carhides end ni t r ides  exbihit much h i&r  strengths than oxides a t  temperatures above about 13OO0C, 
Some having good s t r e n g t h  up t o  about 25OO0C, but t h e i r  use at these temperatures is res t r ic ted  t o  a 
reducing atmosphere or vacuum because of poor oxidation resistance. 

As an e q l e ,  boron carbide is the  hardest man-made material next t o  
The need for sucb 

Another i l l u s t r a t ion  is re la ted  t o  strength at  very high temperatures. 

From an engineering viewpoint the  oxides have thus been of greater in te rea t  because of t h e i r  oxidation 
resistancesand availabil i ty.  
be ry l l i a ,  ?m&neaia, spinel,  zirconia, zircon, thor ia ;  of these, alumina is used mst extensively. 
growing production volume and expanding use ae an engineering material have created a need fo r  atandardiz* 
t ion ,  end the indvstry is moving i n  t h i s  direction. 
primarily on references t o  t h i s  material for exemples. 

The c o n ”  oxides tha t  compriee the indus t r ia l  ceramic p u p  are alumina, 
Its 

The rest of this discussion will therefore be based 

Technically, high a l d n a  ceramics have becom? the  principal indus t r ia l  ceramic materials because 
they es a cless have characterist ics of hardness, dimension s t a b i l i t y  a d  strength at elevated tempera- 
tures. Vir tual  chemical inertness, oxidation resistesce 19) t o  t he i r  melting point, and high e l ec t r i ca l  
resistivity. They are also more readily available, and m r e  a t t rac t ive  economically. 

H i g h  alumina ceramics are specified on the basis of the i r  alumina content, ranging from about 80% t o  
99.92. Most manufacturers wFU have a t  le-t four types having about 85. 90, 95 and 99.5% AlzOs. 
compositions are a lso  available tha t  have been ma& v i t h  specific characterist ics f o r  special applications. 
The densities are generally i n  the  range of 96 t o  99% of the  theoretical  density, but it is expected tha t  
a8 OUT basic knculedge or  processing techniques improve theoretical  densit ies w i l l  be achieved more ex- 
tensively with corresponding improvements i n  properties. The bdance  of the composition is made up of 
f l m s ,  “ w n l y  SiO2, CaO. and MgO, which are added t o  improve fabrication and firing characteristics; 

Other 
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t o  control the  s ize  of,  and t o  bond, c rys ta l s ;  and t o  develop specific properties. 
specified and vary among the  manufacturers. 
increase of A1203 content and density, and decrease of grain size.  The processing costs a l so  show a 
pa ra l l e l  increase, end thus economic factors play a ro l e  i n  the  selection of a material. 

These fluxes are not 
The strength and other properties generally improve with 

The compressive strengths are reported t o  have a range of 280,000 t o  400,000 ps i  with increase of 
A l 2 O 3 ;  and the t ens i l e  strengths,  22,500 t o  about 40,000 ps i  (roughly about 1/10 of the compressive 
strength).  The compressive strengths a t  1000°C range from 1/5  t o  112 of the  corresponding -compressive 
strengths a t  normal temperatures depending on the amount of added fluxes. These strengths should cer- 
ta in ly  be adequate for many s t ruc tura l  applications, but there are actually very few such applications, 
if any. 
l o w  value which i s  a deterrent t o  the  use of the ceramic material. 
materials may be susceptible even t o  one c r i t i c a l  flaw under t ens i l e  s t r e s s  conditions because of t he i r  
b r i t t l e  nature, suppliers are reluctant t o  se t  a lower safe  l imi t  which i s  necessary for  s t ruc tura l  appli- 
cations. I f  a suf f ic ien t ly  strong material were t o  be developed s o  tha t  a sa fe  lower l i m i t  of strength 
could be s e t ,  the f i e l d  of s t ruc tura l  applications would be opened up. 

The engineering designer always has tha t  concern about a poten t ia l  fa i lure  due t o  a s t a t i s t i c a l l y  
On the other hand, since these 

Most applications of ceramics are thus based primarily on the  u t i l i za t ion  of t he i r  favorable proper- 
t i e s ,  and strength, although it may be important and c r i t i c a l ,  becomes secondary, e.g. panels o r  windows. 
A review of some applications w i l l  i l l u s t r a t e  the use of favorable properties. 

I f  a ceramic i s  t o  be used as a s t ruc tura l  component or is  t o  be exposed t o  mechanical s t resses ,  the 
design should be such so tha t  these stresses are compressive since flaws under such conditions are not 
c r i t i c a l  and the high strength of the  ceramic can be realized. 
a metal adapter over a piece of ceramic. 
hollow sphere designed t o  be used as a deepwater submersible. 

An example of a design is  shrink f i t t i n g  
A more dramatic example currently under study is  the thin-wall 

Many applications of alumina materials are based on t h e i r  hardness and wear resistance. High-alumina 
grinding media and l in ing  brick have been used for  years i n  b a l l  and pebble mills. 
common i n  automobile engines and home appliance water pumps. 
cating pumps for  corrosive and abrasive l iquids a t  pressures t o  3,000 psi .  
becoming common. 

Shaft s ea l  rings are 
High-alumina plungers are used i n  recipro- 

High-alumina too l  b i t s  are now 
W i r e  drawing has been improved by the use of alumina drawing capstans. 

A i r  bearings for  navigational gyroscopes have been made of high aluminas because the material has 
the required mechanical strength, dimensional s t a b i l i t y ,  and e l ec t r i ca l  insulation properties , i n  addition 
t o  being l i gh te r  than most other materials considered. 

Alumina materials have high e l ec t r i ca l  r e s i s t i v i ty ,  high d ie lec t r ic  strength, and low d ie lec t r ic  energy 
losses. 
c i r cu i t s ,  integrated c i r cu i t s ,  and various semiconductor devices. 
attainment of the  needed extremely f l a t  surfaces by mechanical polishing. 

This enables them t o  be used as bases for thick and thin-film c i rcu i t s ,  hybrid microelectronic 
The hardness of the material allows the 

The non-galling charac te r i s t ic  of ceramic agaFnst ceramic, plus i ts  strength and dimensional 
s t a b i l i t y ,  are u t i l i zed  in  journal bearings for  high temperature service. 
oxidation o r  corrosion makes its use as a precision valve under severe conditions possible. 

The additional resistance t o  

The refractoriness of alumina ceramics allows their use at hightemperatures as furnace tubes and 
thermocouple sheaths. 
density, and rain-erosion resistance. 

'They have also been used t o  m a k e  nose cones because of t h e i r  RF transparency, 

I n  summarizing this discussion on selection of materials, the ef for t s  of the industry t o  standardize 

Materials wtth equivalent alumina con- 
alumina materials on the basis of alumina content should he encouraged, but it should he emphasized tha t  
other features of the character w i l l  in time have t o  he included. 
ten ts  from di f fe ren t  producers are not equivalent in property values. 
of the sens i t i v i ty  of the  properties t o  the  character of the  material; it also indicates the  sens i t i v i ty  
of the  character t o  the processing procedures and controls. Selections of material thus should be based 
on descriptions tha t  include required properties as w e l l  as compositions; i n  some cases the description 
should a l so  include the  h i s to ry  of the  material, although highly unscientific,  on the bas i s  t ha t  a certain 
treatment introduces some unknown but c r i t i c a l  character feature. W s  s t a t e  of a f f a i r s  i s  even more true 
for  other ceramic materials t ha t  are produced i n  smaller quantities. 

This s i tua t ion  is another indication 

Lastly, uniformity and reproducibility i n  production is reflected in the absence of the irregular 
flaws tha t  are responsible for the sca t t e r  of data. 
producer is based on a foundation of a science o f  ceramic processing and good engineering practice. 
r e l i a b i l i t y  and confidence i n  a given producer t h a t  results is cer ta in ly  a major factor t ha t  plays a role 
i n  the selection of a spec i f ic  material. 

Achievement of this performance on the  par t  of the  
The 

This work w a s  done under the auspices of the  United S ta tes  Atomic Energy Commission. 
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SOMMAIRE 

Les mat i5res p las t i ques  doivent  burs  propr iRtds t r ? s  oar t icu l . ihres 3 l e u r  nature macromolficulaire. 

Encore q u ' i l  devlenne de p lus  sn n lus  d i f f i c i l e  de d i v i s e r  les  pnlVm?fres en d i f f e r e n t e s  catfir?ories, par- 
ce que l e u r  nombre ne cesse de c r o f t r e  en mdme temos que s'estompent 1es f r o n t i a r e s  en t re  les d i f f d ren tes  
classes, on peut, dans un premier stade, d i s t i n y u e r  1es nolymfires thermodurcissables e t  les polymkes 
thenop las t l ques .  

A l a  premiere cateeor ie  appart iennent l e s  rRsines phfinoliques, les rhs ines ur6e s t  mc5lamins f o m o l ,  les 
res ines epoxydes, les polyesters  insatur6s par  exemals, e t  dans un c e r t a i n  sens les  nlastomhres. I 1  
s ' a g i t  de polymFsres dont l a  synthbse ne s'achxve qu'au moment de l a  miss en oeuvre, p a r  la cuisson. 

A l a  seconde catQgor ie  appart iennent lee  res ines po lyv iny l i ques  : oolyfithylEne, po l y  [ ch lo ru re  de v i n y l e l ,  
po lystyrhne par  exemple. Leur Otat depend essentiel lembnt de l a  tsmphraturo e t  de l 'c5chelle de temos dans 
l esque l l es  on se place. 

Leurs prop r i6 tds  sont f onc t i on  non seulsment de l e u r  nature chimique, mais aussi do leur masse e t  de lour 
s t ruc tu re  mol6culaire. 

Le se lec t i on  d'un polymhre pour une apn l i ca t i on  d o n n h  d6pend d'un c e r t a i n  nomhre ds ca rac t6 r i s t i ques  nhy- 
sico-chimiques [ r6s is tance aux agents chlmiques, A l a  lumiXro s o l a i r e l ,  de ca rac te r i s t i cyes  thermiques 
[tempRrature de flBchissement sous charTe, comhus t ih i l i tA ) ,  do cwaCt6 r i s t i ques  m6caniquns ( r i q l d i t 6 ,  
con t ra in te  3 l a  rupture1 s t ,  l e  cas echeant, ds ca rac t f i r i s t i ques  614ctr?-ques 011 ootiques. 

Mats l e  choix du polym4re d6pend auss i  de l a  f a c i l i t h  dn mise en nnuvre e t  dn son o r i x .  

Les Kames de pmnr i6 tQs  couvertes n a r  les t r o i s  grandes familles da mat i?res p las t i ques  : poly6thyl?nn, 
poly(ch1orure de v i n y l e l ,  p o l y s t y r h e  sont t e l l e s  que p l u s  des 2 / 3  des besoins psuvent B t ro  s a t i s f a i t s  
par  ces polymhres. Ces games ne cessent de s'btendre par 1'aroEliorat ion des  tnchniques do mise an neuvro 
e t  pe r  l a  mod i f i ca t i on  de l a  tex tu re  du"'po1ymhre de base par  I ' a d d i t i o n  de charges renforcantes ou d ' a -  
gents porop,bnes. p a r  exemolo. 

Pour des besoins sp6ciaux. il  es t  souvent poss ib le  ds synthQtisnr des oolymfires sur dmande, il en es t  
a i n s i  des polynEres thenos tab les ,  DU de les a l l i e r  avec dss charyes q u i  l e u r  confErent des nropr id tPs 
ex t rao rd ina i res  t e l l e s  1ss f i h r e s  de Fraphi te ,  ou dos f i l amen ts  de hore,  ou m6me Iss t r l c h i t e s  [whis?.er,sl 
de carhure de s l l i c i l m  ou de saph i r .  

SUMMARY - 
The very p a r t i c u l a r  p roper t i es  o f  p l a s t i c  m e t e r i a l s  are due t o  t h e i r  macromolecular nature. 

Although i t  is  becoming inc reas ing l y  d i f f i c u l t  t o  c l a s s i f y  polymeric substances i n t o  d i f f e r e n t  categories, 
8s t h e i r  nmber  keeps growing ans, simultaneously, t he  borders between the  var ious classes are $ e t t i n %  
i n d i s t i n c t ,  i t  i s  however possible. in a f i r s t  phase, t o  d i sc r im ina te  between thermosett ing andthermo- 
p l a s t i c  res ins.  

The f i r s t  category inc ludes phenol ic  res ins,  urea and melamin fona ldehyde  res ins.  epoxy res ins.  unsatu- 
r a t e d  polyesters ,  and, up t o  a c e r t a i n  degree, elastomers. These are polymeric substances, t he  synthes is  
o f  which i s  achieved dur ing the processing by the cu r ing  phase. 

The second category inc ludes p o l y v i n y l  res ins  : polyethylen, p o l y v i n y l  ch lor ide,  polystyren. T h e i r  s t a t e  
e s s e n t i a l l y  depends on temperature and t ime scale. T h e i r  p roper t i es  are in f luenced no t  on l y  by t h e i r  che- 
m i c a l  nature, b u t  a lso by t h e i r  molecular weight and molecular s t ruc tu re .  

The s e l e c t i o n  o f  a polymeric substance f o r  a given a p p l i c a t i o n  depends on a number o f  physico-chemical 
c h a r a c t e r i s t i c s  [ res is tance t o  chemical agents. t o  s u n l i g h t l ,  thermal c h a r a c t e r i s t i c s  (heat d i s t o r s l o n  
temperature, f l ammab i l i t y l ,  mechanical c h a r a c t e r i s t i c s  ( s t i f f n e s s ,  t e n s i l e  s t rength1 and, sometimes, 
e l e c t r i c  o r  o p t i c a l  cha rac te r i s t i cs .  

However, the s e l e c t i o n  o f  a polymeric substance also depends on i t s  p rocessab i l i t y ,  and on i t s  cost. 

The ranges o f  p roper t i es  covered by the  th ree  great  f a m i l i e s  o f  p l a s t i c  ma te r ia l s ,  polyethylen, p o l y v i n y l  
ch lor ide,  and po lys ty ren  are such t h a t  2/3 o f  the  needs can be met by these polymeric substances. These 
ranges keep extending owing t o  the  improvement o f  processing techniques, and t o  the  mod i f i ca t i on  o f  t he  
t e x t u r e  of t he  bas i c  polymeric substance by the  a d d i t i o n  o f  r e i n f o r c i n g  f i l l e r s  o r  blowing agents, f o r  
instance. 

For  spec i f i c  need, i t  is o f t e n  poss ib le  t o  s y n t M i z e  polymeric substances on request - t h i s  appl ies t o  
thennostable res ins  - o r  t o  associate them w i t h  ma te r ia l s  which g i ve  them ext raord inary proper t ies,  such 
as g raph i te  f i b r e s  and boron f i laments, o r  even s i l i c o n  carb ide o r  sapphire whiskers. 
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I. Introduction_ 

En Europe de l ' oues t ,  l a  product ion de matieres p las t i ques  en 1970 a e t6  de l ' o r d r e  de 12 m i l l i o n s  de 
tonnes. [Allemagne : 5 !I 8 I t a l i e  : 2 I J Grande-Rretagne : 1.6 M I France : 1.4 M: Pays-Bas : 1 M I ,  dux 
U.S.A. e l l e  a a t t e i n t  10 m i l l i o n s  de tonnes. 

En Allemagne, q u i  dans ce domaine d e t l e n t  le  record mondial. l a  consomnation de mat iares p las t i ques  par  an e t  
hab i tan t  s'61kve A quelque 60 kg, aux U.S.A. e l l e  approche 50 kg, en France 25 kg. On estime que l a  con- 
sommation, exprim& en volume, des matieres p las t i ques  depassera c e l l e  du f e r  e t  de l'acier en 1983. 

Ces quelques c h i f f r e s  s u f f i s e n t  i l l u s t r e r  l ' impor tance des mat ikres p las t i ques  dans n o t r e  Qconomie mo- 
derne, de ces matibres auxquelles on ne v o u l a i t  concbder, ll y a quelques d6cennies. qu'un simple rGle de 
materiaux de remplacement. 

Les matiEres p las t i ques  doivent  leur succ8s a l ' e x t r a o r d i n a i r e  v a r l e t 6  de l e u r s  propr i6 t6s.  Elles peuvent 
& re  legbres come une plume, transparentes comme du verre, malleables comme de l a  c i r e ,  res i s tan tes  
come de l ' a c i e r .  

I1  n ' e s t  pas surprenant dans ces condi t ions que l e  programme Appolo d i t  f a i t  appel ?I p lus  de 40 mat ikres 
p last iques d i f f e r e n t e s .  Des res ines Plpoxydes cyc loa l iphat iques e t  halogenfis en t ren t  dans l a  f ab r$ca t ion  du 
b o u c l i e r  thermique, des polyimides servent a l ' i s o l a t i o n  des cables 6 lec t r i ques .  des QlastomEres s i l i c o n e s  
f l u o r e s  r e s i s t e n t  au f r o i d .  ?I l a  chaleur e t  A l ' a c t i o n  des carburants. E n f i n  des s t r a t i f i e s  f i b r e s  de 
ve r re /s i l i cones  ont  r6so lu  l e  problQme de l ' i n c o m b u s t i b i l i t b  e t  du non d6gagement de vapeurs toxiques du 
module de serv ice l u n a i r e  CLEM]. 

Une t e l l e  v a r i 6 t 6  de p rop r ie tes  et .  par  vo ie de consfiquence, d 'app l i ca t i ons  r 6 s u l t e  de l a  nature macromo- 
l e c u l a i r e  des mat ihres p last iques.  

11. Structur:&Pllaire des polymhres 

Chimiquement l e  polymhre l e  p lus  simple es t  l e  noly6thylEne. I1 es t  cons t i t ue  d'une chafne l i n e a l r e  de 
aroupments mfithyl9niques - CH2 - CH2 - CH2 - CH2 - ( I )  

Oans l e  poly(ch1orure de v i n y l e l  e t  l e  p o l y s t y r h e ,  les m o t i f s  monomBriques, les m o t i f s  q u i  se repbtent  l e  
long de l a  chafne macromol6culaire. sont r e s p e c t i v e "  - CH2 - CHCI - (11) 

e t  - CH2 - CH 
1 

(1111 

'6% 

La longueur de l a  chafne macromolbculaire peut v a r i e r  dans de larges proport ions. e t  les  prop r ie tes  des 
polymEres en dependront dans une ce r ta lne  mssure. Pour f i x e r  les idees, disons que les longueurs l e s  p l u s  
usuelles sont t e l l e s  q u ' i l s l e u r  correspondent des masses molecula i res s'gtageant en t re  quelques milliers 
e t  quelques m i l l i o n s .  

Souvent, accidentel lement ou parce que t e l l e  es t  l a  volonte du fab r i can t ,  l a  chafne mol6cula i re  n ' e s t  pas 
rigoureusement l i n e a i r e  mais comporte un c e r t a i n  nombre de r a m i f i c a t i o n s  l a t d r a l e s  qui. e l l e s  aussi. ne 
sont pas sans i n f l u e n c e r  les  prop r ie tes  mecaniques du polymkre. I 1  en es t  a i n s i ,  par  example, du poly-  
ethylene fabr ique ?I haute press ion (1.500 3 2.000 bars].  

W H 2  - CH - CH2 - CH2 - CH2 - CH - 
I I 

I I V I  

i"" 
CH3 

ci' 
Cl% 

P a r  diverses mEthodes on peut a b o u t i r  a l i e r  chimiquement en t re  elles l e s  chaftnes macromol6culaires. re- 
. t i c u l e r  l e  polym8re. L 'opBrat ion es t  poss ib le  sur l e  p o l y 6 t h y l h e  e t  a l a  l i m i t e ,  on peut considerer qu'un 
o b j e t  f ab r ique  avec un polymsre r O t i c u l 6  e s t  cons t i t u6  d'une seule molkcule. 

5 
ch2 
I - CH - CH2 - CH2 - CH2 - CH - CH2 - 

I I (VI  

CH - CH2 
I 

CH 
I 
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Commercialement les r e p r e s e n t a n t s  les p l u s  i m p o r t a n t s  d e  cette categoric s o n t  les Q l a s t o m b r e s  e t  les re- 
s i n e s  t e l les  les r e s i n e s  p h k n o l i q u e s  ( b a k k l i t e  p a r  exernplel ,  10s r e s i n e s  u r 6 e  e t  m6lamine f o r m o l ,  l e e  re- 
s i n e s  6poxydes,  les p o l y e s t e r s  i n s a t u r e s .  

J u s q u ' i c i  nous  avions i m p l i c i t e m e n t  s u p p a s 6  q u e  les polymbres  s o n t  s y n t h e t i s e s  p a r t i r  d 'un  s e u l  monom6re 
A ( l ' e t h y l b n e ,  l e  c h l o r u r e  d e  v i n y l e ,  le s t y r E n e  p o u r  les composes I, I1 et I111 mais il  est  p o s s i b l e  d e  
f a i r e  a p p e l  a un  deuxieme monomere B ,  e t  m&e a un t r o i s i b m e  ou 3 un quatri?". 

On o b t i e n t  a l o r s  d e s  copolym5res  e t  s u i v a n t  l e e  a r r a n g e m e n t s  on d i s t i n g u e  les copolymbres  s t a t i s t i q u e s ,  
d a n s  l e s q u e l s  l a  r e p a r t i t i o n  d e s  monomeres se f a i t  a u  h a s a r d .  - A A B A B B B A A B B -  (VI I b 

I les copolymeres  s e q u e n c e s  : 

, A-A A A B  B B-B (VI1 I 
I 

I 
(deux  s e q u e n c e s  d a n s  l ' e x e m p l e  c h o i s i l  

les  copolymeras  g r e f f e s  : 
1 

I [VIIII 

B 

B 

1 
B 

p o u r  n e  c i ter  que  les p r i n c i p a u x .  

Cet a p e r p u  t r h s  sommaire sur les p r i n c i p a l e s  c l a s s e s  d e  polymeras  nous l a i s s e  certes a u g u r e r  d e s  m u l t i p l e s  
p o s s l b i l l t 6 s  q u i  s ' o f f r e n t  a nous pour  s y n t h e t i s e r  d e s  composes sur mesure,  mais nous c o n d u i t  Bgalement B 
d i s t i n g u e r  deux  g r a n d e s  c a t e g o r i e s  d e  polymeras .  

A l a  p r e m i b r e  a p p a r t i e n n e n t  les polymbres  du t y p e  ( V I .  ceux p a r  consequent  q u i  formant  un r e s e a u  t r i d i m e n -  
s i o n n e l  d e  l i a i s o n s  ch imioues .  

I1 est e v i d e n t  que  d e  t e l s  polymeres  n e  peuvent  s u b i r  aucune  t r a n s f o r m a t i o n  p a r  mise e n  s o l u t i o n ,  ou p a r  
f u s i o n .  L e u r  s y n t h b d e  n e  s ' a c h e v e  donc q u ' a u  moment d e  l a  mise e n  o e u v r e ,  e n  g e n e r a l  p a r  une  c u i s s o n .  C'est 
p o u r q u o i ,  ces polymeras  s o n t  s o u v e n t  a p p e l e s  t h e r m o d u r c i s s a b l e s .  

A h a 1  les r e s i n e s  p h k n o l i q u e s  d e c o u v e r t e s  e n  1907 p a r  Baekeland  ( b a k 6 l i t e l  se p r e p a r e n t  en deux Q t a p e s .  

P a r  c o n d e n s a t i o n  d e  phenol  e t  d e  formaldehyde  e n  p r e s e n c e  d ' u n  c a t a l y s e u r  a c i d e  on  o b t i e n t ,  t o u t  d ' a b o r d ,  
un polymbre l i n 6 a i r a  d e  f a i b l e  masse m o l 6 c u l a i r e  f u s i b l e  e t  s o l u b l e  : l a  novolaque.  

OH OH 

OH 

P u i s q u l l l a e s t  f u s i b l e ,  l a  novolaque  p e u t  &re i n t r o d u i t e  f o n d u e  d a n s  l ' e m p r e i n t e  du moule d e  l ' o b j e t  B 
realiser. Avant ce t te  o p e r a t i o n  on l a  melange,  tou tefo is ,  a v e c  d e  l'h8xam8thylbnet6tramlne. Au c o u r s  d e  
l a  c u i s s o n ,  e t  en p r e s e n c e  d ' h u m i d i t e ,  l'hexam8thyl8net6tramine se decompose p o u r  f o u r n i r  du formaldehyde  
e t  d e  l 'ammoniac. L'ammoniac joue l e  r 6 1 e  d e  c a t a l y s e u r  d e  l a  r e a c t i o n  d e  c o n d e n s a t i o n  du formaldehyde  
a v e c  les groupements  OH d e  l a  novolaque ,  reaction q u i  a b o u t i t  au r e s e a u  t r i d i m e n s i o n n e l .  

Les r e s i n e s  t h e m o d u r c i s s a b l e s  s o n t  ra rement  u t i l i s e a s  a 1 ' B t a t  pur .  On l e u r  a j o u t e  couramment 50 B 60 S 
d e  c h a r g e s  : f a r i n e  d e  b o i s ,  d e b r i s  c e l l u l o s i q u e s .  f i b r e s  d e  v e r r e  p a r  exemple,  d a n s  le  b u t  d ' a m e l i o r e r  
leurs p r o p r i e t e s  p h y s i q u e s  ou p l u s  s i m p l w e n t  d ' a b a i s s e r  l e u r  p r i x .  

Les a u t r e s  t y p e s  d e  polymbres  q u e  nous  avons  ci tes,  q u ' i l  s ' a g i s s e  d e s  polymbres  (ou copolymbres l  l i n e a i -  
res ou r a m i f i e s ,  f o m e n t  l a  d e u x i h e  g r a n d e  categoric. celle d e s  polymeras  t h e n n o p l a s t i q u e s .  

P a r c e  q u e  leurs molRcules  r e s t e n t  i n d i v i d u a l i s e s ,  11s s o n t  e n  p r i n c i p e  f u s i b l e s  et  peuvent  donc  &re m l s  
e n  o e u v r e  p a r  moulage a chaud.  11s s o n t  l i v r e s  aux t r a n s f o r m a t e u r s  sous forme d e  p o u d r e s  ou d e  g r a n u l e s  
p r 6 t s  a l ' e m p l o i .  



4-4 

111. EropriBtQs des polyun?~rn?s~ 

1 - r l r o _ e r ~ ~ t _ ~ s - e h y p ~ ~ ~ ~ h ~ ~ ~ g ~ ~ ~  
S i  nous repr6sentons l a  v a r i a t i o n  du logarithme du module de r i g i d i t 6 ,  G, en f o n c t i o n  de l a  temperature, 
nous obtenons pour l a  p l u p a r t  des polymhres non c r i s t a l l i n s  une courbe du type de c e l l e  representee sur  
l a  f i g u r e  I. 

Aux basses temperatures, le module es t  re- 
la t ivement  Qleve, de l ' o r d r e  de 
1Dl1 dynes/n2 110 5 kg/cm 2 1, l e  polymkre se 

log C A 
12 - comporte comme un materiau r i g i d e .  A ces 

temperatures, l e e  seuls mouvements molkcu- 
laires possib les sont ceux ent rafnant  une 
legare v a r i a t i o n  des angles de valence ou 
des distances interatomiques. On conqoi t  
d ' a i l l e u r s  que dans ces cond i t i ons  l a  v-a- 
l e u r  du module depende peu de l a  nature du 
polymhre. Tout au p l u s  constate-t-on une 
lkR8re augmentation du module pour l e s  po- 

I 
I 

I I 
I I 

lymhres h f o r t e  densi te  d'encombrement des 

I I Avec 1 'B lBvat ion de l a  temperature on note 
To 

I chalnes. 

1' souvent une ou deux chutes, re la t ivement  
f a i b l e s  11 e s t  v ra i ,  de G. Ces chutes COI- 

respondent au debloquage de sect ions t d s  li- 
mitees de l a  chafne p r i n c i p a l e  e t  l ' a p p a r i -  

4 
TC 

t i o n  de mouvements des chafnes l a t e r a l e s  
[ r a m i f i c a t i o n s l .  

Fig. I : V a r i a t i o n  du module de r i g i d i t k  en f o n c t i o n  de 
l a  temoerat ure. 

Mais  ce n 'es t  que pour une temperature p l u s  QlevBe, dopelee temperature de t r a n s i t i o n  v i t reuse,  Tg, que 
les mouvements de po r t i ons  re la t ivement  importantes de l a  chalne p r i n c i p a l e  (10 a 30 atomes de carbonesl 
deviennent possibles. Le module de r i g i d i t 6  s u b i t  dans un domaine de temperature relat ivernent r e s t r e i n t  
une chute b ru ta le ,  p u i s  a t t e i n t  un olateau. Pour les polymkres non r 0 t i c u M s ,  ou faiblemant r 6 t i c u l e s  
(moins de quelques ponts par  chaine l  l e  module vo i s ine  a l o r s  IO5 I lo6 dynee/cm*. Pour l e s  polymkres f o r -  
tement r e t i c u l e s  e t  c ' e s t  le cas des res ines que l ' o n  q u a l i f i e  de thermodurcissables, l a  chute es t  f a i b l e ,  
v o i r e  i nex i s tan te .  e t  le module d6c ro f t  p r o g r e s s i v e "  en conservant jusqu 'h l a  temperature de d6composi- 
t l o n ,  une va leur  re la t ivement  6levke (109 - 1O1O dynes/cm*). C'est l a ,  on s'en doute, une p r o p r i e t 6  sou- 
vent hautement appr6cibe. 

Le comportement du polymFre dans l a  &Zion du p la teau centrd 5ur Tc [Fig. I1 est  c e l u i  d'un caoutchouc. Le 
polymhre se dkfonne i n s t a n t a n h a n t  sous l ' i n f l u e n c e  d'une con t ra in te  pour reprendre ses dimensions i n i -  
t i a l e s  des que cesse c e t t e  contra in te.  C'est le domaine dans l eque l  le  mouvement de larges p a r t i e s  de l a  
chafne p r i n c i p a l e  es t  possible. sans que pour autant les chafnes en t a n t  q u ' e n t i t 6 s  d e n t  l a  p o s s i b i l i t e  
de se dkplacer les unes pa r  rappor t  dux autres. 

Entre 1 'Qtat  v i t r e u x  e t  l ' 0 t a t  caoutchoutique, le comportment du polymere rappe l l e  c e l u i  du c u i r .  Au 
dela du domaine caoutchoutique, l a  m o b i l i t e  des chafnes macromolAculaires est  su f f i san te  pour q u ' e l l e s  
puissant se deplacer les unes pa r  rappor t  dux aut res : le polymhre s'ecoule. I1 s ' k o u l e r a  d ' a i l l e u r s  
d'autant d e u x  que sa masse mol6cula i re  es t  p l u s  f a i b l e  [courhp plfrfne de , l a  f i g u r e  I). S i  cenendant une 
r 6 t i c u l a t i o n  s'oppose A c e t  Qcoulement, l e  module conserve. a peu de chose prks, l a  valeur  q u ' i l  a v a i t  
acquise sur  l e  plateau caoutchoutique. C'est l e  cas, pa r  exemple, de l a  t r e s  grande m a j o r i t 6  des Blasto-  
meres commerciaux q u ' i l s  so ient  na tu re l s  ou synthetiques. La vu lcanisat ion,  en e f f e t ,  n ' e s t  r i e n  d 'au t re  
qu'une reac t i on  de r B t i c u l a t i o n  des chalnes l i n e a i r a s  par  des ponts de soufre. 

Les reg ions adjacentes h l a  zone caoutchoutique se d i s t i nguen t  par  l e  f a i t  que l a  dponse h une s o l l i c i t a -  
t i o n  n ' y  e s t  pas instantanbe. Le polymkre e s t  a lors  d i t  h comportement v iscoelast ique.  C'est c e l u i  d'un 
s o l i d e  v l scoe las t l que  pour l e s  temperatures i n f e r i e u r e s  h c e l l e s  correspondant h l ' b t a t  caoutchoutique, 
c ' es t  c e l u i  d'un l i q u i d e  v iscoelast ique pour l e s  temperatures superieures h ce l l es -c i .  Thennodynamiquement, 
c e l a  s i g n i f i e  que les mouvements des segments de chafnes dans l e  premier cas, l e s  mouvements de l a  mole- 
cu le  e n t i k r e  dans le  second cas, sont subordonnes au franchissement d'une b a r r i e r e  de p o t e n t i e l .  

La courbe r e p d s e n t a n t  log G en fonc t i on  de T e s t  legarement diff6rent.U pour l e s  polymkres c r i s t a l l i n s .  
Nous l 'avons representee sur  l a  f i g u r e  2. Pour l e s  temperatures i n f e r i e u r e s  a l a  temperature de t r a n s i -  
t i o n  v i t reuse.  il n'y  a pas de d i f f e rences  essent ie l les,  t o u t  au plus, note-t-on un n m b r e  p lus  important 
de t r a n s i t i o n s  secondaires. Mais au-dessus de T l a  chute du module r e s t s  l i m i t &  puisque G conserve une 

g 
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8 1 

2 valeur  de l ' o r d r e  de 10' - lo9 d y n e d m  
jusqu'3 l a  temperature de f u s i o n  Tf. 
Cette va leur  elevee s'expl ique par  les  
f o r t e s  I n t e r a c t i o n s  molBculaires q u i  
bloquent les chafnes macromoleculaires 
3 l ' l n t e r i e u r  des c r i s t a l l i t e s .  Au de13 
de Tf, l e  polymhre s'ecoule (3  molns 
q u ' i l  ne s o i t  r 6 t i c u l 6 I .  

Ce q u ' l l  es t  p r imord ia l  de remarquer, 
c ' es t  que les deux types de diagrammas 
que nous venons de presenter on t  un car- 
r a c t s r e  t o u t  a f a i t  general e t  que, par  
cons6quent. un meme polymhre peut a v o i r  
l e  comportement d'un corps v l t r e u x ,  

suivant l a  temperature a l a q u e l l e  nous 
l 'observons. I1 en r e s u l t e  q u ' i l  s u f f i t  

Tf e t  Tc sont correctement placfies e' 
par  rappor t  3 sa temperature d ' u t i l i e a -  

I d'un cu i r ,  d'un caoutchouc, d'un l i q u i d e  
I 

I I 

6 1 1 11, 
4 

Tt T de syn thg t i se r  un uolymere dont l e s  T Tg 

Fig.  2 : V a r i a t i o n  du module de r i g i d i t e  d'un polymere semi- t i o n  pour a v o l r  3 volonte un polymere 
c r i s t a l l i n  en f o n c t i o n  de l a  temperature. r l g l d e ,  souple, caoutchoutlque, l i q u i d e .  

Voyons a l o r s  quels sont les  f ac teu rs  q u i  i n f l u e n t  su r  l e s  va leurs de T , Tf e t  Tc, en d 'aut res termes, 
voyons comment l e  ch imis te peut syn the t l se r  un polymere dont les p r o p r b t e s  auront e t 6  cho ls ies  a l 'avance. 

Considerons, t o u t  d'abord, l e  cas du polyethylene l i n e a l r e  (11. Nous sommes en presence d'une molficule 
simple, r e g u l i e r e  sans groupements la teraux encombrants e t  q u i  presente, pa r  consequent, toutes l e s  chan- 
ces de c r i s t a l l i s e r  a temperature ambiante. C'est e f fect ivement  l e  ces : le temp6rature de fus ion  du poly-  
ethylene e s t  vo i s ine  de 14OoC. S i  c e t t e  temperature es t  p lus  Blevee que pour les  composBs non macromole- 
c u l a i r e s  de nature chimique idsnt ique,  c ' e s t  que les forces d ' a t t r a c t i o n  en t re  molgculessont p lus  lmpor- 
t an tes  pu isqu 'e l l es  peuvent s 'exercer  t o u t  l e  long de l a  chafne. D'ailleurs lorsque ces forces d ' i n t e r -  
ac t i on  sont p lus  Qnergiques, e t  c ' e s t  l e  cas des forces en t ran t  en Jeu dans l e s  l i a i s o n s  hydrogene des 
polyamides pa r  exemple, alors l a  temperature de fus ion  se s i t u e  3 des va leurs encore p l u s  dlev6es que 
dans l e  cas des poly6thylenes. ( f i g .  31. 

F ig .  3 : I n t e r a c t i o n s  du type pont hydrogene 
en t re  deux chalnes de polyamide 
(Nylon 6). 

La temperature de t r a n s i t i o n  v i t reuse  du polyethylene 
e s t  assez basse, probablement vo l s lne  de - 110°C 
[encore que ce r ta lns  auteurs l a  s l t u e n t  aux environs 
de - 10"Cl. C'est l a  r a l s o n  pour l a q u e l l e  ce polym8r-e 
n 'es t  pas t r e s  r i g i d e  B temperature ambiante. 

Supposons maintenant que nous souhait ions o b t e n i r  un 
Blastomere. Cela d o i t  B t r e  r e a l i s a b l e  3 p a r t l r  du 
polyf i thylene puisque les  i n t e r a c t i o n s  sont f a i b l e s  
( v o i r  va leur  de T I, donc les  mouvements de l a  chafne 
poss ib les a temp6f'ature ambiante. I1 nous fau t ,  ce- 
pendent, d e t r u i r e  l a  c r l s t a l l l n l t ~  q u i  s'oppose 3 
ces mouvements. Uns faqon de proceder es t  de suppri- 
mer l a  n3gu la r l t 6  de l a  chalne en y i n t m d u l s a n t  de 
temps B autre des groupements latQraux. C 'estce que 
l ' o n  r e a l i s e  en copolymerisant l ' e thy lene  e t  l e  
propylene 

CH2 = CH 

I ( X I  

CH3 - - 
Les groupements methyl, a cond i t i on  q u ' i l s  so ient  
suffisamment nombreux, emplchent l e s  chalnes macro- 
molecula i res de se disposer r6gullBrement les unes 3 
c8t6 des aut res pour former des c r i s t a l l i t e s .  De 
plus, on peut, si l ' o n  veut, B v i t e r  l 'bcoulement du 
polymere en l e  d t i c u l a n t  e t  d e l i s e r  a l n s i  un Blas- 
tomere connu rmnerc ia lement  sous l e  nom de E.P.R. 
[e thy len,proy j len rubber). 

Remarquons auss l  q u ' l l  f a u t  se garder d'exagerer l a  
concentrat ion en propylene, slnon on redonnerait  a l a  
chafne macmmoleculaire une t r o p  grande r 6 g u l a r l t 6 .  Le 
polypropylene stBr6orBguller. c 'est -a-d i re  c e l u l  pour 
l eque l  les gmupements methyl sont dlsposBs du &me 
c6t6 d'un p lan  dans l eque l  on a u r a i t  a l i gn6  en zlg- 
zag l e s  carbones de l a  chafne p r i n c i p a l e  (polypropy- 
lene l s o t a c t l q u e l ,  ou pour l eque l  les groupements 
methyl sont disposes a l ternat ivement  de p a r t  e t  
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d 'au t re  d'un t e l  p lan  [polypropylhne syndiotact iquel  c r i s t a l l i s e .  (Tf 
t ac t i queJ  

S i  par  con t re  n o t r e  b u t  e s t  d ' o b t e n i r  un polymhre r i g i d e  a temperature ambiante, il nous f a u t  ren fo rce r  
I e s  i n t e r a c t i o n s  en t re  chalnes macromol6culaires. Nous pouvons a i n s i  i n t r u d u i r e  des atomes de ch lo re  tous 
les deux a t o m 8  de carbones e t  o b t e n i r  l e  poly(ch1orure de v i n y l e l  (111 dans l eque l  les i n t e r a c t i o n s  d'o- 
r i g i n e  d i p o l a i r e  sont te l les  q u ' e l l e s  i nh iben t  l e s  mouvements de l a  chalne e t  Q laven t  l a  temperature de 
t r a n s i t i o n  v i t r e u s e  a 80'C environ. 

165'C pour l e  polypropylene iso- 

Inversement, il e s t  poss ib le  de rendre l e  paly(ch1orure de v i n y l e l  p lus  souple en y i n t rodu isan t  un plas- 
t i f i e n t .  I1  s ' a g i t  en general d'un p r o d u i t  a groupes po la i res ,  re la t ivement  encombrants q u i  n e u t r a l i s e n t  
pa r t i e l l emen t  l ' a c t i o n  des d ipo les  C-C1 par  associat ion avec un groupement p o l a i r e  l e u r  appartenant e t  q u i  
diminusnt l e s  i n t e r a c t i o n s  en t re  chalnes macromolBculalres en s ' i n te rposan t  en t re  e l l e s  e t  en l e s  6lo i -  
gnant de l a  so r te  les unes des autres. 

L ' e f f e t  g loba l  e s t  una d im inu t i on  de l a  temperature de t r a n s i t i o n  v i t reuse.  

E n f i n  parmi 18s autres facteurs molecule i res i n f l u a n t  s u r  l e s  p rop r ie tes  physico-chimiques des polymhes. 
nous aur lons t o r t  de ne pas c i t e r  l a  masse mol6culaire. L ' in f lUence de l a  masse molecula i re  es t  su r tou t  
importante au dela de l a  temperature de t r a n s i t i o n  v i t reuse.  On conCOit ais6ment que l a  v i s c o s i t e  d'un 
polymare fondu sera d 'autant  p l u s  Qlev6e que sa masse molecula i re  sera grande. Mais  l ' i n f l u e n c e  de l a  
masse molecula i re  se repercute auss i  sur d'aut res pmpr ie t6s .  A i n s i  pour le  polyethylhne l i n g a i r e  l a  re- 
s is tance au choc. a l a  t r a c t i o n ,  l 'a l longement  a l a  rupture, l a  d s i s t a n c e  a l a  corros ion sous con t ra in te  
augmentent avec l a  masse molf iculalre. 

I1 s ' a g i t  l a  de p r o p r i 6 t Q s  q u i  i n te ressen t  dlrectement l ' u t i l i s a t e u r  e t  q u i  pa r  consequent determineront 
son choix. Nous l e u r  consacrerons no t re  prochain paragraphe. 

2 - P r o e r i e 4 e _ s - _ i n f l _ u e ~ ~ ~ n ~ - ~ ~ - ~ ~ ~ ~ ~ - ~ ~ - ~ ~ - ~ ~ ~ ~ ~ ~ ~  
Masse volumique 

L'une des p rop r ie tes  des mat ihres p last lques q u i  l e s  d i s t i ngue  des p rodu i t s  concurrents e s t  l e u r  f a i b l e  
masse volumique. On a a i n s i  pu c a l c u l e r  que l e  remplacement des metaux par  des mat iares p las t i ques  a hau- 
t e s  perfomances r e d u i r a i t  de 20 % env i ron l e  poids des avions. 

Cette masse volumique e s t  de l ' o r d r e  de 0.95 g/cm 
p a r t  des polymeres e t  ne depasse pas 2.2 pour l e  po ly t6 t r a f luo ro6 thy l&ne .  Mais. s i  l ' o n  considhre les ma- 
t i h r e s  p las t l ques  expansh. s u r  lesquels  nous reviendrons p lus  l o i n ,  ces va leurs se s i t u e n t  b ien  p lus  bas. 
I1 e s t  a i s 6  d 'ob ten i r  des mat ieres dont l a  masse volumique n'exchde pas quelque 0.01 g/cm3. En r 6 a l i t B .  
pour comparer deux materiaux donnes, il es t  p lus  j u s t e  de considerer l a  res is tance speci f ique d d f i n i e  
comme e tan t  l e  rappor t  de l a  res is tance mecanique a l a  masse volumique. 

Ce rappor t  e s t  en general a l 'avantage des mat ihres p last iques.  

3 
pour l e  poly6thylGne. v a r l e  en t re  1.1 e t  1.4 pour l a  plu-  

Caracter is t lques thermiques 

Les c o e f f i c i e n t s  de d i l a t a t i o n  l i n e a l r e  des res ines thermoplastiques va r ien t  en t re  50 e t  200 . 
11s sont ra la t ivement  importants pa r  comparaison avec ceux d'un verre (0 a 7.10-6 'C-11, d'un a c i e r  
[11 a 12 , 10-6 'C-11, d'un e l l i e g e  d'aluminium [20  a 25 . 10-6 'C-11. 
C'est un f a i t  q u i  n ' e s t  pas sans presenter quelques inconvenients l o r s  du moulage pa r  exemple. 

Les c o e f f i c i e n t s  de d i l a t a t i o n  des res ines thermodurcissables sont en reg18 generale moins BlevBs. 11s 
dependant dans une t r a s  l a r g e  mesure de l a  charge que ' l 'on a l ' hab i tude  d ' a j o u t e r  a ces resines. Pour 
cer ta ines app l i ca t i ons  [ p o t e n t i o d t r e s  de haute p r 6 c i s i o n l  11 a e t 6  possible, pa r  un choix  j ud i c ieux  de 
c e t t e  charge, de realiser un materiau de t r h s  f a i b l e  c o e f f i c i e n t  de d i l a t a t i o n .  

Tout auss l  g6nante pour l a  mise en oeuvre des mat ihres p last iques,  mais au c o n t r a i r e  t r h s  avantageuse 
pour l ea  isolemants thermiques e s t  l a  f a i b l e  va leu r  de l a  conduc t i v i t e  c a l o r i f i q u e .  Cette conduc t i v i t e  
s'6tage de 1 a 10 . csl/cm/s/'C pour l a  p l u p a r t  des matihres p last iques.  Rappelons que l a  conduc t i v i t 6  
thermique des micas o s c l l l e  autour de 

Les c h i f f r e s  que nous c i t o n s  se rappor tent  a des materiaux compacts. mais l e s  valeurs que l ' o n  observe avec 
des polymares expanses sont b l e n  i n fe r i eu res ,  c ' e s t  pourquoi l e u r  f a i b l e  oonduc t i v i t 6  c a l o r i f i q u e ,  a l l i B e  
a l e u r  16g8ret6, a f a i t  de ces matihres des materiaux de cholx pour l ' i so lemen t  thermique. 

Que ce s o l t  pour l ' l so lemen t  thermique des cablnes spa t ia les  ou des immeubles d 'hab i ta t l on ,  il e s t  cepen- 
dent une q u a l i t 6  suppb3nentaire que l ' o n  demande dux matiEres p las t l ques  : 1 ' i ncombus t ib i l i tB .  Cer ta ins 
polymares come l e  po ly te t ra f l uo roe thy l8ne  [ t e f l o n l  ou les  phenoplastes charges a l a  f i b r e  de ve r re  sont 
incombustibles pa r  nature. O'autres t e l s  l e  poly(ch1orure de v i n y l e l ,  les polyamides, l e s  aminoplastes 
b r a l e n t  mais ne propagent pas l a  flm i i l s  sont autoext lnguib les.  D'autres, enf ln ,  t e l s  l e  poly6thylhne. 
le po lys tydne .  le polyur6thane b r a l e n t  facl lement. Mais la come dans de nombreux aut res domaines, il 
f a u t  se garder de conclure t r o p  hativement. I1 exis te,  sur l e  march6 des q u a l i t e s  incombustibles ou du 
moins autoext inguib les de polymares reputes combustibles. Ces q u a l i t e s  sont obtenues par  i nco rpo ra t i on  de 
c e r t a i n s  a d d i t i f s  a l a  &sine de base. 

Pour l e  moment, nous nous contenterons de mentionner deux aut res ca rac t6 r i s t l ques  thenniques importantes 

'C-l. 

cal/cm/s/'C e t  c e l l e  des verres autour de 3 . lom3 cal/cm/s/'C. 
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des matihres p las t i ques  : l e u r  temperature de f lechissement sous charge, e t  l e u r  temperature de res i s tan -  
ce a l a  chaleur  continue. Nous nous proposons, en e f f e t ,  d ' y  r e v e n i r  dans l e  dern ie r  paragraphe de n o t r e  
expose. 

5 
Lorsque l ' o n  considhre l a  f is is tance aux agents chimiques des polymkes,  on d fs t i ngue  souvent l a  hsis- 
tance aux acides f a i b l e s .  dux acides f o r t s ,  dux bases f a i b l e s ,  dux bases fo r tes ,  dux solvants. 

De ce p o i n t  de vue, l e  comportement des polymhres es t  extraordinairement vari6.  Mais  l ' o n  peut p h t e n d r e  
q u e l l  e x i s t s  des polymi3res permettant de resoudre de faqon s a t i s f a i s a n t e  tous l e s  problames de corrosion, 
e t  c ' e s t  b ien  l a  ra i son  pour l a q u e l l e  l ' i n d u s t r i e  chimique f a i t  un usage massi f  de ces mat6riaux. 

Nous voudrions cependant a t t i r e r  l ' a t t e n t i o n  sur un ph6nomi3ne assez speci f ique des mat ihres p las t i ques  : 
l a  corros ion sous con t ra in te  ( s t ress  cracking]. 

Lorsque des polymares, t e l s  l e  polyethylane. l e  polystyrane, l e  polym6thylr&thacrylste, soot soumis a des 
tensions [ i n te rnes  ou externes l  e t  expos6s en meme temps 3 c e r t a i n s  agents gazeux ou l i qu ides ,  11s se 
f e n d i l l e n t .  L'impoatance des f i ssu res ,  t a n t  du p o i n t  de vue de l e u r  nombre que de l e u r  dimension, e s t  
essentiel lement f o n c t i o n  de l a  nature du polymire. Ce comportement a longtemps re ta rd6  l ' u t i l i s a t i o n  du 
polyethylene dans les  emballages pour & t e r g e n t s . * I l  s ' es t  Qgalement a v 6 d  des p l u s  gdnants dans tou tes  
l e s  u t i l i s a t i o n s  q u i  f a i s a i e n t  appel a l a  transparence des mat iares p last iques.  

S i  l ' o n  s a i t  au jourd 'hu i .  pa r  un choix adequat de l a  masse mol6culaire. ou par  a d d i t i o n  de substance po- 
l a i r e ,  ou pa r  Bt i rage,  abaisser, v o i r e  supprimer l a  s e n s i b i l i t e  des polymeres a l a  corros ion sous con- 
t r a i n t e ,  11 conviendre, n6anmoins. de s'assurer de l e u r  tenue chaque f o i s  que l ' o n  decidera de les sou- 
me t t re  2 une atmosphhre i nhab i tue l l e .  

Parmi l e s  aut res p rop r i6 tes  physico-chimiques des polymhres, nous ne ferons que c i t e r  l e u r  tenue a l ' h u -  
m id i tb .  dux mois%bsures, dux bact6r ies.  dux insectes pour pouvoi r  nous a t t a r d e r  sur l e u r  tenue au v i e i l -  
l issement. 

La t r h s  grande m a j o r i t 6  des mat iares p las t i ques  sont des substances organiques e t  3 ce t i t r e  e l l e s  su- 
b i ssen t  l ' a c t i o n  d6gradante du temps. Oans l a  pra t i que  courante. les  pr inc ipaux promoteurs de c e t t e  de- 
gradat ion sont l a  chaleur e t  l e  rayonnement s o l a i r e  u l t r a - v i o l e t .  Encore que l e  mkcanisme de c e t t e  de- 
gradat ion s o i t  rarement connu, parce qu'extrEmement complexe, nous disposons actuel lement d'un nombre 
important de s t a b i l i s a n t s  a l a  chaleur  e t  au rayonnement u l t r a - v i o l e t .  On mesurera les progrhs h a l i s e s  
dans ce domaine en r a m e l a n t  aue ce sont ces s t a b i l i s a n t s  o u i  oermettent d ' u t i l i s e r  l e  oolv(ch1orure de 
v i n y l e l  comme mat iere premi2r-e de l 'emballage a l imen ta l re  transparent. E t  pour tant  le problhme e t a i t  
complexe puisqu'on demande A ces s t a b i l i s a n t s  d ' l t r e  e f f i caces  auss i  b ien  contre l a  degradation au cours 
de l a  mise en oeuvre que contre l e  v i e i l l i s s e m e n t  u l t 6 r i e u r .  On l e u r  demande, en outre, d ' i i t r e  compati- 
b l e s  avec l e  polymare pour l u i  conserver sa transparence e t  de ne pas d t r e  toxiques. 

Caracter is t iques mecaniques 

L ' a l l u r e  generale de l a  courbe representant l a  con t ra in te  de t r a c t i o n ,  s, en f o n c t i o n  de l'allongement.E, 
des polymhres e s t  donnee pa r  l a  f i g u r e  4. [courbe en t r a i t  p l e i n l  

Pour  l e s  allongements i n f e r i e u r s  a quel- 
que pour-cent, l e s  deformations sont d- 
vers ib les.  Au dela d'une ce r ta ine  va leur  
de l 'al longement, vo i s ine  de 5 % pour 
beaucoup de polymhres, on f r a n c h i t  l a  
l i m i t e  d ' 6 l a s t i c i t 6  apparente, les  d6- 
formations sont a lors  en grande p a r t i e  
, i r r6vers ib les,  l e  polymhre s 'a l longe 
sans q u ' i l  s o i t  necessaire d'augmenter 
dans l e s  mdmes propor t ions l a  con t ra in te  
e t  l 'al longement a l a  rupture peut at- 
t e ind re  quelques centaines de pour cent. 

I1 e s t  ev ident  que l e s  valeurs numeri- 
ques a i n s c r i r e  sur 1 '6che l l e  des con- 
t r a i n t s s  dependent de l a  nature du po- 
lymare, ll es t  t o u t  auss i  evident  que 
bon nombre de polymares p d s e n t e n t  une 
rupture f r a g i l e  e t  cassent avant d 'avo i r  

e a t t e i n t  l a  l i m i t e  d ' Q l a s t i c i t 6  apparente. 
Ce q u i  pa r  contre e s t  " ins bvident, 
c ' es t  que l a  courbe r e p f i s e n t a t i v e  d'un 
mOme polymere peut v a r i e r  du t o u t  au 
tou t  en f o n c t i o n  de l a  v i tesse  de de- 

I 
y ~ 

€ 4 6  

Fig.  4 : V a r i a t i o n  de l a  con t ra in te  en fonc t i on  de l ' a l l o n -  formation. A i n s i  un polymhre pour l eque l  
gement. Courbe p l e i n e  : v i tesse  de ddformation lente;  on a u r a i t  re lev6 une courbe du type de 
Courbe p o i n t i l l e e  : v i t esse  de deformation rapide. c e l l e  repdsen tee  en t r a i t  p l e i n  s u r  l a  

f i g u r e  4 peut t r a s  bien, pour des gran- 
des v i t esses  de d6formation. o b 6 i r  a una 101 i l l u s t d e  sur l a  f i g u r e  4 par  l a  courbe en p o i n t i l l 6 .  Ce f a i t  
e s t  d'une extrOme importance du p o i n t  de vue prat ique.  En e f f e t  un polymere q u i  dans des condi t ions nor- 
males de s o l l i c i t a t i o n  peut s u b i r  sans dommage des d6formations importantes, cassera t a l  du verre sous 
l ' i n f l u e n c e  d'une d6formation rapide, d'un choc pa r  exemple. Ceci nous l a i s s e  p d s a g e r  des d i f f i c u l t e s  de 
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ca rac t6 r i se r  l e s  p rop r i6 tee  mgcaniques des polymhres e t  nous i n c i t e  B ne jamais perdre de vue que l e s  va- 
l e u r s  donnees par  les t ab les  ne sont va lab les que dans les  cond i t i ons  de l'essei au cours duquel elles 
sont 6 t 6  mesudes. 

Lea modules d ' 6 l a s t i c i t 6  des polymbres thermoplastiques courants a t te ignen t  des va leurs de l'ordre de 
20.000 kg/cm2. Mais pour des usages sp6ciaux des va leurs 10 ou 20 f o i s  p lus  Blevees peuvent &re a t -  
t e i n t e s  an renforGant les mat ieres p las t i ques  avec ce r ta ines  f i b r e s .  

2 Pour beaucoup de polymbres, l a  con t ra in te  a l a  rupture a l a  t r a c t i o n  se s i t u e  dux env imns  de 500 kg/cm , 
mais 13 aussi, l e s  valeurs de 10 ou 20 f o i s  p lus  Blevees peuvent B t r e  observ6es sur  des matlhres p l e s t i -  
ques renforc6es. 

La rQs is tance  au choc es t  p l u s  d i f f i c i l e  a caract6r iser .  Cer ta ins polymhres, t e l s  les  poly6thylenes rami- 
f ies ,  ne cassent pas dans les  condi t ions normalisess des essals  de d s i s t a n c e  au choc. e t  pour l a  p lu -  
p a r t  des polymhres, l a  va leu r  de l a  res is tance au choc depend dans une l a r g e  mesure de l a  fagon dont a 
e t6  fabriquee l 'eprouvet te .  Q u o i q u ' i l  en s o i t  de g m s  e f f o r t s  on t  e t 6  f a i t s  ces dern ihres annees pour 
ameliorer l a  res is tance au choc des matibres p last iques.  De t r 5 s  bons r e s u l t a t s  on t  e t 6  obtenus pa r  co- 
po lymer isat ion : l- polystyrene B haute res is tance au choc, souvent vendu sous l e  nom de polystyrene 
choc, e s t  un copolymere de styrene e t  d ' a c r y l o n l t r i l e .  Mais les  r e s u l t a t s  l e s  mei l l eu rs ,  e t  probablement 
l e s  p lus  surprenants, sont l a  consequence de l ' i n c o r p o r a t i o n  dux polymhres de g lobules d'Blastomhre de 
1 ou 2 um de diamhtre. L'exemple l e  p l u s  connu e s t  c e l u i  des res ines  ABS, melanges d'un copolymbre du 
styrene e t  de l ' a c r y l o n i t r i l e  avec un copolymbre du butadibna e t  de l ' a c r y l o n i t r i l e .  Ce sont ces d s i n e s  
qu'a cho is ies  C i t roen  pour fab r ique r  l a  carosser ie  de l a  MQhari. 

Parmi les autres p r o p r i k t 6 s  mecaniques, c i t o n s  l e  f luage, l a  duret6, l a  r ks i s tance  au dechirement, B 
l 'abras ion,  ?I l a  compression, l e  c o e f f i c i e n t  de fm t temen t .  l e s  ca rac te r i s t i ques  d'usinage, tou tes  
grandeurs dont 11 conviendra de t e n i r  compte dans l e  choix du polymbre. 

Caracter is t  Lques Q l e c t r i g u e s  

T r e s  t 8 t  les  mat ihres p las t i ques  ont 6 t h  u t i l i s 6 e s  en t a n t  q u ' i s o l a n t s  Q lec t r i ques .  C'est qua l e u r  r6sis- 
t i v i t 6  e s t  en r e g l e  generale t r e s  filev6e. E l l e  e s t  presque tou jou rs  superieure a 1O1O n.cm.et depasse fd- 
quemment 1015 n.cm. 
O'une f q o n  genbrale, l e u r  r6s is tance au claquage in t r ins6que.  au claquage thermique, au claquage pa r  de- 
charge, au claquage pa r  cheminement e s t  t d s  bonne. 

Le comportement des polymeres en champ a l t e r n a t i f  e t  p lus  pa r t i cu l l e remen t  en champ haute fdquence  e s t  
f onc t i on  de l a  p o l a r i t 6  de l a  mol6cule. Pour des polymeres t d s  faiblement p o l a i r e s  t e l  le polyethylbne 
e t  l e  po ly tB t ra f luo ro6 thy l8ne ,  l a  tangente de l ' a n g l e  de perte, t g  6 ,  e s t  i n f 6 r i e u r e  B 0,0005 de 60 B 
lo6 Hz. 

La grande r 6 s i s t i v i t 6  des polymbres n ' e s t  pas tou jou rs  un avantage e t  l a  pdsenca de charges Q l e c t m s t a -  
t i ques  peut a v o i r  des consequences inesthet iques [accumulation de poussihr8s1, genantes [bloquage des 
f i l m s l ,  dangereuses (decharges Q l e c t r i q u e s l ,  c ' e s t  pourquoi on a joute souvent dux polymhres des agents 
a n t i s t a t i q u e s  q u i  abaissent l e u r  r 6 s i s t i v i t e .  

A l ' a u t r e  ext remi t6 de 1'Qchelle. nous tmuvons quelques polymhres B t d s  f a i b l e  r f i s i s t i v i t 6 .  A i n s i  le 
polymhre der ive de l a  po ly  2 v i n y l  p y r i d i n e  e t  du 7.7,8.8 tetracyanoquinodimdthene a une r 6 s i s t i v i t e  de 
l ' o r d r e  de lo4 Q.cm. 

Caract6r is t iques optique? 

La transparence des matibres p las t i ques  non c r i s t a l l i n e s  en f o n t  des materiaux de choix pour l 'embellage 
que ce s o i t  sous l a  forme de f i l m s  ou de corps creux. Mais les  bonnes p rop r ie tes  opt iques a l l l e e s  B une 
bonne res is tance au choc permettent Bgalement dux matihres p las t i ques  de concurrencer l e  verre dans d'au- 
t r e s  domaines. Le polycarbonate, obtenu a p a r t i r  du bisphenol A pa r  exemple, remplace l e  verre p l a t  dans 
l e  bbtiment, e t  le dicarbonate de d ie thy lene g l y c o l  b i s a l l y l  s'impose dans l a  l u n e t t e r i e .  

Ce q u i  f r e i n e  l e  developpement des polymbres en t a n t  que "verres organiques" e s t  l e u r  f a i b l e  d s i s t a n c e  
a l ' a b r a s i o n  e t ,  dans c e r t a i n s  cas. l e u r  domaine d ' i n d i c e  de r e f r a c t i o n  re la t ivement  r e s t r a i n t .  

Des recherches sont actuellement en c o w s  pour augmenter l a  d s i s t a n c e  B l ' a b r a s i o n  des mat ihres p l a s t i -  
ques, s o i t  par  l a  synthese de nouveaux polym8res. s o i t  par  des t ra i tements s u p e r f i c i e l s .  I1 nous f e u t  
cependant convenir qu'aucune s o l u t i o n  pleinement sa t i s fa i san te  n ' a  pu S t re  trouvee j u s q u ' i c i .  

P r i x  - 
Nous ne saurions c l o r e  c e t t e  p a r t i e  de no t re  exposE'consacde dux ca rac t6 r i s t i ques  des mat ihres p l a s t i -  
ques sans Qvoquer l e u r  p r i x .  

S ' i l  nous B t a i t  permis de schematiser B l 'extrame, nous pretendrions que l e s  mat iares p las t i ques  se d i v i -  
sent, de ce p o i n t  de vue, en deux grandes categor ies correspondent d ' a i l l e u r s  B deux p o s s i b l l i t 6 s  de po- 
l i t i q u e  pour les  producteurs. 

Oans l a  premiere cat6gorie. nous c lasser ions les polymeres bon march6. ceux dont les p r i x  f r 8 l e n t  souvent 
1.5 F/kg e t  dkpassent rarement 10 F/kg ; il s 'ag i t ,  en t re  autres, du po ly [ ch lo ru re  de v i n y l e l  (1.60 F/kgl, 
du polyethylene (1.90 F/kgl.  du polystyrhne [l,80 F/kg l  e t  de l e u r s  dbrlv6s. Beaucoup de ces polymsres 
sont cedes au jou rd 'hu i  B l a  moit i0 .  v o i r e  au t i e r s ,  de l e u r  p r i x  de 1955. Cette chute de p r i x  e s t  ce r tes  
due en p a r t i e  21 l 'accruissement des capacites mondiales de production, mais auss i  au remplacement de l a  
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carbochimle p a r  l a  p6tml4ochimie. 

naris 1s dsuxihnm catdgor ie  nous c lasser ions 1 E S  polyn8res aux p m p r i 6 t e s  sp4ciales. LeUr consonmation 
res te  forc4,mnt t r B s  limit&, mais l e u r s  qua l i t 6e  sont t e l l e s  que I ' u t i l i s a t s u r  consent 
q u i  en f a i t  une op6rat ion ren tab le  pour le fourn isseur .  

Lorsque 1.0" p d n d  l e  p r l x  come c r i t h r e  de choix d'un mat6riau. 11 e s t  ev ident  q u ' i l  ne f a u t  Pas wmpa- 
rer 18s p r l x  par unlt6.de polds. mais lee p r i x  matiares par o b j s t  tsrmind. I1 n ' s s t  pas besoin de a o u l i -  
gnsr. en ef fe t ,  qu'une p iacs de meme r e s i s t a n t s  mecanique par  exemple. sera plus l ega re  si e l l e  e s t  r4a- 
1ises en mat iare p las t l que  que si s l l e  e s t  r4alie6e on metal. Oe plus, si  e l l s  e s t  6 a l i s B e  en mat iare 
p last iquo.  e l l e  n 'aura en general pas besoin ds t ra i tamant  de rev8temsnt. Enfln. il convient  de ne pas 
p r d r e  de vue que la  mise en o ~ u v r e  du mat4rlau peUt d'un cas B l ' a u t r e  88 t r a d u i r e  p a r  YnE grand6 d i f f 6 -  
reno8 de p r l x  de rev len t .  C'est pr4cis4msnt de CES procedes de mise mn OEUVI'E q u ' i l  sei- question dans le 
pmcha ln  chapftre. 

payer un p r i x  

Iv. mise en DBUVrE dEs mat iares p las t i ques  

I1 y a t e s  PEU de t m p s  on w a i t  coutunm ds d i s t i nguer  en t re  mise en oeuvre des res ines thsnnodurcissa- 
b l e s  e t  des res ines thermoplastlquss. Qui p e r l a i t  de moulage par  l n j s c t i o n ,  p a r  exmple, sous-sntendalt 
moulage par i n j e c t i o n  de r4eines t h e m p l a s t i q u e s .  

Cette d i s t i n c t i o n  cependant e s t  de moins en moins j u s t i f i e b l e .  e t  s ' i l  nous f a l l a l t  subdiv iser  l ee  pmcB- 
des de mise mn oeuvre en cat6gorles. nOUs c lasser ions dans l ' une  d ' e l l e s  Ies pmcdd86 de moulage sous 
f a i b l e  prsss lon ( i n f 6 r h u r e  a 10 b a r s l  ou sans fusion. dens l ' a u t r e  des pmc6d6s de moulage mvec fus ion  
e t  sous press ion (sup6rlsure a q w l q u e s  d iza lnes de ba rs  jusqu'a quelques m i l l l e r s  de b a r s l .  

Les f a w n s  dont l e e  M t l & r S s  p las t i ques  pevvsnt B t r e  mises ~n o ~ u v r e  sont innombrables. e t  CE n ' s s t  pas 18 
l ' u n  de l e u r  moindre avantage. 

I 1  s e r a i t  done p re ten t i eux  e t  va in  ds v o u l o i r  les  mentionner toutes. NOUS en avons selectionn6 quelquss 
unes, s t  nous essayemns d ' i n s i s t s r  plus longusmsnt sur l ' u n e  ou l ' a u t r e  d 'en t re  e l l e e .  

Quant a l ' u t i l i s a t e u r ,  a m  choix  sera souvent fonct ion de l a  nature de l a  resins, de l e  forms des dimen- 
s ions ds I ' o b j e t  a d a l i s e r ,  de l o u r  nonbre e t  t d s  souvent ds l a  necessit6 de fab r ique r  au m e i l l e u r  p r i x .  

1 - I ~ s ~ _ ~ ~ _ ~ ~ U _ V ~ - ~ ~ U S - ~ ~ ~ ~ ~ ~ - e ~ ~ ~ ~ ~ ~ - ~ ~ - ~ ~ ~ s - ~ ~ ~ ~ ~ ~  

LB moulage p a r  c o u l 4 ~  est.. b i e n  sGr, C E l U f  q u i  v l e n t  18 premier a l ' e s p r i t .  La coulee peot B t r e  c e l l 6  de 
polymare fondu, d'une s o l u t i o n  de polymare ( f a b r i c a t i o n  des f i l m s  photogrephiqussl, du mnom8re. par Bxm- 
p le .  C 'sst  par  coul6e du d t h y l d t h a c r y l a t s  en t re  deux plsques de verre e t  po lymf i r isat ion i n  s i t u  que sont 
da l iS6RS 16s plequss de p o l y m 4 t h y l d t h a c r y l a t e  de haute q u a l i t 6  OPtiqUe. 

Oms le moulage p m  coulfie, l e  moule pBUt B t r e  f i x e  OU. BU contraire, mobi le  OD" c 'es t  l e  cas dans le 
moulage p a r  ro ta t i on .  

I LS moulage p a r  r o t a t i o n  presents des avantages q u i  j u s t i f i e n t  son u t i l i s a t i o n  pour l a  d a l i e a t i o n  d 'ob je ts  
en p e t i t e s  se r ies  (100 a 10.000 u n i t e s l .  

Nous re t isndrons.  en t re  au t res  
- l e  p r l x  peu 6 1 6 ~ 6  de 1'6quipement. machines e t  moules. - l 'abssnce de d6chets. 
- l a  f a c i l i t e  d 'obtent ion d ' o b j s t s  a p a m i s  fipaieses (15 mm par  exmp le l .  
- 1'Bpaisseur UnifOmE des paroia, 
- I 'absencs de Contraintee Internes, 
- 1s p o s s i b i l i t f i  de r e a l i s m  des o b j s t a  de grandes dimsnsions. 

oas r 4 c i p i e n t e  dont l e  capacit6 approche 10.000 1 ont  e t6  m u l e s  p a r  r o t a t i o n  e t  11 n a y  B aucune d i f f i c u l -  
t 6  B f a b r i q u s r  des r 4 c i p i e n t s  ds t a i l l e  sup6rieure. 

On d o i t  a l e  v B r i t 6  de s igna le r  un c e r t a i n  ncmbre d' inconv6nienta pmpres  a l a  methods : f r a i s  de main- 
d 'muv re  r e l a t i v m e n t  BlevBs, nBcessit6 de disposer d'un pclymare a grands f l u i d i t 6 .  d i f f i c u l t 6  d'obten- 
t i o n  d ' o b j e t s  a p a r d s  minces r i n f e r l e u r e s  a 1,5 m m l ,  toue lnconv€nientS q u i  font  ds c e t t s  d t h o d e  une 
tmchnlqus peu Bconomlq~e pour des p s t i t n  a r t i c l e s  en S Q P i e S  importantes (100.000 a 1.000.000 d 'un i t6a l .  

Perm1 l e s  aut res procedes de mise sn oeuvm sous f a i b l e  pression ou sans fusion, contentons-nous de c l t e r  
l e  moulage p e r  trempage. l e  formage a chaud et, technique D1US r-Scsnte, l e  fomage a f m i d .  E t  attardons- 
nous quelque peu sur l e  bobinage f i l amen ta i rE .  

Dens le bobinage f i l amen ta i r s .  on met a p m f i t ,  c o m  dans l e  moulage des r4slnes chargfies a l a  f i b r e  de 
verre. lee p m p r i 6 t e s  m4canlques uniquws de CBB f i b res .  Cepsndant, p l u t d t  que d ' u t i l i s e r  des f i b r e s  de 
dimensions l imit6ES. l e  bobinage f i l amen ta i re  f a i t  appel a d m  m v i n g s  const i tu6s p a r  des paquets de fi- 
bres  de vsrrB Continues e t  pa ra l l a leS .  Ces m u i n g s  sont bobines sous tens ion e t  l i d s  par  une res ine  q u i  
peut B t r e  du type Bpoxyde p a r  sxempls. La d i f f i c u l t 8  r4s ide  dans l a  n6censlt6 de juxtaposer  de fepnn ri- 
goureuse l e s  m v i n g s  ma1gr-S l a  mu l t i t ude  de couches e t  les erandss dimensions des pi8cBs. 

Mais le r e s u l t a t  vaut l ' e f f o r t  e t  il e s t  exact de d i r e  que 18s o b j e t s  r 4 a l I s 4 5  par  bobinage f i l amen ta i r s  
a l l i s n t  l a  dsns i t6  du magnesium a l a  res is tance m4canique des acisrs speclaux s t  
corros ion des mat iares p last iques.  

l a  r4sistancB a l a  

Lss r e s e r v o i r s  des combustibles des fusPes pBUvent B t r e  f sb r iques  p a r  C E t t E  technique. 
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Abandonnant le8 techniques de mise En oeuvre sous f a i b l e  pression ou sans fusion,  nous abordons avec 10s 
techniques de mise en oeuvre soua pression. c e l l s 8  qui m n t  r6serv6ss  a l a  fabr ica t ion  d ' o b j e t s  en t r h s  
grandes sfiries. Appartiunnent B ce gmupe. l e  moulage par  compression, et  par  compression-transfert, l'ex- 
t rus ion  st tous sss d6riV6.s. lextrusion-soufflage de f i l m s  et  de corps c r w x ,  extrusion de feui l lss  et  de  
plaques, enmbage ds cablel .  l e  moulage par in jec t ion .  

Celui de ces  pmcfid6s qui ,  ces dern iares  ann6es. a pris l e  plus  d'amplsur est le moulage par  in jec t ion .  
C'est l u i  que nous pr6aentemns plus  en d e t a i l  pour i l l u s t r e r  CB paragraphe. 

La p lupar t  des presses  a in jec t ion  modernes scn t  du type vis-piston. Une v i s  tcurnant  dans un fourrsau 
[ f ig .  5 1  rawit b l ' u n s  de ss8 extrBmit6s. les granules de polymers par  l ' i n t s m 6 d i a i r s  d'une tr4mie. 

trimie 

vis-piston \ 
fourreau 

Fig. 5 : Schema d'une pr6sse a injection. 

Le r6le de l a  v i s  est quadruple. Dan8 l a  zone la plus pmche de l a  tdmie ells  d o i t  E n t r d n e r  18s grMU- 
16s. dans l a  zone suivante. e l l 6  d o i t  18s anener B fusion par  c i s a i l l m e n t  entre l e  fourreau st l a  via. 
Cetts fus ion  est d ' a i l l e u r s  grandement f a c i l i t 6 6  par l e  chauffage du fourreau. Oms l a  dern iare  Zonm de 
la vis. l e  polymara fondu est pomp6 vers  l ' a v a n t  et  stock6 dans l a  t 6 t e  du fourreau. 

L ' e s p a o ~  n6cessaire  os stockage e a t  m6nag4 par le mcul prcgressif  de la vis .  O h  qu'une quant i t6  suf -  
f i s a n t e  de polymers est accumUl6e. la v i s  romplit son d e m i e r  file. c e l u i  d'wl pis ton.  en p u s s a n t  sous 
des pressions de l'ordre d s  1.500 bars 1s polymka fondu dans l 'empreinte du m u l e .  S ' i l  s ' e g i t  d'une &- 
s i n e  t h s m p l a s t i q u e ,  le moule est r e f m i d i .  st par  cons6quent 1s polymers se s o l i d i f i e .  DhS que l a  s o l i d i -  
f i c a t i o n  est suf f i san te ,  le moule peut &re cuvart  e t  l ' o b j e t  mu16 4ject6.  

S ' i l  s ' a g i t  d'une &sine thermodurcissable. 1s moule est nu c o n t r a i r e  chauff6 a f in  de p e n m t t r e  la cuis- 
son de l a  &sine. L'opBration de cuisson termin6e. l ' c b l e t  peut Ptra eject6 du mule chaud puisque Is po- 
lymera est d t i o u l 6  et  que par  cons6quent s a  s t a b i l i t 6  dimensionnelle est a s s u d e  d m s  a chaud. 

I1 e x i s t e  s u r  l e  march6 une i n f i n i t 6  de modales de prasema B i n j e c t e r .  depuis les p l u s  p e t i t e s  q u i  injec- 
tent quelques g r a m s 8  de matiares par  cycle. jusqu'aux plus  grosses dont l a  capaci t6  d ' in jec t ion  par cycle  
a t te int  25 kg. Chaqw f o i s  q u ' i l  s ' a g i t  de fabr iquer  en grand6 s6rie un o b j e t  en matiers plast ique.  c'est 
le moulage par  indeotion que l 'on doi t  raccmnender. Ce n ' e a t  quo pour des f a b r i c a t i o n s  de p e t i t e s  s6r iea .  
nu d ' o b j e t s  t m p  valunineux que 1'on f a i t  appel nux a u t r e s  techniques de moulage. 

V. Influence des w n d i t l c n s  de misea en OEUVN sur 18s p m p r i 6 t 6 s  des  matiarea p l a s t i q u e s  

91 intrina8quPnant 16s matiares p l a s t i q u s s  o f f r e n t  deja une grande varifit6 de pmpr i6 t6s .  cetts var le t6  
peut anwra P t r a  6la-i.a s n  jouant B u r  10s condl t icns  de mise an omuvre. Nous ret iendmns.  ici. tmis  as- 
p e t s  ds cette a f f i r m t i o n  et  exaninsmns succsss ivment  l 'sffet  de l 'o r ien ta t icn .  de l ' a d d i t i o n  da char 
ges e t  da l ' addi t ion  d'agents pomg8nea s u r  l e a  prcpri4tKs des  p o l p h r e s .  

1 - E f ~ s + ~ ~ - ; : q r i e n t a t i o ~  

La plupar t  dss pmM6s de mise en oeuvre noumt ten t  le polymare a un c i sa i l l rment  Important. Dans le mu- 
lasa Par  in jec t ion ,  p a r  s x m p h ,  ce c i a a i l l m s n t  e x i s t e  d6jA au niveau de l a  vls .  il se Poursuit & t r a v e r s  
la bus9 d ' injeat ion.  mais c'est essentiellmsnt le cisaillrment dona l ' m p r e i n t e  du mule qui imprime d6fi- 
n i t i M n e n t  aes Otfe t s  dans l ' o b j e t  f i n i .  m)mP en l 'absence de chapgas a n l s o d i d t r i q u e s .  pour lesquel fes  
l ' o r i e n t a t i o n  par cisaillmsnt de l a  mat iere  eat 6vidente. lss pmpr i6 t68  de l ' o b j e t  mu16 v a r i e m n t  su i -  
vant l a  d i r e c t i o n  do l a  s o l l i c i t a t i o n .  Si nous pr%nons un polymAre cons t i tu6  dw chalnes macmml8culalres. 
rstts a n i n t r o ~ i u  est facile 
par wits da l ' a g i t a t i o n  thennique, adoptemnt  unn conformation s n  pslots .  qu i  s ' i n n c r i t  en p m i h r e  ap- 
pmxinat lon dmn. una sphhrs. Mais dhs q w  10 mil ieu e a t  sounis a oontrainte .  l a  p e l a t a  sa d6fom e% 

Bxpllquer. En l'sbsenca de cont ra in to  ext8rieure. en effet. ws c h a h e s .  
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n'oriente. Soun une cont ra in te  de t r a c t i o n  importante, l a  ccnfoormation des macmnDlfiCUlES se rappmchera 
ds m i l e  d'un batonnet s t t h  mil imu SB presentera conwns un ensemble de batonnets a l ignes cate a cats. 
Oann un t e l  matfirisu. l a  cohesion ent re molficules dans l e  sans perpendiculaire B I s  d i r e c t i o n  de l ' o r i e n -  
t a t i o n  sera bien p lus  f a i b l e  que dans l e  Bens para l le le .  

I1 en r6sult.P quo tout88 l e s  pmpr i6 t f i s  m4caniques. resistance a l a  t rac t ion ,  au f1~ChiSnemEnt. nu choc, 
au dfichiresment. i e m n t  am$lio&es pour l e s  d6for mstions ent ra lnant  des contra in tes d i r ig f ies paral l8lement 
a l 'al lcngement des mol6CUlEs. a m i n d r i e s  s i  l e e  deformations entrarnent des contra in tee d l r ig f ies perpendi- 
culairsment. Ce q u ' i l  importe de no ter  c 'ea t  que l a  dif f6rence d'un cas a l ' a u t r e  a t t s i n t  c o u r a m n t  un 
facteur 10 e t  plus. 

S i ,  en pr inc ipe  du mo%nns, l ' e f f e t  de l ' o r i e n t a t i o n  E S t  f a c i l e  a p&vo i r  su r  des 6pmUVettee ds labora to i re  
de forme simple, il "'en est  pas de mho dens l a  pret ique car  l ' importance de l ' o r i e n t a t i o n  ne d4pend pas 
seulment  de l a  v i tssse d ' i n j e c t i o n  a t  de l a  v isccs i t6  du m i l i e u  mais aussi de l a  fonne de l ' o b j e t .  I1  
convisnt lorsque l ' o n  veut Ccmprsndre l ' s f f e t  de l ' o r i e n t a t i o n  de ne pas perdm de VUE quo dans l e  moulage 
par in jec t ion ,  l 'empreinte se rempl i t  a p a r t i r  de l ' o r i f i c e  d ' i n j e c t i o n  e t  non pas a p a r t i r  du fond de 
l 'emprs in te c o r m  c 'es t  l e  cas dens l e  moulage par  i n j s c t i o n  de metaux. Csci sxplique, e t  l e 5  c i s a i l l e -  
ments importants auxquels s s t  aoumis l e  polymhre puisqum l e  polymere deja i n j s c t e  & d u i t  d'autant l e  pas- 
sage disponible pour l e  polymere en cours d ' in jec t ion ,  e t  l e  f a i t  que l ' o r i e n t a t i o n  e s t  maximum B proximi- 
t 4  de l ' o r i f i c e  d ' in jae t ion .  minimum B l ' e x t d m i t b  oppas6s de l ' o b j e t .  

La c " p l s x l t 6  de l a  & p a r t i t i o n  des d i rec t ions  d ' o r i s n t a t i o n  Bmpeche le t ransfomateur  de t i r e r  p r o f i t  de 
ce t te  o r i e n t a t i o n  pour a d l i o r e r  l a  q u a l i t 6  de cee objets. En general, au contra i re .  11 essaye d'op6rer 
dans de8 condi t ions t e l l e s  que l ' o r i e n t a t i o n  s o i t  aussl fa ib le  que possible, 4v i tan t  pa r  1.3 r,S" l e s  tsn- 
dances a 1s deformation u l t f i r i s u r e  des pieces moul4es. 

I 1  s x i s t e  capendant den exceptions a c e t t e  f e p n  de f a i r e .  L'une, b ien connue concerne l e 5  f i b r e s  t e x t i l e s .  
Len f i b r s s  sont un exemple type d'un materiau auquel on dmande l 'exce l len tes  pmpr i4 t f i s  dans un Bens, ce- 
l u i  de l ' a x e  de l a  f ib rs ,  e t  pour lequel  on se contente de pmpr l6 tee  medioeree dam 10 Bens perpendicu- 
l a i r s .  Dans ce cas d ' a i l l e u r s .  l ' o r i e n t a t i o n  n 'es t  pas seulament provoqu6s pnr l e  passage a t ravers  l a  
f i l l e r e  mais Bgalemsnt par un 6 t i rage de l e  f ib re .  

Pwt -Et re  moins con nu^, parce qua p lus  rhcente, 8 s t  l ' u t i l i s a t i o n  de l o r i e n t a t i o n  dans l e e  charnieres En 
matiera p lest ique.  

CBE cherniares sont consti tu6ss per une mince lame r e l i a n t  l e s  deux part i e s  du naulage [ f ig .  61. Comms il 
a ' a g i t  de pieces in jectess.  l e  polymare sub i t  au pasoage du &tdc isaement  au nlveau de l a  lmu uns f o r t e  
or ientat ion,  o r i e n t a t i o n  q u i  e s t  d ' a i l l e u r s  exhalt6s par  pl iage. 

Le5 charni8res. en mat lam p las t ique obts- 
nues p a r  c e t t e  technique, ont une &sis ten-  
ce 3 l a  f lex ion  t o u t  B f a i t  o x t r m r d i n a i r s  I 

c1assiques. 
e l l e  depnsse de l o i n  CQlle des chamiares 

Actuellsmsnt On l ee  rencontre dens ds nom- 
breuses applications. A i n s i  un important 
conatructeur d'automobilas l e s  u t i l i s s  pour 
l a  fabr ice t ion  dES pBdales d'accel6rateur. 

Fig .  6 : Charniere an mat iem plaatique. 

De t o u t  temps on a s jou t6  aux matiares p last iques des charges InertPS pour diminuar l e u r  pr ix ,  ou r e n f o r  
Fantes pour augmenter leurs  p m p r i e t k s  mficaniquss. Mais  CEtte Pr8tiqUe a connu un nouvel es8or depuis qUB 
l ' o n  g a i t  i n t m d u i r e  de faFon gconomique des f i b r e s  de vmrre dans la matiare .3 in jec te r .  depuis aussi que 
l ee  techniques d'avant-garde auxquelles f a i t  appel l ' a 4 m e p e t i a l  exigent d08 materiaux de t d s  hautss per- 
formances. 

Certes 18s a d l i o r a t i m s  BpporteeB a l ' i n c o r p o r a t i o n  de f ib re9  de v e r m  eux matihres p last iques ennt apec- 
tacu la i res.  nous awns deja f a i t  B t a t  du bobinage f i lamentsire. c i tons  egalement l ' u t i l l s a t i o n  des f i b r e s  
de V e r r E  dans l a  production de plaqusa ondulees pour l e  batiment. dans l a  const ruct ion de batesux de p l a i -  
smce. dans l e  & a l l s a t i o n  d~ tuyaux e t  ds dservoirs. Mais les d l i o r a t i o n s  que l ' o n  peut eecompter par  
l ' u t i l i s a t i o n  d'autres f i b r s s  sont b i s n  p lus  spectaculaires encore. 

A i n s i  lee  f ib res  de carbone sont. dhs 3 prkssnt. mis a cont r ibu t ion  pour l a  f a b r i c a t i o n  de mat6riaUX &- 
s i s t a n t  a l ' b m s i o n .  B l a  cormsion s t  aux temp6ratures BlevBes. Lsur prix semble compatible avec l e u r  u t i -  
l i s a t i o n  dans l ' i n d u e t r i 8  aBmnautiqus. 

On 16s t r o w s  actuellsment sous forme de tressss de 10.000 b r i m  de 5 a 7 um de d i a d t r e .  d'uns longueur 
de 1.20 m nu en longusur continua sur bobine. 
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5 2 Leur module d'Young. E, est  compris entre 15 e t  50 . 10 kVcm , leu r  dansit6 entre 1.7 a t  2. Leur r4sis- 
tance a l a  t ract ion peut atteindra 30 T/&. C o w  r4aine I ianta,  on paut u t i l i s e r  des polyesters, des 
epoxydes. des r4aines ph6noliques. des silicones. des polyimidea. 

Voic i  par exmple 18s caract6r is t iqwa moyennes d'une r6sine chargee avec dss f i b res  de ca*one. 
densit6 : 1.27 
r e t r a i t  lwlumel 3 1. 

2 E : 15.5 . l o 5  k g / d  
Msiatance b la t ract ion : 7.500 k g / y  
Msistance au choc [ Izodl  10.200 kg/cm lsans e n t a i l l e l  

Le point  fa lb ls  de ces composites est  l eu r  mauvaiss r4sistance au c isa i l lment .  

O'autres 4ibras ont 6th inccrpor4es aux mOtiBras plaStiqUeS, ausai bien aux r4sines themdumiamb les  
qu'aux r6sinaa thenoplastiques. C i t o n s  les f i lanants de bore [sur h a  de tungathe1 lr6sistanea a l a  
t ract ion : 28.000 kg/& 2 E - 4 x 10' k g / d  I Tf - 2.000 'C1 e t  lea f ibres monocristallines [ t r i ch i tes1  
de carbure de s i l i c i m .  

Oea BtUdes pauss8as ant Bt6 entraprisss pour l ' u t i l i a a t i o n  des met6riaUX composites pour 16 v4hiculs o r  
b i t a l  I (Orbiting Vehicle Ona OVII, on a en Par t i cu l i s r  compar6 : des s t r a t i f i 4 s  bore/epoxy, des melanges 
bore/epoxy mu16, des atrat i f168 graphits/epoxy, des bora8laluminium. 

Pour heamup de part ies de 1'OVI. le8 compoaitea polYmEras aont l ea  plus avantagsux. I1 on est de mEme 
pour 16s antennes des v6hiculss intmrspatiaux. Oans cetts appl icat ion part icul iBre. l s s  deux principaux 
avantages des composites a base ds polymho sont : 

11 l a  grande r i g i d i t 6  des etructures 
21 l ' e f f e t  r6dui t  de l a  d 6 f o m t i o n  thenique. 

La f igure 7. desainfie d'apraa un6 fip;ure publi6e dans l a  revue Kunststoffe (R. WETTEQ i 1970 
i l l u s t r a  l a  r6sistance spficifique a l a  t ract ion s t  l e  module d '4 last ic i tK specifiqua pour dif f6rsntes f i -  
bres  e t  matfiriaux canposites. 

no 10,7561 

Fig. 7 
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Le tableau I, relev4 dans l e  m& a r t i c l e .  &sum l s s  appl icat ions des d s i n e e  renforc4es dans l '&mspa-  
t ia1 .  

Appl icat ions dms d s i n s s  renforcfies dans l ' a f i m s p a t i s l  

Exigences 

d a i s t a n c e  B l a  t r a c t i o n  ]--lbhambre de combustion (fus6El 

sauf f i b r e s  pmpr i f i tes  d i f i lec t r iques I 

i x a t i o n s  des containers 
I 

, i s o l a t i o n  therfnique 
I 

I 1 , 
d s i a t a n c e  .3 l a  t r s c t i o n  
e t  r i g i d i t 4  

laces de compresssur (Turi3cdac- 

\ 

f isistance 8 l a  compressicn a les  d 'h4 l icopt8re 
Sandwiches, longemni  

\ 
\ 

c s l l u l e  de fusee 

thermique 
uyares de tu161 

\ charge thenniqus de oourte 
d u d e  

3 - ~ f f e ~ - g - 1 1 3 d _ i ~ _ i ~ ~ - ~ 1 ~ ~ ~ ~ ~ ~ - ~ ~ ~ K ~ ~ e ~  
Rgal iser  des matfiriaux u l t r a l a g e r s  DU du m i n s  all4g4s. a Bt4 l ' u n  dEs b u t s  poursu iv is  dapuis f o r t  long- 
temps par l ' i n d u s t r i e  des matibras p last iquss.  

E l l e  y a d u s s i  : - s o i t  par in t roduc t ion  d ' a i r  par simple baatage d'un l a t e x  ou d'un p l a s t i s o l .  - s o i t  par in t roduc t ion  d'un gaz sous pression. 
- s o i t  par production d'un gaz par  l a  &act ion ds formation de l a  d s i n s .  - s o i t  sur tout  par  l ' a d d i t i o n  d'agents pomganes. I1 s 'ag i t .  en g4n4ral. de d4riv6s szolques Ids  

l'azodicsrbcnamide. NHZ- CO-N - N-CO-NHZ par  e x m p l e l  se d4composant B chaud en donnant de l 'azote. 

C 'ESt  ce dern ier  pmcfidfi q u i  a permis de mcu1Er par  i n j e c t i o n  des dsines expansiblea. L 'appare i l lage 
comporte une boudineuse. un aocumulateur e t  un m u l e  [Fig. 81. La boudineuse alimente l 'accumulateur en 
matiare fondue. La matiare fondue cont isnt  l ' a g s n t  porogane. La m t i 8 r e  e s t  m i n t s n u e  dons l 'accmula tsur  

B une tanp4rature sup6rieure B l a  
tsmp6ratur-a de moussage B l a  pres- 
a i m  atnwsph4rique muis scus pres- 
aion suffisante pour mpacher l e  
oKIuBsage 135 B 200 bars l .  

Fig. B : ~ r i n c i p e  de l 'appare i l lage  pour i n j e c t i o n  de pieces 
en polymhres sxpans6s. 

L'ouverture de l a  vanne ent re l ' a c i  
cumulateur e t  l e  moul- l i b e r e  l a  ma- 
t i a r e .  Suivsnt 1 ' e f f E t  d 4 s i d  [den- 
s i t f i ,  Bpaiaeeur de l a  peau i n t 4 g d e I .  
l e  moule es t  r e f m i d i  ou chauffB. La 
pression d ins 16 moule Est r e l a t i v s -  
m m t  f a i b l e  [de 15 B 25 bars]. La ma- 
t i e r e  q u i  y penetre sxplose l i t t 6 r a -  
l m e n t  e t  son arr ivBe b r u t a l e  sur l a  
pami d e t r u i t  l a  s t ruoture o e l l u l a i -  
re. C-est a i n s i  que se fnnm ~0 peau 
denSE E t  so l ide  q u i  r e p m d u i t  taus 
16s d 4 t s i l a  du moule. 

LBS avantages de CB pmced4 de mise en omuvre Sont norhreux. 

AU niVEau ds l 'op f i ra t ion  de moulage pmprement d i te ,  on note t o u t  d'abord 1'abssnCB des d i t f i o u l t 6 a  dues 
au r e t r a i t  thermique e t  c ' s s t  pourquoi 11 devient pcss ib le  de mouler dEs piaces de f o r t e  4paislsur. 

Le pr ix  de rev ien t  des o b j s t s  s s t  m i n d r e  que dans 10 mulags par  in fec t ion  clessique, 1'4conomie e s t  da- 
l i s 4 e  sur l e  prix du m u l e  q u i  " ' a  pas bssoin de d s i s t s r  a de fo r tes  pressions. I1 Deut a t r e  usin6 dani  
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de l ' a l u m i n i m  e t  le maulage de pi i lces en myenne sfiria, non rentable par  le pmcfidfi classique. e s t  envi- 
sageable. 

Enfin, a p i d s  Bgal de matiarea, l e a  pmprifitfis mficanlques des ob je ts  En meti8ras p last iques all6g6ee sont 
superleume d c s l l e s  des nb je ts  en matiares p last iquea composites. La dif ference ne t i sn t  pas seulment  a 
la differen- de t e x t u m  mais suss1 a l'absence de contra in tes I n t a m e s  dens l e s  pikoes en m a t l ~ r e s  plas- 
t iques  a l l f i g h a .  

Comnent s'btonner a lo rs  qu- CBE matiares solant en t r a i n  de conqu6rir une place de choix dans l ' i n d u s t r i e  
a8mnautique. dans l ' i n d u s t r i s  automobile. dans l ' i n d u s t r i e  du maubl~? 

Elen qu 'e l les  ne s o i m t  pas obtenues A l ' a i d e  d'un e g m t  pcmgkne. q u ' i l  nuus su i t  Bgalsment p e m l s  da c i -  
t e r  dans ce paragraphe Iss mousses syntactiques, rka l is f ias par  sdd i t ion  a un polymhre de minuscules b i l l s s  
creuses. Ces mousses. dont l a  densite es t  de l ' c r d r e  de 0.3. ont uns exoellente d s i s t a n c e  B l a  ConQrsssion 
ld'oh l e u r  app l i ca t ion  dens 18s v6hicules pour l ' e x p l o r a t i o n  sous-marinel, une axcel lante d s i s t a n c a  aux 
v lbrat ions.  e t  un haut pouvoir d ' i s c l e t i o n  tharmique [d'ofi 1eur u t i l i s a t i o n  dans lea  composants B l e c t m -  
niqvee des fUS6eSl. 

VI. LWS poiymares t h e m s t a t l l s s  

Lea Indus t r ies  de pointE e t  p l u s  par t icu l i8nanent  cslles de I 'a f imspat ia las  I.Bclament des matfirlaux 16- 
gsrs aux hautss perfomancea mbcsniquas E t  de t o u t  ce q u i  pficade. 11 appsrazt que 18s matiares p last iques 
rdpondsnt a cas exigences. Souvent ce8 m h e s  i n d u s t r i e s  exigent que cas mstfir iaux a i e n t  Une bonne tEnue 
aux hautms temparatures. O r ,  r a m s  sont les polymQme classiques q u i  r 5 s i s t w t  en ccnt inu B des tmp6ra-  
tures de 25OOC. Aucun d 'en t re  eux, ne I.Bs1ste indefiniment B des tampfiraturss sup6risures. Le pmbl8me a 
capendant uno t s l l e  importance. qu'un t d s  grand nombre de rschsrohes ont  6 t f i  u!8nfies de par le mnde pour 
mst t re  nu po in t  dBs polymares I.Baistants a hautes rempfiratures. Ces meherches ont  BtB coumnn6se de suc- 
cas pufsqum nous dlsposnns maintenant ds rfisines supportant en oontinu des tmpBratures de qUelqUe 500'C 
E t  dme, dans l ' u n  nu l ' a u t m  cas, de 700 OC. 

En d a l i t e  l a  problame pose e t a i t  double. I 1  s 'ag isas i t  t o u t  d'ebord de fabr lquer  des polymBres dont 1es 
pmPr i6t6s m6caniquss a haute tmp6retuFe r e s t e n t  bonnes. Confodmant  aw pr tno ipes g6nkrsur donne8 au 
debut de =et exposd. c e c i  a BtB obtenu par l a  synthase de chafnes macmmol4culalres r ig idas .  L'axemple 
typa an es t  le polym&w obtenu par  cyc l i sa t lon  du p o l y a c r y l o n i t r i l e  [or lon n c i r ,  IOU PontD . 

Mais 11 s ' a g i s s a i t  aussi de fabr lqUer  des polymams supportant Sans se dbgradar, 18s temp€raturea aux- 
quel lss  on d 6 s i r a i t  les u t i l i s e r .  E t  c e d  s e t  obtenu per un c h d x  convenable de l a  nature chimiqua des po- 
lymares. 

Dana l a  Classs des polymm8ma thermostables. l e s  p o l y h i d e a  smolan t  a v o l r  WnnUS l e  p lus  grand d6Veloppe- 
ment. 11s sont vsndw sous l e  nom de Kapton, F i l m  H, Vespal 1011 Pontl. ds fislnes N IRhane-Poulenc, 11 
s ' a g i t  de polyimides modif i f is permettant l e  m u l e g e  par oompre~slon). de f i b r e s  K e m e l  IRhane-Poulencl. 

Panni l ee  autras f islnes thermostables. c l tons  l e s  polybanzimidazoles I I m i d i t e  da Narmcol. I e s  polyanides 
dmmatiques (Nomas da Ou Pontl, le 1.2 polybutadlbne cyc l l s6  [Pluton de l a  f l inesota Fliningl. le8  polyphoe- 
p h o m i t r i l s a  IPH 990 de El Monte Chemical Col, 18s polycarboransiloxanes IOexsi l  da O l i n  mathisson Chm. 
Corp. I .  

L'una des raisons pr inc ipe les  de l a  ra re t f i  des polynares thomoatablEs commsrciaux a pour o r i g i n s  leurs  
d i f f i c u l t f i s  de mise ~n oeuvre. car, sn rhg le  gfinfirala. 18% pol@ms thsrmostablss sont a la f o i s  ineolu- 
b l s s  e t  h f u s l b l e e .  Seuls donc ont trouv6 l 'accks  au march€ les polyw3res qui, dans una Btape intenn8dic.i- 
m ds l e u r  fabr icat ion.  se preterit B l a  mise en O E U V ~ B  per  des proc6d6s clsssiques, a t  q u i  Sont aptea sous 
oe t te  fonns a suppcrter le traitemant q u i  l e u r  conferera leurs  prt lpr ietf ie f i n a l a s .  11% se prBsentent a lo rs  
sous l a  forme de vemls, de f a u i l l e s ,  de f ib res ,  p lus rarement sous la f o r m  de matfiriaux a mouler. 

Uns aut re ra isan de l e u r  u t i l i s a t i o n  l i m i t € e  est. bien B a r .  l e u r  p r i x  1 mais leur P r i x  fi lev6 l e u r  permet 
de supporter p lus facilement que ns l e  pourraiant l s s  polymkres classfques. l ' e d d l t l o n  de charges renfor- 
qantes de t d a  hautes qUal i t6s dont 11 a f i t6 question au paragraphs ~r4cbdent .  

Conclusion 

Pmbablment  awns-nous BtB t m p  enbl t ieux lorsque n w e  avons voulu Bvnquer dans ca t  oxposfi l'ensemble du 
domains des polymeras depuis 88s aspects fondamentaux jusqu'a SES aspects pratiques. 

Nous espfimns du moins avo i r  pu donner una i d &  de l a  r ichssse e t  de la v i t a l i t 6  de l a  science des poly- 
mkres. 

L ' B w l u t i o n  pers is tants  e t  vigoureusa de c e t t e  S C ~ E ~ C B  l a i e s e  pr6sagar pour la p6rioda B venlr.  non sew 
1R"t Une ConsIdBrabla augmentation de l e  pmduct ion des matiarss plast iqu8s. msis aussi  l ' a p p a r i t i o n  de 
nouveaux pmdui ts .  de nouvallea techniques. de nouvellee sppl ioationa. 

*.-..l-t.i-s 
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FIBRE REINFORCED MATERIALS 

by 

A. Kelly 

National Physical Laboratory, Teddington, Middlesex, England 

1. INTRODUCTION 

There is considerable i n t e r e s t  at  the  moment i n  explo i t ing  a new range of mater ia l s  which a r e  made 
of s t rong,  s t i f f  f i b r e s  bound together  by a matrix. 
parallel, a r e  embedded i n  t h e  matrix which may be r e s i n ,  metal, o r  even g lass .  
mater ia l s  stems from t h e  f a c t  t h a t  the  f ibrous  arrangement can provide very s t rong  and s t i f f  mater ia l s  
which can a l s o  be very l i g h t  i n  weight. 
aerospace industry,s ince they a r e  usual ly  very expensive;but cheaper ones have been marketed f o r  some 
years  and a r e  now being used as p l a s t i c s  re inforced with g l a s s  or other  f i b r e s  i n  piping, ducts ,  t r a i n  
and car  bodies, boat h u l l s  and many domestic s i tua t ions .  

The f i b r e s ,  usual ly  c lose ly  packed and arranged 
I n t e r e s t  i n  these composite 

The newer of these mater ia l s  a r e  of p a r t i c u l a r  i n t e r e s t  t o  t h e  

Some of t h e  proper t ies  of t h e  new s t rong  f i b r e s  a r e  l i s t e d  i n  Table 1. The arrangement of these 
f i b r e s  i n  a f ihre-reinforced body is s t r i k i n g l y  s i m i l a r  t o  t h a t  found i n  na tura l  mater ia l s  such as wood, 
bone o r  t e e t h  ( these  a r e  a l s o  t h e  s t ronges t  and toughest b io logica l  mater ia ls) .  
t h e  mater ia l s  engineer is only now beginning t o  copy n a t u r a l  s t r u c t u r e s  which have been known t o  be 
s t rong and s t i f f  s ince t h e  e a r l i e s t  times. 
t h e  proper t ies  of the  n a t u r a l  f ib rous  s t r u c t u r e s  have only recent ly  become understood with any degree of 
confidence. 
synthe t ic  f i b r e s  of boron, carbon, alumina, and S-glass shown i n  Table 1. This  survey aims t o  explain 
t h e  present s t a t e  of knowledge about t h e  pr inc ip les  of f i b r e  reinforcement and t o  describe some recent  
successes and point up l i k e l y  f u t u r e  progress  i n  appl icat ion.  

It may seem strange t h a t  

The reason is t h a t  t h e  s c i e n t i f i c  pr inc ip les  tha t  underl ie  

Only when t h i s  confidence was es tab l i shed  did i t  become sens ib le  t o  t r y  and develop t h e  

It is  important t o  d r a w  a c l e a r  d i s t i n c t i o n  between a b r i t t l e  s o l i d ,  which breaks sharply with l i t t l e  
or no flow, and a f r a g i l e  s o l i d ,  which breaks eas i ly .  It is usual ly  assumed t h a t  b r i t t l e  s o l i d s  a r e  
f r a g i l e .  The pr inc ip le  of composite mater ia l s  shows t h a t  t h i s  i s  not so,  and t h a t  a s o l i d  can be b r i t t l e  
but strong. To discuss  t h e  
theory we w i l l  describe i n  sec t ion  2 the t y p i c a l  mechanical proper t ies  of a b r i t t l e  so l id .  Cracks, which 
usual ly  lead  t o  breaking, behave d i f f e r e n t l y  i n  a f r a g i l e  s o l i d  and i n  a f ibrous  aggregate, though both 
a r e  b r i t t l e .  

2. BRITTLE SOLIDS 

Theory a l s o  ind ica tes  t h a t  the very s t ronges t  s o l i d s  w i l l  always be b r i t t l e .  

Examples of very hard and b r i t t l e  so l idsare  diamond and jewels, such as sapphire, topaz and beryl  
together  with t h e  mater ia l s  used as abrasives  or c u t t i n g  t o o l s ,  such as corundum and the  carbides. 
mater ia l s  a r e  very s t rong when compressed and a r e  not e a s i l y  scratched. 
polymethylmethacrylate, a r e  examples of b r i t t l e  but much s o f t e r  mater ia ls .  B r i t t l e n e s s ,  both i n  t h e  
jewels and i n  t h e  cross-linked p l a s t i c s  a r i s e s  because i n  both mater ia l s  atoms a r e  prevented from s l i d i n g  
over one another (gl iding)  or  flowing past  one another i n  o ther  ways, because of t h e  s t rong covalent bonds. 
Covalent (shared electron)  bonds a r e  formed most commonly by elements which l i e  i n  the  e a r l i e r  p a r t  of the 
per iodic  t a b l e  and possess more than one valence electron.  

These 
Ebonite o r  p l a s t i c s ,  such as 

Covalent bonds a r i s i n g  from E and 2 e lec t rons ,  or hybrid o r b i t a l s  between them, a r e  s t rongly direc- 
t i o n a l  and t h e i r  s t rength  increases  with decreasing bond length. Mathematically the  i n t e r a c t i o n  between 
two atoms i n t e r a c t i n g  t o  form covalent bonds can be represented by a Morse function, which shows t h a t  a 
s t rong  bond, measured by a la rge  value of the  binding energy U, a l s o  produces a bond which i s  very s t i f f  
both i n  tension and i n  shear ,  and furthermore, t h a t  t h e  bond expands l i t t l e  as t h e  temperature is raised.  
Since covalent bonds a r e  d i rec ted  i n  space, t h e  d e n s i t i e s  of s o l i d s  bound by them tend t o  be small because 
t h e  atoms cannot be closely packed together  ( the  c l o s e s t  packing occurs i n  metals where spher ica l ly  
symmetric closed s h e l l s  of e lec t rons  determine the  binding);  however, the  t r u e  covalent bond is  qui te  
shor t ,  wi th  t h e  r e s u l t  t h a t  the  elements at the  start o f t h e  per iodic  t a b l e  provide i n  t h e i r  s o l i d  form a 
la rge  number of bonds crossing each u n i t  a rea  i n  t h e  so l id .  It follows from the  proper t ies  of the 
covalent bond and t h e  requirement of a s o l i d  t o  be held together  i n  
t h a t  t h e  mater ia l s  exhib i t ing  t h e  highest  melting points ,  lowest c o e f f i c i e n t s  of thermal expansion, 
l a r g e s t  values of t h e  Young Modulus and of shear  modulus and the  l e a s t  densi ty  w i l l  be t h e  elements 
beryllium, boron, carbon, together  with chemical compounds containing these elements or compounds contain- 
ing  ni t rogen,  o g g e n  and aluminium and s i l i c o n * .  I n  summary 

dimensions i f  i t  i s  t o  be s t rong,  

Be B C N 0 _ - _ _ - - - -  - _ - - -  
I I 

Mg I A 1  S i  I P '  S 
I I 

Compounds such as alumina, carborundum (Sic) ,  s i l i c a  g l a s s  and many others ,  as wel l  as t h e  
elements carbon, boron a n d  s i l i c o n ,  possess the  proper t ies  l i s t e d  above, as wel l  as other  propert ies ,  
which a r e  des i rab le  from t h e  point of view of t h e  mechanical engineer, such as low c o e f f i c i e n t s  Of 
f r i c t i o n  (cf jewelled bearings) and i n  some cases  very good res i s tance  t o  oxidat ion ( the  oxides 
and Sic) .  However, such mater ia l s  a r e  general ly  q u i t e  use less  i n  prac t ice  because they break under 
very small t e n s i l e  s t r e s s e s .  
of the  covalent bond and secondly because a l l  s o l i d s  have rough, damaged sur faces  which contain cracks 

This  weakness under t e n s i l e  forces  follows from f i r s t l y ,  the  proper t ies  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Some phosphides and sulphides  a l s o  provide s t rong  s o l i d s  but these a r e  usually hydrolysed by water. 
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and other  flaws. 
required t o  shear the  mater ia l  as a r e  required t o  break it i n  tension. 
t e n s i l e  s t r e s s e s  exceed t h e  shear  s t r e s s e s ,  covalent s o l i d s  usual ly  snap e a s i l y  i f  cracks are present. 
Why a r e  cracks usual ly  present i n  covalent ly  bonded mater ia l?  
s t r e s s e s  a r e  produced whenever two r i g i d  s o l i d s  a r e  brought i n t o  contact. 
t o  these l a r g e  forces  i n  no way o ther  than by cracking. 

I f  a uniform s o l i d  contains  a crack of ' length 

I n  covalent s o l i d s  t h e  bonds a r e  so s t rong  and s t i f f  t h a t  j u s t  as l a r g e  forces  a r e  
Since at t h e  t i p  of a crack t h e  

This  is because enormous (though loca l i sed)  
A covalent mater ia l  can y i e l d  

c ,  t h e  crack can be driven forward by an appl ied 
t e n s i l e  s t r e s s  U, which tends t o  open i t ,  provided t h a t  

U 3 Kcc -4 ... (I) 
Kc is a property of t h e  mater ia l  i n  question which i s  r e l a t e d  t o  the  e l a s t i c  constants  and t o  & 
i r r e v e r s i b l e  work done per u n i t  a rea  of f r a c t u r e  surface i n  breaking t h e  mater ia l .  
increase i n  

t h e  
Kc increases  with 

For a covalent s o l i d ,  where no shear o r  other  type of flow can occur at a crack t i p ,  . 
has its s f a l l e s t  possible  value of twice the  surface energy. When t h i s  i s  s o  the  values of Kc a r e  

s #- ch t h a t  qu i te  minute cracks can lead t o  f r a c t u r e  under very small s t resses .  For example, a sharp crack 
50 pm deep can be driven forward by a t e n s i l e  s t r e s s  as small as 63 MN/m2 i n  a mater ia l  with 
as 0.5 MN m-3/2, which i s  a t y p i c a l  value f o r  a covalent so l id .  
under t e n s i l e  forces  unless  cracks can be prevented from forming o r  running i n  them. 

Kc as low 
Covalent s o l i d s  a r e  thus  qui te  use less  

Works of f r a c t u r e  (%)  and values of K a r e  summarised i n  Table 2 f o r  many mater ia ls .  

Cracks can be eliminated from covalent s o l i d s  i n  one of two w a y s .  I f  a s o l i d  is a l a r g e  i n t e r n a l l y  
per fec t  s i n g l e  c r y s t a l  o r  a very homogeneous g lass ,  t h i s  is accomplished by making sure  t h a t  t h e  sur face  
is very smooth and per fec t ,  as with g l a s s  o r  sapphire. Alternat ively a very s m a l l  g ra in  s i z e  can be 
produced with a marked preferred or ien ta t ion  of the  gra ins  as i n  carbon (graphi te)  f i b r e s ,  boron and 
s i l i c o n  carbide f i b r e s .  
grains .  

Any cracks present a r e  then l imi ted  t o  being approximately t h e  same s i z e  as the  

Fibre  re inforced mater ia l s  a r e  s o l i d s  b u i l t  up with f i b r e s  of covalent s o l i d s  s o  arranged t h a t  t h e  
a t t r a c t i v e  proper t ies  of the  f i b r e s  can be exploi ted and t h e  s u s c e p t i b i l i t y  t o  cracking avoided. To do 
t h i s  it is not enough j u s t  t o  produce the  mater ia l  i n  a f ibrous  form. A f ib rous  form may ensure a high 
s t rength  i n  the  f i b r e  but t h e  f i b r e s  themselves must be b u i l t  up i n t o  l a r g e  pieces  and t h i s  la rge  piece 
must i t s e l f  o f f e r  a usefu l  crack res i s tance .  

Crack res i s tance  is provided i n  a f ibrous  aggregate by arranging t h a t  only weak shear  forces  be 
t ransmit ted between t h e  p a r a l l e l  f i b r e s ,  and t h a t  t h e  f i b r e s  show a small but s i g n i f i c a n t  var ia t ion  i n  
t h e i r  s t rength.  
The breaking of bundles of p a r a l l e l  f i b r e s ,  i n  which the  component f i b r e s  a r e  completely uncoupled from 
one another, can be predicted mathematically, ( i t  i s  of importance i n  understanding t h e  s t rength  of t e x t i l e  
yarn) but t h e  same problem is very d i f f i c u l t  when shear forces  couple the  f i b r e s  together. 
composite t h e  f i b r e s  must be coupled together  t o  some extent ,  otherwise the  composite would f a l l  apar t  
sideways. 

The quant i ta t ive  i n t e r a c t i o n  of these two f a c t o r s  is not very wel l  understood at  present. 

I n  a p r a c t i c a l  

A broken piece of a wel l  designed f ibrous  aggregate has t h e  appearance of Fig. 1. 

The values of and of K f o r  a wel l  designed carbon f i b r e  re inforced p l a s t i c  a r e  shown i n  Table 2. 
The values of a r e  very d i f f e r e n t  f o r  cracks ly ing  p a r a l l e l  o r  perpendicular t o  t h e  f i b r e s  - 

The matr ices  chosen t o  bind s t rong  f i b r e s  together  can be e i t h e r  polymers o r  metals. 
of binder is used i n  g l a s s  re inforced p l a s t i c s  where a thermosetting r e s i n  such as a polyester ,  i s  o f t e n  
used. Aluminium and o ther  s o f t i s h  metals have a l s o  been used with success. I n  both these cases  a weak 
shear  coupling between adjacent f i b r e q i s  then ensured by the  proper t ies  of the  matrix which e i t h e r  has  a 
very small e l a s t i c  shear  modulus as i n  the  polyester ,  o r  e l s e  deforms p l a s t i c a l l y  i f  subject  t o  qui te  small 
shear s t r e s s e s  as does t h e  metal. 

The former type 

Although t h e  e f f e c t  of the  shear coupling upon t h e  proper t ies  of the  composite a r e  not f u l l y  understood, 
it is c l e a r  t h a t  t h e  presence of an i n t e r f a c e  p a r a l l e l  t o  the  f i b r e s ,  which is weak i n  shear ,  w i l l  a l s o  lead  
t o  a mater ia l  within which cracks can be control led.  

3. THE ALIGNED COMPOSITE 

A f i b r e  re inforced mater ia l  i s  a s e t  of p a r a l l e l  s t i f f  e l a s t i c  f i b r e s  embedded i n  a s o f t e r  l e s s  r i g i d  
I n  man-made composites of high s t rength  and s t i f f n e s s  t h e  matrix phase is usual ly  continuous matrix. 

throughout t h e  mater ia l  but the  s t i f f  phase is not ,  Fig. 2. EStamples a r e  carbon f i b r e s  i n  epoxy r e s i n  or  
g l a s s  f i b r e s  i n  polyester .  . -  
3a. E l a s t i c  Propert ies  

When such a composite i s  s t re tched  p a r a l l e l  t o  t h e  f i b r e s ,  then at  a small t o t a l  extension both 
components deform e l a s t i c a l l y .  
r e s u l t a n t  response of t h e  composite. 
t h e  proper t ies  of t h e  two components but i n  many cases  upper and lower bounds can be placed upon these 
moduli. For s t re tch ing  p a r a l l e l  t o  the  axis of t h e  f i b r e s  t h e  value of Young modulus ( s t i f f n e s s )  of the  
composite can never be l e s s  than the sum of t h e  contr ibut ion from each of t h e  two phases i n  the  propor- 
t i o n  of t h e i r  concentration. I f  Ec is t h e  composite modulus, and Ef and E, t h a t  of the  f i b r e s  and 
matrix respect ively,  and the  f r a c t i o n  of the  volume occupied by f i b r e s  is Vf and t h a t  by t h e  matrix V, 
(Vf + Vm = 1 i n  a binary composite), then 

The composite has  f i v e  e l a s t i c  moduli r e l a t i n g  t h e  s t r e s s  appl ied and t h e  
For an a r b i t r a r y  geometry these a r e  not e a s i l y  ca lcu la ted  i n  terms of 

Ec = EfVf + EmVm + Eint. ... (2) 
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EiVt 
( d i f f e r e n t  Poisson r a t i o s  of t h e  two components). 
across  t h e  i n t e r f a c e  where t h e  two components join. 
e l a s t i c  and E i n t  i s  usual ly  negl ig ib le  a t  small extensions. 

represents  t h e  e f f e c t  of d i f f e r e n t  l a t e r a l  contract ion of t h e  two phases as they a r e  s t re tched  
These d i f f e r e n t  l a t e r a l  contract ions produce s t r e s s e s  

Such s t r e s s e s  a r e  very small when both components a r e  

The s t i f f n e s s  i n  longi tudina l  shear of t h e  composite, t h a t  is, t h e  res i s tance  t o  twis t ing  of t h e  
f ibrous  arrangement is not given by simple addi t ion  of t h e  cont r ibu t ions  of t h e  two components. 
not be much l a r g e r  than the  value given by 

It may 

which represents  a lower l i m i t .  Here we use t h e  same subscr ip t  no ta t ion  as i n  Eq. (2) and write G f o r  
t h e  shear  s t i f f n e s s .  
ness of t h e  l e a s t  s t i f f  member, i.e. by t h e  matrix. Since t o  cont ro l  cracks we must ensure t h a t  G, is 
much less than Gf 
t i e s  i n  d i f f e r e n t  d i r e c t i o n s  w i l l  d i f f e r  widely. It  is s a i d  t o  be very anisotropic .  This  has important 
consequences f o r  design with f ibrous  composites and inf luences t h e i r  use i n  many ways. 

3b. I n t e r f a c i a l  S t r e s s e s  

Eq. ( 3 )  s t a t e s  t h a t  t h e  shear s t i f f n e s s  of t h e  composite is cont ro l led  by t h e  s t i f f -  

we see  t h a t  an al igned f ibrous  composite w i l l  always be weak i n  shear ,  and its proper- 

A t  longi tudina l  extensions l a r g e r  than about 10-3 (or shear s t r a i n s  of t h i s  magnitude) t h e  weak matrix 
i n  a composite usual ly  begins t o  flow. 
r a t i o  of t h e  matrix assumes its l a r g e s t  possible  value of 4. 
longi tudina l  tension the  value of 
between f i b r e  and matrix, becomes l a r g e r  than its value when both components a r e  e l a s t i c .  
of Eint 
f i b r e s  and matrix apar t  or e l s e  t o  push them together .  
t h e  s t r e s s  across  t h e  in te r face ,  can depend upon t h e  volume f r a c t i o n  of t h e  f i b r e s ,  and c l e a r l y  it reverses  
from tension t o  compression i f  t h e  composite i s  compressed ins tead  of being extended. I f  the  normal s t r e s s  
across  the  i n t e r f a c e  is compressive t h i s  means t h a t  the  matrix I'grips" t h e  f i b r e  as t h e  composite is 
extended. 
t h e  f i b r e  and means t h a t  t h e  s t rength  of the bond between the  f i b r e  and matrix is increased; such a case 
a r i s e s  i n  p l a s t i c s  and cements re inforced with glass .  

Since flow occurs without change i n  volume, t h e  value of Poisson 

i n  Eq. (2), which is r e l a t e d  t o  t h e  difference i n  Poisson r a t i o  
A l a r g e  value 

This  has  l i t t l e  e f f e c t  i n  shear but i n  
Eint 

means l a r g e  values of the  s t r e s s  normal t o  t h e  f i b r e s  (Fig. 2) which tends e i t h e r  t o  p u l l  t h e  
The s ign  of the  i n t e r f a c i a l  normal s t r e s s ,  i .e. 

This  case appl ies  a t  small volume f r a c t i o n s  when the matrix has a l a r g e r  Poisson r a t i o  than has 

The s igns  and magnitudes of t h e  i n t e r f a c i a l  s t r e s s e s  i n  composites a r e  not wel l  understood; they a r e  
d i f f i c u l t  t o  measure and considerable e f f o r t  at present is being devoted t o  obtaining est imates  from wel l  
grounded theory i n  t h e  e l a s t i c  range. However, t h e  t e n s i l e  s t r e s s  expected across  the  i n t e r f a c e  when t h e  
composite i s  compressed, as wel l  as the tendency of t h e  f i b r e s  t o  buckle when compressed along t h e i r  
length,  all lead  t o  t h e  f i b r e  composite being much weaker when compressed than when t e s t e d  i n  tension.  

When any mater ia l  i s  subject  t o  an inf in i tes imal ly  small s t r a i n  its e l a s t i c  response is t h e  same 
regard less  of the  s i g n  of t h e  s t r e s s  applied. 
or compression (i.e. t h e  Young modulus i n  tension o r  compression) i s  t h e  same. 
the  response can be d i f f e r e n t  i n  t h e  two cases  so t h a t  t h e  s t r e n g t h  is not t h e  same i n  tension as i n  com- 
pression. 
d i f f e r e n t  f o r  la rge  shears  i n  opposite d i rec t ions .  
d i f fe rences  (of which only simple examples have been given here) a r e  beginning t o  be understood and have 
very important e f f e c t s  i n  t h e  engineering design with f ibrous  composites. 
very s t rong  mater ia l s  w i l l  be used a t  l a r g e r  e l a s t i c  s t r a i n s  (and hence l a r g e r  e l a s t i c  def lect ions)  than 
the  design engineer has had t o  cope with h i ther to .  

3c. Fatigue 

reinforced ceramic mater ia l s  such as reinforced cement and p l a s t e r s  a r e  not so wel l  developed, although 
i n t e r e s t i n g  p o s s i b i l i t i e s  have a r i s e n  within t h e  last two years. When t h e  composite i s  s t re tched  t o  
r e l a t i v e l y  l a r g e  s t r a i n s  (grea te r  than 0.1% or so) l a r g e  i n t e r f a c i a l  s t r e s s e s  can a r i s e ;  f a i l u r e  i n  
fa t igue  of the  matrix can a l s o  ensue, i f  the  composite i s  subject  t o  f luc tua t ing  tension. 
f a i l u r e  of a mater ia l  when subject  t o  an a l t e r n a t i n g  s t r e s s  or any var iab le  s t r e s s ,  l e s s  than t h a t  which 
breaks i t  i n  a s i n g l e  appl icat ion)  is absent i n  any mater ia l  s t re tched  so le ly  i n  the  e l a s t i c  range. 
Since the  matrix is necessar i ly  deformed p l a s t i c a i l y  i n  a f ibrous  composite, t h e  necessary condi t ion f o r  
fa t igue  f a i l u r e  e x i s t s ,  and so under condi t ions of a l t e r n a t i n g  loading the  l i f e  of t h e  composite cannot be 
i n f i n i t e  even though t h e  f i b r e s  deform only e l a s t i c a l l y  and themselves show no fat igue.  

This  means t h a t  t h e  e l a s t i c  response t o  longi tudina l  tension 
However, at l a r g e r  s t r a i n s  

Similar ly ,  the  response i n  shear  of a composite when s t r e s s e d  at an angle t o  t h e  f i b r e  is 
This  can be readi ly  appreciated from Fig. 3. Such 

Their importance a r i s e s  because 

The matrix mater ia l  i n  a s t rong  f ibrous  composite is a r e s i n  or a s o f t  metal at  present ;  f i b r e  

Fatigue ( the  

Fat.igue of metals occurs more rapidly t h e  l a r g e r  the  p l a s t i c  s t r a i n  range. I n  a composite t h e  s t r a i n  
range can be cont ro l led  and predicted and so can t o  some extent  the  fa t igue  of the  matrix, s ince it  w i l l  
then occur i n  a predictable  say. However, i n  f ibrous  composites with r e s i n  matr ices  the  s i t u a t i o n  i s  by 
no means so c l e a r  and f a i l u r e  i n  f a t i g u e  which takes  place by gradual break up of t h e  matrix i s  not under- 
stood. Neither i s  i t  i n  composites made with t h e  harder metals as t h e  cracks produced i n  t h e  matrix can 
lead  t o  breaking of t h e  f i b r e s .  

3d. Breaking S t r e s s  

The l i f e  under condi t ions of f a t i g u e  cannot then be wel l  predicted. 

The breaking s t rength  i n  tension of a composite s t re tched  p a r a l l e l  t o  the  f i b r e s  i s  pr inc ipa l ly  con- 
t r o l l e d  by t h e  s t rength  of t h e  f i b r e s .  
s t rength  of the  matrix i s  

I f  a l l  t h e  f i b r e s  a r e  of the  same s t rength  
an upper l i m i t  tos the  s t rength  of t h e  composite is given by 

of and t h e  breaking 
um, 

ac = afVf + amVm. ... (4) 
This  upper bound is only obtained i f  both matrix and f i b r e s  break a t  the  same s t r a i n .  
(being e l a s t i c  t o  f r a c t u r e )  break at  smaller s t r a i n s  than the  matrix and the  s t rength  i s  l e s s  than t h a t  
given by Eq. (4). The var ia t ion  i n  s t rength  of the  composite with var ia t ion  i n  Vf is i l l u s t r a t e d  i n  
Fig. 4. When of is a constant f o r  a l l  f i b r e s  the  value of uc must l i e  within t h e  t r i a n g l e  AOB i n  
Fig. 4 - t h e  exact value depending on t h e  breaking s t r a i n s  of the  f i b r e s  and matrix. 

Usually the  f i b r e s  

The f igure  shows t h a t  
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f o r  small values of Vf t h e  introduct ion of f i b r e s  can produce a composite l e s s  s t rong than t h e  matrix 
alone, l i n e  A 0  i n  Fig. 4, so i f  high s t rength  i s  sought i n  the  composite the  volume f r a c t i o n  of f i b r e s  
must exceed a minimum value V c r i t .  The value of Vcri t  is usua l ly  about 0.1 (10s. 

Vf 

I f  a composite is compressed p a r a l l e l  t o  t h e  f ibxes  the  same r u l e  as given by Eq. (4) w i l l  a l s o  be 
followed provided compressive loads a r e  appl ied s t r i c t l y  p a r a l l e l  t o  t h e  f i b r e s .  I f  the  f i b r e s  can buckle 
(because they a r e  not qu i te  s t r a i g h t )  or  l a r g e  shear f o r c e s  a r e  placed upon t h e  matrix t h e  s t rength  i n  
campression w i l l  be much l e s s  than i n  tension. The matrix cannot r e s i s t  shear forces  and so i n  tension or 
compression, the  s t rength  of a composite depends s t rongly upon t h e  angle  between t h e  appl ied force  and t h e  
d i rec t ion  of t h e  f ibres .  

To overcome t h i s  weakness f ibrous  composites a r e  of ten  used i n  the  form of laminated s h e e t s  cemented 
together. 
laminations. 
t h e  s t rength  i n  o ther  direct ions.  A n  a c t u a l  example is shown i n  Fig. 5. 
is broken f a i l u r e  of ten  occurs between t h e  laminations because l a r g e  shearing forces  a r e  produced here. 
A s t rong r e s i s t a n c e  t o  shear  is required of the mater ia l  cementing the  laminations together  and a.metal is 
of ten  superior  t o  a p l a s t i c  i n  t h i s  respec t ,  as Fig. 5 shows. 

Within each lamination t h e  f i b r e s  run p a r a l l e l  but the  f i b r e  d i r e c t i o n  is d i f f e r e n t  i n  adjacent 
This  arrangement involves a s a c r i f i c e  i n  t h e  s t rength  i n  a p a r t i c u l a r  d i rec t ion  but improves 

When such a laminated s t r u c t u r e  

When t h e  f i b r e s  a r e  not a l l  of the  same s t rength  the  considerat ions we have j u s t  made still apply. 
The value of t h e  breaking s t rength  t o  be assigned t o  t h e  f i b r e s  i n  the  composite cannot then be simply 
deduced from measurements of t h e  average s t rength  of t h e  f i b r e  obtained from a l a r g e  number of t e s t s  on 
these f i b r e s  alone. 
composite made up of a population of p a r a l l e l  f i b r e s  of known s t rength  d is t r ibu t ion .  
because when one f i b r e  snaps t h e  s t rength  of t h e  two remaining f i b r e s  a r e  each l a r g e r  than t h a t  of the  
o r i g i n a l  f i b r e .  
s t ronger  pieces) depend upon t h e  i n t e r a c t i o n  with t h e  matrix and t h e  presence of t h e  broken f i b r e s ,  as 
discussed i n  Sect ion 2. 

A t  present accurate  predict ions cannot be made of the  breaking s t rength  of a 
The d i f f i c u l t y  a r i s e s  

The loading condi t ions of these two pieces  (and t h e i r  subsequent f a i l u r e  i n t o  shor te r  and 

We have so f a r  considered t h e  e l a s t i c  modulus and breaking s t rength  of composites composed of continu- 

Composites made with these  a r e  always less s t rong 
ous f i b r e s .  
f i b r e s  more or l e s s  randomly arranged i n  two dimensions. 
and usual ly  l e s s  s t i f f  ( f o r  a given matrix) than those composed of continuous f i b r e s .  
s t rength  of a discontinuous f i b r e  of breaking s t rength  of and of length 8 and diameter d i n  a matrix 
of shear s t rength  z is  given by 

Discontinuous f i b r e s  a r e  of ten  used, e i t h e r  a l igned p a r a l l e l  t o  one another, or as m a t s  of 

The e f f e c t i v e  

where bc = dof/&. 6 is a measure of t h e  s t r e s s  concentrating e f f e c t  of t h e  presence of f i b r e  ends. 
Its value is usual ly  between 0.5 and 0.87. 
than e,, exhib i t  s t rengths  between 0.5 and 0.87 t imes those of continuous f ibres .  The e l a s t i c  modulus of 
the  f i b r e  i n  t h e  composite approach s t h a t  of the  f r e e  f i b r e  
(8/d) is much g r e a t e r  than (Ef/h)J. I n  sec t ion  2 it was pointed out t h a t  notch s e n s i t i v i t y  i n  a f ibrous  
aggregate is avoided by arranging t h a t  only weak shear forces  can be c a r r i e d  p a r a l l e l  t o  t h e  f i b r e s .  This  
means t h a t  T i s  s m a l l  and hence 8, l a r g e  and s o  we see t h a t  t h e  condi t ions necessary t o  obtain t h e  
l a r g e s t  values of the  s t r e n g t h  and s t i f f n e s s  with discontinuous f i b r e s  a r e  incons is ten t  with obtaining 
la rge  values of toughness i n  f rac ture .  

For a given value of T , f i b r e s  of length 4 ,  much g r e a t e r  

(Ef) provided t h e  aspect r a t i o  of t h e  f i b r e  

In designing an i d e a l  f ib rous  composite the diameter of t h e  f i b r e  is an important var iable  as wel l  as 
t h e  s t r e n g t h  and s t i f f n e s s  of the  f ibres .  
handling of a s t i f f  mater ia l .  
m i l i t a t e s  against  r e s i s t a n c e  t o  buckling. 
i n  Table 3. 

4. PRACTICALLY USEFUL COMPOSITES 

A t h i n  and hence f l e x i b l e  f i b r e  is of ten  required f o r  ease of 

The r e l a t i v e  advantages of t h i c k  and t h i n  f i b r e s  a r e  summarised 
However reduct ion i n  diameter, i n  order  t o  achieve f l e x i b i l i t y  of ten  

There a r e  many f ibrous  aggregates i n  use at present. Paper is a random mat of c e l l u l o s i c  f i b r e s  
produced from wood pulp. Natural t e x t i l e s  cons is t  of f i b r e s  of cot ton produced from a seed o r  e l s e  as a 
spun form of a ce l lu lose  as i n  s i l k ;  wool c o n s i s t s  of long f i b r e s  of kerat in .  I n  a l l  of these t h e  f ibre-  
f i b r e  i n t e r a c t i o n  and f ibre-matr ix  i n t e r a c t i o n  we have discussed, a r e  both unimportant. 
hemp or terylene,  which cons is t  of ex tens ib le  f i b r e s  co i led  together ,  obtain f ibre- f ibre  i n t e r a c t i o n  from 
the  h e l i c a l  form of t h e  individual  s t rands ,  which a l s o  provides shear  s t r e s s e s  across  t h e  f i b r e  i n t e r f a c e  
when a f i b r e  snaps; t h i s  means t h a t  discontinuous f i b r e s  can be used ( a s  was r e a l i s e d  i n  t h e  15th century 
by Leonard0 da Vinci). 

Ropes of f l e x ,  

A r t i f i c i a l  t e x t i l e  f i b r e s  such as nylon 6:6 (hexamethylene adipimide) o r  nylon 6:10 (formed from 
hexamethylene diamine and sebacic acid)  can be very strong, having breaking s t rengths  of up t o  1.4 GN/m2 
and a r e  used t o  re inforce  concrete. 
modulus being less than 5 GN/m2. Although i n  pr inc ip le  it might be possible  t o  improve the  s t i f f n e s s  of 
the  f i b r e s ,  t h e  i n t e r e s t  of t h e  mechanical engineer i n  f ibrous  composites a r i s e s  because of t h e  ava i l -  
a b i l i t y  of f i b r e s  of t e n s i l e  modulus g r e a t e r  than 70 GN/m2, s t rengths  grea te r  than 300 MN/m2 and d e n s i t i e s  
l e s s  than 4 x 103 K g / d  ( 4  gm cm-3). 

But these  f i b r e s  a r e  not very s t i f f ,  with t h e i r  values of Young 

S i l i c a t e  g lasses  of a var ie ty  of compositions barely a t t a i n  these  values of t h e  modulus but excel 
these values of t h e  s t rength.  

4a. Glass Fibres  

Strong g l a s s  f i b r e s  drawn rapidly from t h e  melt, coated with a patented s i z e  and incorporated i n t o  
thermosetting r e s i n s  (usual ly  polyes te rs  - produced from dibasic  a lcohols  and dicarboxylic ac ids  - or 
epoxy r e s i n s )  provide g l a s s  re inforced p l a s t i c s .  These a r e  used i n  high performance appl ica t ions  such as 
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1 t h e  rocket motor 
When made with random mats of g lass ,  they have m a n y  appl ica t ions  such as i n  boat h u l l s ,  radomes, piping 
and l i g h t  weight pressure vessels .  Here t h e  use a r i s e s  because of t h e  ease of fabr ica t ion ,  s ince g l a s s  
wool and l i q u i d  polyester  a r e  e a s i l y  l a i d  up by hand and can nowadays be i n j e c t i o n  moulded. 
is adequate and t h e  mater ia l  not very s t i f f ,  
t o  prevent crack growth and hence give toughness t o  p l a s t e r  and t o  Portland cement, so t h a t  mater ia l s  
have been made which have increased work of f r a c t u r e  and a r e  much b e t t e r  able  t o  r e s i s t  impact. 
addi t ion  of 10% by weight of g l a s s  f i b r e  t o  a high alumina cement increases  the work of f r a c t u r e  by a 
f a c t o r  of more than ten.  
v iab le  engineering mater ia l  s ince  its f r a g i l i t y  is overcome. 

4b. Carbon Fibres  

cases  of P o l a r i s  and Poseidon miss i les  o r  i n  f i s h i n g  rods when t h e  g l a s s  i s  aligned. 

The s t rength  
A s t r i k i n g  recent  advance is t h e  use of random g l a s s  f i b r e  

The 

Similar  improvements can be obtained with p l a s t e r  of P a r i s  and t h i s  is now a 

To design engineers, however, t h e  f ibrous  mater ia l s  a t t r a c t i n g  most a t t e n t i o n  a r e  those containing 
f i b r e s  of t h e  covalently bound elements carbon, boron and compounds such as s i l i c o n  carbide. 
f i b r e s  can be made from ce l lu lose  o r  from polyacry loni t r i le  - PAN.- of which t h e  repeat ing u n i t  i n  t h e  
chain is - CHzCH(CN) -. I n  t h e  l a t t e r  process, PAN f i b r e s  a r e  f i r s t  oxidised at 2OO0C and during t h i s  
process a r e  prevented from shrinking. 
t o  temperatures above 2500°C f o r  some hours. Nitrogen, hydrogen and t h e  oxygen a r e  eliminated t o  give 
f i b r e s  with t h e  proper t ies  shown i n  Table 1 at room temperature. 

Carbon 

PAN forms a ladder  polymer on heating. The f i b r e s  a r e  then heated 

The s t r u c t u r e  of t h e  f i b r e  is not completely understood but it is e s s e n t i a l l y  graphi te  with a m u l t i -  
c r y s t a l l i n e  s t r u c t u r e  and a very high degree of prefer red  or ien ta t ion  of t h e  small c rys ta l s .  Its modulus 
is not as high as t h e  t h e o r e t i c a l  value f o r  graphi te  c r y s t a l s  and it  is  not ye t  c l e a r  whether o r  not t h e  
f i b r e  i s  completely b r i t t l e .  It can be e a s i l y  incorporated i n t o  a var ie ty  of r e s i n s ,  po lyes te rs  o r  
epoxies, and i n t o  var ious metals such as aluminium. 
a hypochlorite i s  c a r r i e d  out i n  order  t o  increase the  shear s t rength  of t h e  f i b r e  matrix in te r face .  

4c. 

In many r e s i n s  a surface treatment such as washing i n  

F ibres  of Boron and S i l i c o n  Carbide 

Boron f i b r e s  with the  proper t ies  shown i n  Table 1 a r e  made by thermal decomposition of Bcl3 onto a 
heated tungsten wire. 
wel l  at high temperatures. Under oxidis ing condi t ions at temperatures l e s s  than 1000°C, thef can be pro- 
t e c t e d  by a surface layer  of s i l i c o n  carbide which oxidises  t o  s i l i c a  ( a  process which a l s o  accounts f o r  
t h e  excel lent  oxidation res i s tance  of s i l i c o n  n i t r i d e ) .  This  fea ture  of composite f i b r e s  i l l u s t r a t e s  the  
promise of s t rong s t i f f  f i b r e s ,  s ince  with ingenuity f i b r e s  can be produced i n  var ious diameters and with 
s p e c i f i c  coat ings,so as t o  a l t e r  t h e i r  p roper t ies  without destroying the  advantageous s t rength  and 
s t i f f n e s s .  

This process is slow and the  f i b r e s  a r e  consequently expensive. They do not perform 

S i l i c o n  carbide is made i n  a similsr way t o  boron by t h e  thermal decomposition of s i l i c o n  t e t r a -  
chlor ide and methane onto a heated tungsten wire. 
wire can be eliminated and some success has  been obtained with forming t h e  s i l i c o n  carbide on e i t h e r  carbon 
coated quartz  f i laments  o r  on carbon f i laments  themselves. 
t h e  oxidat ion res i s tance  of carbon filaments. 

The d k d v a n t a g e  of using a henvy and expensive tungsten 

S i l i c o n  carbide can a l s o  be used t o  improve 

Fibrous composites a r e  being used i n  advanced engineerin(; i n  many appl icat ions,  p r inc ipa l ly ,  at 
present ,  i n  rocket  motor cases, and a i r c r a f t  p a r t s  such as fl;ips, undercarriages and t a i l  sec t ions ,  but 
golf  c lubs and s k i s  and bearings have a l s o  been made. 

Their use w i l l  expand i n  the  f u t u r e  as t h e  s c i e n t i f i c  problems out l ined i n  t h i s  a r t i c l e  become under- 
A t  l e a s t  as important f o r  t h e i r  appl ica t ion  is t h e  need f o r  t h e  engineer t o  produce designs stood. 

compatible with the  novel propert ies .  
anisotropy which leads  t o  d i s t o r t i o n s  i n  d i rec t ions  o ther  than those of t h e  appl ied forces  when loads a r e  
a t tached:  t h e i r  s t rength  anisotropy which leads  t o  t h e i r  being s t rongest  i n  tension,  weaker i n  compression 
and much weaker i n  shear ;  t h e i r  l ack  of p l a s t i c  flow so t h a t  shakedown occurs with some s p l i n t e r i n g  as i n  
wood, r a t h e r  than by p l a s t i c  extension as i n  metals: t h e i r  very high s t rength  a s  a f r a c t i o n  of t h e  e l a s t i c  
modulus so t h a t  i f  use is made of t h i s  t h e  def lec t ion  of a s t r u c t u r e  under load is large.  
take account of these but t h e  s t r u c t u r e s  r e s u l t i n g  w i l l  be l i g h t ,  spidery and stiff with grace and 
elegance but with an apparent lack  of s o l i d i t y  t o  which it w i l l  take some time t o  become accustomed. 

5. TESTING OF COI4POSITFS 

From t h e  design engineer 's  point  of view these are:  t h e i r  e l a s t i c  

Design w i l l  

Since f ibrous  composites a r e  e l a s t i c a l l y  an iso t ropic  even i n  the  simplest case the  engineer needs t o  
know a t  l e a s t  f i v e  e l a s t i c  moduli. These a r e  d i f f i c u l t  t o  measure by conventional methods and u l t rasonic  
wave pulses  a r e  being increasingly used. The equipment usual ly  involves measuring t h e  time which a very 
short  pulse (of durat ion - 1  p sec) of u l t rasonic  r a d i a t i o n  takes  t o  pass through a specimen i n  var ious 
direct ions.  The wavelength of t h e  rad ia t ion  used must be chosen t o  be la rge  compared with t h e  diameter 
of t h e  f i b r e s  but s m a l l  compared with the  dimensions of t h e  specimen. A var iab le  frequency is necessary 
because of t h e  la rge  v a r i a t i o n  i n  e l a s t i c  moduli i n  d i f fe ren t  .d i rec t ions  and t h e  f a c t  t h a t  longi tudina l  
and t ransverse  waves t r a v e l  a t  d i f f e r e n t  ve loc i t ies .  Provision is a l s o  necessary f o r  rapidly or ien t ing  
t h e  specimen i n  d i f f e r e n t  aspects  with respect  t o  the  u l t rasonic  beam. Pulses  of about one microsecond 
durat ion within the  frequency range 1.25 t o  5.0 MHz a r e  used with success. Pulses  a r e  repeated about one 
thousand times per second. 

I n  an e l a s t i c a l l y  .misotropic  specimen t h r e e  types of plane wave e x i s t .  One of these is quasi- 
longi tudina l  and t h e  other  two quasi-transverse. 
e l a s t i c  a x i s  w i l l  t h e  waves be t r u l y  longi tudina l  or  t r u l y  t ransverse.  
veloci ty  depending on t h e  e l a s t i c  constants  and the  density. By sending waves i n  a var ie ty  of d i rec t ions  
a l l  f i v e  e l a s t i c  constants  can be quickly found. Conventional e l a s t i c  constants  derived from such 
measurements f o r  an al igned f ibrous  composite containing carbon f i b r e s  i n  epoxy r e s i n  a r e  shown i n  Table 4. 
The extreme anisotropy is evident from comparing t h e  values of 4 and E1 and of E3 with G. 

Only along c e r t a i n  s p e c i a l  d i rec t ions ,  the  pr inc ipa l  
Each type of wave has a 
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Ultrasonics  a r e  a l s o  very usefu l  f o r  de tec t ing  the  presence of voids within composites, because t h e  
u l t rasonic  waves a r e  s c a t t e r e d  a t  the  surface of t h e  voids. 
t h e  i n t e r f a c e  between f i b r e s  and m a t r i x  due t o  poor bonding between t h e  two components. 

Voids can be e n t i r e l y  within the  matrix o r  at 

When f ibrous  composites a r e  mechanically t e s t e d  before going i n t o  serv ice  weaker f i b r e s  m a y  break or  
These e f f e c t s  permanently weaken t h e  composite and f i b r e s  p u l l  a w a y  from the  matrix due t o  poor bonding. 

so must be detected i f  trustworthy composites a r e  t o  be produced. 
de tec t ing  such f i b r e  f r a c t u r e  and debonding. 
current  pulses  of between 10-12 and 10-10 amps can be detected e a s i l y  when debonding or  f i b r e  f a i l u r e  
occurs. 

E l e c t r i c a l  e f f e c t s  a r e  very usefu l  i n  
I f  a s m a l l  voltage (- 1 v) i s  appl ied across  the  specimen 

These a r e  e a s i l y  displayed on a CRO o r  can be amplified and detected i n  a microphone. 

Tensi le  t e s t i n g  of composites a l s o  involves departures  from normal p r a c t i c e  due t o  the  f a c t  t h a t  i n  a 
usefu l  composite t h e  shear s t rength  p a r a l l e l  t o  the f i b r e s  must be kept low t o  avoid notch s e n s i t i v i t y .  
Tensi le  t e s t i n g  p a r a l l e l  t o  the  f i b r e  m a y  then r e s u l t  i n  merely pul l ing  t h e  ends off  unless  a very s lender  
waisted specimen is designed. Al te rna t ive ly ,  it may be b e t t e r  t o  solve this  problem by not using g r i p s  
and employing r i n g  specimens such as i n  the  NOL r i n g  t e s t .  
t h e  t e s t  which is then no longer a t r u e  t e n s i l e  t e s t .  
has  t o  dea l  with t h e  problem of a t taching extensometers i n  addi t ion  t o  t h a t  of gr ipping t h e  specimen 
(which i s  espec ia l ly  d i f f i c u l t  at  high temperatures when the  i n t e r f i b r e  shear s t rength  i s  so low). The 
specimen m a y  be sheared under t h e  extensometer g r i p s  and i n  addi t ion  t h e  complex s t r e s s  system under an 
extensometer g r i p  m a y  render t h e  microstructure  of t h e  specimen unstable. Bend t e s t s  on composites become 
shear t e s t s  of t h e  matrix, unless  long t h i n  s lender  specimens a r e  used t o  ensure t r u e  bending. 

6. COST 

However, here  some bending i s  introduced i n t o  
In t e s t i n g  specimens t o  a s s e s s  creep res i s tance  one 

Composites a r e  cur ren t ly  very expensive mater ia l s  - such i s  c l p r  from Table 1 where t h e  p r i c e s  of 
some f i b r e s  a r e  given. The bes t  matr ices  f o r  incorporat ing f i b r e s  - epoxy r e s i n  is t h e  most used f o r  high 
performance composites - a r e  a l s o  not cheap - epoxy c o s t s  - 6;2/Kg and t h e  l i g h t  metals i n  pure form -Sl/Kg. 
Projected c o s t s  f o r  boron and carbon f i b r e s  i n  1980 a r e  SlOO/kg and k30/kg respec t ive ly  - these reduct ions 
from those of Table I, r e f l e c t  t h e  economies of scale .  
lower limits t o  t h e  c o s t s  f o r  production by current  methods s ince  both a r e  produced by a high temperature 
react ion.  However t h e  f ibrous  composite has t h e  inherent  advantage t h a t  f in i shed  a r t i c l e s  can be produced 
by continuous f u l l y  automated methods and with the  r i s i n g  cost  of labour a r e  bound t o  become more competi- 
t i v e  i n  the  fu ture .  

For both of these  mater ia ls ,  t h e r e  a r e  inherent  
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Table 2 

Resis tance t o  Crack Propagation of Various Mate r i a l s  

K = & = u &  9 = K’/E 

3 2 1 ~m-’ = 10 ergs  cm-2 1 GN/m2 = 145,000 l b f / i n  

Material E 

Copper 5 x 10 126 1 8  
4 

Dural 1.4 x 10’ 70 10 

Cast I ron  4 lo3 2 10 30 

T i  6.4 (6) 5 lo4 119 17 

1 8  N i  Maraged 5 lo4 196 28 
S t e e l  

A l -  70 75 lo4 70 10 

Teak Wood 6 x 10 10 1 . 4  

Alumina 40 280f 40 ’ 
3 

Graphi te  100 1 4  2 
(Reactor) 

Polystyrene 4 lo3 3.5 0.5 
(toughened) 

Epoxy Epon 828 100 4.2 0.6 
(untoughened) 

GFRP lo-’ 35 5 
(50% epoxy) 
p a r a l l e l  f i b r e s  

CFRP 5 lo4 175 25 
(50% epoxy) 
normal t o  
f i b r e s  

1 MN 

m 
m’ = k s i  i n  

-c 79 79 - 100 100 - 29 29 - 80 80 - 100 100 

- 27 27 

7 . 7  7 .7  - 3.9 3.9 - 1.2 1.2 

- 3.7 3.7 

1.6 1.6 0.61 

- 0.06 0.06 

.-c 93 9 3  

f porous m a t e r i a l  
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- 
Effect of Varying Diameter of Fibres i n  a Comwsite 

Diameter between 10 pm and 25 pm 

No cons t rdn t  e f f ec t s  

Thick coating possible 

Stable at high temperature 

Improved resistance t o  buckling 

CompDsite work of fracture la rge  

Strength usually reduced 

Wily handled m a r m a l l s  

More eas i ly  bonded with pawders 

Diemeter l e s s  than 10 pm 

Constraint s t i f f ens  matrix 

Only t h in  protective coating possible 

Rapidly degraded 

Very f lex ib le  

Work of fracture of composite limited 

High strength 

Haaual combing or sorting d i f f icu l t  

Smell s i s e  powders needed for bonding 

a 
value of ELaatic conetants Of an Ewxy Resin containing 

63% hy Volume of A l i c e d  Carbon Fibre 

3 = Young modulus p a r d e l  t o  the f ibres  

E, = P o w  modulus transverse t o  the  f ibres  

G = Shear modulus para l le l  t o  the f ib re s  

GI2 = 

v = Poisson r a t i o  connecting strain parallel and perpendicular 

Shear modulus transverse t o  the f i b r e s  

to the f i b r e s  

K = Plane s t r a in  bvlk modulus ior di la t ion  no& t o  the f i b r e s  
without lon$itudinal contraction 

3 112.5 %2 3.3 

E l  15.7 V 0.3 

0 5.3 K 9.6 

( n c e p t  Y v a l ~ e s  i n  Unit6 of ON m-2) 



Fig. 1 A 
1 .  

.sign 
ibres. 

ibrous composite. Note the extensive 

+ c 

Fig. 2 Schematic diagram of an  aligned fibrous composite stretched i n  the 
direction of the single headed arrows. 
st resses  which are normal t o  the fibres.  

Double headed arrows indicate 

Fig. 3 Shear a6 i n  (a) extends the f ib re s  along their  length, while shear 
as  i n  (b) produces longitudinal compression. 
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I 

Fig. 4 Variati.on of t he  breaking s t rength  
the  volume f r ac t ion  Vf of f ib res .  

uc of an al igned composite with 
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Variat ion o f  composite breaking s t r e n g t h  a with angle d f o r  
specimens cons is t ing  of a number of a l t e r n a t e  l a y e r s  of p a r a l l e l  
f i b r e s .  Al te rna te  l a y e r s  have t h e i r  component f i b r e s  running at 
angles  + d and - d r e m e c t i v e l y  t o  t h e  s t r e s s  axis. ,Open 
c i r c l e s  a r e  f o r  an aluminium matrix and f u l l  c i r c l e s  f o r  an epoxy 
r e s i n  matrix,  both conta in  g l a s s  f i b r e s .  
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NOUVEAUX CRITERES DE CARACTERISATION ET DE SELECTION 
DES ALLIAGES D'ALUMINIUM 

J. TIGEOT 

Directeur GLn6ral 
Societe FORGEAL - Groupe PECHINEY 

Issoire - FRANCE 

Les alliages d'aluminium'restent encore le materiau le plus utilise pour la fabrication des cellules des 
avions modernes. En effet mzme lorsqu'ils sont consus pour atteindre des vitesses voisines de Mach 2,5 , 
les avions militaires restent suffisament peu de temps 1 ces vitesses pour que l'echauffement dO 11'6cou- 
lement de l'air mette en cause la tenue des alliages lbgers. 
il est bien connu que le TSS franco-britannique "Concorde" a vu sa vitesse commerciale limitLe vers 
Mach 2,1 pr6cishent pour que les alliages d'aluminium puissent Otre employLs pour la realisation de sa 
structure . 

D'autre part dans le cas des avions civils, 

Les alliages d'aluminium utilises le plus generalement sont de l'une des deux familles connues depuis 
plusieurs decades : 

- les alliages aluminium - cuivre - magnesium 
- les alliages aluminium - zinc - magnesium - cuivre 

la premibre restant la plus employee, mais perdant progressivement de sa preeminence au profit de la se- 
conde. 

Mais si les alliages employes sont connus pour la plupart depuis de nombreuses annees, des efforts inces- 
sants sont employes pour les ameliorer de fafon instantangoent modeste mais 1 terme regulibre et pour mieux 
connaftre leurs servitudes d'emploi de faGon 1 permettre aix constructeurs de cellules de tirer un meil- 
leur parti des alliages mis 1 leur disposition par les metallurgistes. 

Dans un expos6 necessairement limite, nous verrons successivement les tentatives faites pour : 

- ameliorer les caractdristiques mecaniques classiques des alliages : charge de rupture, limite d'elas- 

- mieux apprecier la tendance des alliages 1 une rupture fragile 
- mieux connaTtre leur comportement 1 la corrosion 
- determiner leur tenue 1 la fatigue 

ticite, allongement 
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1 .  AMELIORATION DES CARACTERISTIQUES MECANIQUES USUELLES 

A partir des formules d6j1 6prouv6es,, les efforts pour am6liorer les caract6ristiques m6caniques usuel- 
les ont port6 soit sur des retouches de composition par modification des proportions des principaux 
BXments d'addition soit par adjonction de nouveaux 616ments d'addition soit par ajustement des trai- 
tements themiques. 

Les tableaux ci-contre donnent pour les deux familles, celle au cuivrearagn6sium et celle au zinc- 
magnssium-cuivre, les principaux alliages utilisds dans les pays occidentaw et des valeurs indicatives 
de leurs caractgristiques m6caniques dans le cas de demi-produits courants. 

On peut 1 leur sujet noter les points suivants : 

I .  I Alliages aluminium-cuivre-magn6sium 

I1 s'agit des alliages de la s6rie 2 000 de l'hluminum Association. 

Les tentatives pour am6liorer les alliages du type 2024 ou 2014 par addition d'616ment.s nucl6ants 
augmentant le durcissement structural et donc les caract6ristiques de rupture, par exemple l'ar- 
gent, le lithium, le cadmium, se sont sold6es par des 6checs. 

Dans le cas de l'argent, le gain de caractlristiques obtenu 
l'augmentation du prix de l'alliage entrak6 par le coGt 6lev6 de 1'616ment d'addition. 

Dans le cas du cadmium, les conditions de fonderie et de transformation en usine ont dt6 rendues 
nettement plus difficiles. 

Enfin, dans le cas du lithium d'une part les conditions de fonderie ont 6t6 fortement compliqu6es 
et de plus la tenue des alliages 1 la corrosion a 6t6 fortement amoindrie. 

Ainsi on a vu rapidement disparartre aux U.S.A. l'alliage X 2020 dont la composition comportait : 

-de 2 B 4 kg/m2-, n'a pas compensl 

cuivre = 4,O - 5,O Z lithium = 0,9 - 1,7 % cadmium = 0,IO - 0,35 % manganlse = 0,3 - 0,8 % 

En fait, si on met 1 part l'alliage A-U2GN d6velopp6 en France et en Grande-Bretagne pour la cons-. 
truction du Concorde et dont de nombreuses publications ont d6j1 parll, la seule tentative de dgve- 
loppement d'un nouvel alliage dans cette famille porte en France sur l'A-U6MGT. Cet alliage a une 
tenue 1 chaud au moins &ale 2 celle de 1'A-UZGN, est moins fragile et permet d'obtenir sur Pisces 
matric6es tremp6es 1 l'eau bouillante donc d6pourvues de tensions des caracteristiques supsrieures 
1 celles de 1'A-UZGN. 
tractionnces, livr6es 2 1'6tat T651, car sa cin6tique de revenu entraEne du fait de la traction 
une baisse de caract6ristiques 1 l'6tat 651 par rapport 1 1'6tat T6. Par suite les caract6ristiques 
de l'A-U6MGT T651 sont inferieures 1 celles de 1'A-UZGN T651 pour lequel la traction entre trempe 
et revenu a un effet b6n6fique sur les caractgristiques. 

Par contre, cet alliage ne se prgte pas 2 la fabrication de tales Lpaisses 

Enfin, il faut noter qu'en U.R.S.S., une tentative a 6t6 faite pour am6liorer les alliages au cuivre 
par addition de cadmium et de lithium. Ainsi l'alliage VAD 23 ( 1 )  a pour composition : 

cuivre = 4,9 - 5.8 % manganlse = 0,4 - 0,8 % lithium = 1,0 - 1,4 % cadmium = 0 , l  - 0,25 X 

I1 aurait une charge de rupture de 54 kg/mm2 2 la temperature ordinaire et une charge de rupture 
en I 000 h et 1200" C de 14 kg/mm2. 

I1 est curieux de noter que cet alliage, de composition trh voisine de celle de l'alliage 
abandon6 pour les raisons d6j1 indiqu6es aurait d t l  retenu par les Soviltiques pour la construc- 
tion du TSS TU 144 au lieu de l'alliage AK4-1, identique 1 1'A-U2GN. ! 

X 2020 

1.2 Alliages aluminium-zinc-magnesium-cuivre 

Du fait d'une certaine rgserve vis-a-vis de leur tenue B la corrosion sous tension, les alliages 
de cette famille n'ont 6t6 largement utilis6s dans la construction a6ronautique que depuis une 
dizaine d'annges, et leur developpement a 6t6 favoris6 par la mise au point des traitements de 
revenu en deux temps, correspondant aux 6tats T73. I1 est juste de noter d'ailleurs qu'un simple 
revenu 1 haute tempgrature peut conduire I des r6sultats analogues. 

Le plus r6pandu de ces alliages est celui contenant environ 
cuivre = 1,s %, avec des variantes autpur de cette composition principale. Ce sont l'alliage 
US 7075, le franfais A-Z5GU, l'italien Zergal 3 .  

zinc = 5,8 %, magn6sium = 2,5 %, 
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Une am6liorat ion importante de c e t  a l l i a g e  a r 6 s u l t 6  d'une add i t ion  de 0 ,3  % d ' a rgen t  qu i  a permis 1 
l ' a l l i a g e  a i n s i  modifi6 1'A-274 d!obtenir, a p r l s  le  double revenu adoucissant  q u i  am6liore l a  tenue 1 l a  
co r ros ion  sous tension,  des c a r a c t 6 r i s t i q u e s  comparables 1 c e l l e s  de I ' a l l i a g e  sans a rgen t  n 'ayant  sub i  
qu'un simple revenu. M i s  au po in t  pa r  OTTO FUCHS ( 3 ) , u t i l i s d  par BOEING 1 p a r t i r  de se6 avions 727, c e t  
a l l i a g e  es t  en cours de d6veloppement en France pa r  l 'epsemble des forgerons e t  s e r a  u t i l i s 6  pour cer- 
t a i n e s  p a r t i e s  des  avions en cours de lancement, pa r  exemple 1'Airbus A 300 B. 

Ccinme I ' a d d i t i o n  d 'argent  e n t r a i n e  une augmentation c e r t a i n e  du co6t de l ' a l l i a g e ,  p lus  mod6r6e d ' a i l -  
l e u r s  au s t ade  de l a  p i l c e  m a t r i d e  dont l a  p l u s  value de f a b r i c a t i o n  est  importante,  une a u t r e  s o l u t i o n  
pour o b t e n i r  des c a r a c t e r i s t i q u e s  6lev6es cons i s t e  dans le  recours  1 des a l l i a g e s  p lus  charg6s en 616ments 
d ' add i t ion .  C'est a i n s i  que KAISER a r6cemment p r l c o n i s l  pour l a  confect ion d'616ments de t r a i n  d ' a t t e -  
r i s s a g e  l ' a l l i a g e  7049 q u i  n ' e s t  a u t r e  que l ' a l l i a g e  normalis6 depuis longtemps en France sous l a  d l s i -  
gna t ion  A-ZIGU. 
revenu appl iques 1 c e t  a l l i a g e  permettaient  d 'obtenir  s u r  c e l u i  1 1 ' 6 t a t  T73, des c a r a c t g r i s t i q u e s  m6ca- 
niques comparables 1 c e l l e  de 1'A-274 e t  1 coup s6r une me i l l eu re  d u c t i l i t l  que c e l l e  de 1 ' 6 t a t  T6. 

I1 est  i n t i k e s s a n t  de n o t e r  l e  dgveloppement p a r a l l l l e  en U.R.S.S. de l ' a l l i a g e  V.93 de composition i n t e r -  
m6diaire e n t r e  c e l l e s  de 1'A-ZSGU e t  de l'A-28GU e t  dans l eque l  l e  chrome e t  l e  manganlse on t  6 t 6  rempla- 
c6s p a r  une add i t ion  s y s t h a t i q u e  de f e r ,  de l ' o r d r e  de 0 ,3  X. 

T r a i t 6  par  double revenu (120' C + 170' C ) ,  c e t  a l l i a g e  s e r a i t  coulable  sous forme de gros l i n g o t s  ( jus-  
q u ' l  un diamstre de l , l m ) ,  s e r a i t  peu s e n s i b l e  1 la  corrosion sous t ens ion ,  a u r a i t  une exce l l en te  t r e m -  
p a b i l i t 6  parce que ne  contenant  n i  chrome, n i  manganlse. Enfin,  son exce l l en te  f o r g e a b i l i t 6  exp l ique ra i t  
que les grosses  p i l c e s  matr ic6es-de l ' h t o n o v  22 dont c e r t a i n e s  p l s e n t  j u s q u ' l  5 tonnes s o i e n t  r6al isCes 
en c e t  a l l i a g e .  

Des e s s a i s  du Groupe PECHINEY o n t  confirm6 qu 'effect ivement  des t r a i t emen t s  de double 

1.3 L ' a l l i a g e  au magniSsim-lithium 

Un su rvo l  r ap ide  des a l l i a g e s  1 usage adronautique ne serait  pas complet sans une mention des a l l ia-  
ges  au magnlsium ou au sil iciumlnagn6sium dont l ' u t i l i s a t i o n  est  t o u t e f o i s  l i m i t L e  en r a i son  du ni-  
veau de l e u r s  c a r a c t e r i s t i q w s  mgcaniques. 

Une t e n t a t i v e  t r h  o r i g i n a l e  en U.R.S.S. r e s i d e  dans l e  dgveloppement de l ' a l l i a g e  01420 (2) qu i  
con t i en t  5,3 % de magngsium e t  2,1 % de l i thium. 

u s  c a r a c t 6 r i s t i q u e s  d c a n i q u e s  s e r a i e n t  environ : 
E = 34 kgImm2 A =  1 1  X 

E l l e s  peuvent p a r a i t r e  modestes m a i s  il f a u t  t e n i r  compte du f a i t  que l ' a d d i t i o n  de l i t h ium e n t r a i n e  
une diminution no tab le  de l a  dens i t6  pa r  r appor t  1 c e l l e  d 'un a l l i a g e  t e l  que le 2014 qu i  con t i en t  
du cu iv re  : 

0,2 
R = 46 k g / m 2  

d = 2,47 glcm3 au l i e u  de d = 2,78 gIcn-13 

de s o r t e  que le  rapport  charge de rup tu re /dens i t6  est  me i l l eu r  pour l ' a l l i a g e  rus se  01420. Celui-ci 
a en p lus  un module d ' B l a s t i c i t 6  de 7 500 kg/mm2 de s o r t e  qu'au t o t a l  il permet, su ivan t  les p i l c e s ,  
un gain de poids  de 12 % 1 2 0  X par  rapport  1 l ' a l l i a g e  2014. 

Par  a i l l e u r s ,  c e t  a l l i a g e  s e r a i t  soudable e t  a u r a i t  une exce l l en te  tenue 1 l a  corrosion p u i s q u ' i l  ne 
s e r a i t  pas n6cessa i r e  de l e  plaquer  avec de l'aluminium. 

Des premiers e s s a i s  e n  France e t  aux U.S.A. on t  confirm6 l e s  a s s e r t i o n s  sov ig t iques  mais on t  montr6 
les probllmes poses pa r  l ' l l a b o r a t i o n  e t  l a  coulee de c e t  a l l i a g e  sous forhe de plaques ou b i l l e t t e s  
de grand format b i e n  que l e s  Sovi6tiques a f f i rmen t  l e  couler  en b i l l e t t e s  de d i aml t r e  800 mm. 

2.  LA RECHERCHE D'UNE MEILLEURE TENACITE 

Le processus de rupture  d'une s t r u c t u r e  comporte deux phases d i s t i n c t e s  e t  successives ,  d 'abord 
l ' i n i t i a t i o n  d'une f i s s u r e  de t a i l l e  c r i t i q u e  qu i  e s t  fonc t ion  de l a  c o n t r a i n t e  appliqu6e e t  1 par- 
t i r  de l a q u e l l e  dans une seconde phase se p rodu i t  l a  propagation r ap ide  e t  b r u t a l e  de l a  f i s s u r e  1 
t r a v e r s  l a  s t r u c t u r e  . 
L'exp6rience montre q u ' i l  s e r a i t  va in  d'escompter t rouver  des condi t ions de se rv ice  qu i  6 v i t e n t  1 
p lus  long terme l ' i n i t i a t i o n  d'une f i s s u r e  1 p a r t i r  d'une rayure,  d'une p iqu re  de corrosion,  d'une 
t r a c e  de choc ... e t  son premier dgveloppement plus  ou moins l e n t  par  f a t i g u e .  Mais ce  qu'on cherche 
1 c v i t e r ,  c ' e s t  l a  propagation t r l s  rapide s inon instantanLe au cours du deuxilme s t ade .  C ' e s t  pour- 
quoi l a  f r a g i l i t e  ou l a  t e n a c i t 6  d'un a l l i a g e  ti usage aeronautique sont  appr6ci6s par  le  b i a i s  de l a  
r e s i s t a n c e  1 l a  propagation i n s t a n t a n l e  de c r iques  au cours d 'un essai s u r  un &chan t i l l on  comportant 
une cr ique d ' i n i t i a t i o n .  
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Nous ne reprendrons pas ici la theorie moderne de la propagation des fissures, Blaborde par 
Griffith puis Irwin et qui montre qu'on peut caracteriser la'resistance d'un matlriau 1 la pro- 
pagation rapide d'une fissure par l'un des deux coefficients : 

- Glc , lnergie de propagation de la fissure en regime de deformation plane 
- Klc , facteur critique d:intensitE de contrainte 

Ces deux coefficients sont d'ailleurs relies entre eux et au module d'iSlasticit6 par la relation 

La comparaison des coefficients et Klc de deux matdriaux n'a toutefois un sens pratique 
que dans la mesure 03 il s'agit dZlc matlriaux de mfre nature et de niveau de resistance voisin. 
Pour des materiaw de charge de rupture R et de module d'6lasticit.5 E difflrents, il vaut mieux 
utiliser les critsres - KIC 

R2 R 
- ou EGlc 

En effet, on sait que dans le cas d'une t8le comportant une fissure de longueur 2a perpendicu- 
laire au sens de l'effort exerc6 par traction, on a 

K = G  ( r contrainte moyenne de la t61e) 

d'o3 

Or les bureaux d'studes travaillent en gln6ral avec 
calcul). 

- 
On peut donc dire que la securitl du matgriau 

constant (impose par les reglements de 
sera d'autant plus grande que les rapports 

seront plus grands puisque ces rapports sont proportionnels 1 la longueur criti- EGIC 

R2 R2 
ou - - 

que de la fissure. 

En fait, il est difficile de definir une Bprouvette pour la mesure de Glc ou Klc et il faut 
delimiter exactement la part d'hypothsse faite pour passer du resultat brut de l'essai B la valeur 
du coefficient qu'on se propose de mesurer. I1 en rlsulte une proliferation des methodes d'essais 
qu'il est impossible d'examiner et de critiquer en detail dans le cadre de cet expose. 

Notre propos sera simplement, en rappelant somairemcnt la m6thode utilisge, de citer quelques r6- 
sultats pratiques marquants, acquis au cours des dernisres annLes. 

2.1 Essais du Service Technique AEronautique Francais (1963 - 1965) 
DOUILLET et autres (4) ont utilis& pour Bprouvette un barreau de section carr6e de 150 x 20 x 20 
sur lequel ils ont amorc6, au crayon Slectrique, une fissure qu'ils ont d6velopp6e au vibrophore 
par fatigue en flexion plane,! avant de rompre le barreau par flexion statique lente. 

A partir de cet essai tr2s simple, ils ont de faGon approchle, par une methode bas6e sur le concept 
d'energie de propagation, calcul6 Glc pour 1'A-ULSG et 1'A-UZGN (2618). 

pour un certain nombre de materiaux (5) et en particulier 

11s ont en particulier montr6 dans ce cas que le classement par 
t81e d'A-U2GN malgr6 un 
A-U4SG. 

Glc seul ne suffit pas puisque la Glc plus faible prgsente une sLcuritl d'emploi suplrieure 5 celle en 
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2.2 Essais Alcoa 1966 - 1969 

Pour une approche plus fondBe sur le plan theorique du coefficient 
en particulier KAUFMA" et autres (6) (7) 
de 1'A.S.T.M. (part. 31 - Mai 1968). 

Dans cette mBthode, on soumet 1'Bprouvette entaillee et fissuree 
prgalablement par fatigue soit 1 une traction lente soit 1 une 
flexion lente entre deux appuis fixes. Dans les deux cas, on enre- 
gistre les efforts de dBformation en fonction de l'Bcart des 12- 
vres de l'entaille. 

Un facteur de concentration conventionnel est alors defini 1 partir 
du diagramme d'enregistrement en traqant sur ce diagramme une demi- 
droite OA tangente 1 la courbe B l'origine et une demi-droite OB 
faisant avec la premisre un angle dont la pente est de 5 Z infB- 
rieure 1 celle de la droite OA. L'ordonnee du point P inter- 
section de OB avec la courbe permet, 1 partir d'une fokule com- 
plexe basBe sur la mecanique lineaire des ruptures, de calculer le 
coefficient K consider6 come determination conventionnelle du 
coefficient K . 
Appliquant msthodiquement 1 de trls nombreux alliages industriels d'aluminium cette mBthode delicate 
que seul un laboratoire de recherche peut mettre en oeuvre, KAUFMA" et son Bquipe ont montrB que : 

a/ pour tous les alliages testes sous des formes ou Btats 
divers, les points de mesure dans un diagramme (K R) 
se disposent de part et d'autre d'une droite represen- 
tant K comme fonction linlaire decroissante de la 
charge ds rupture, come le montre la figure 2. 

b/ les points reprgsentatifs de K pour les alliages 
de la s6rie 7xxx dans les Btals T6 ou assimiles 
sont gBnBralement au-dessus de la droite moyenne alors 
que les points representatifs de Klc pour les allia- 
ges de la sBrie 2xxx 1 l'Btat T6 sont g6nBralement 
en-dessous de celle-ci. 

c/ de msme les points reprgsentatifs de K dans la sB- 
rie 7xxx sont plus bas pour les &tatsICT7 ou assimi- 
16s (T73, T76 ... ) que pour les Btats T6. 

Glc , les chercheurs de 1'Alcoa et 
ont utilis6 la mBthode d'essai reprise par le ComitB E.24 

dCplacement 

Q Fig. 1 
IC 

K1 c IC' 

60 70 8G 90 
charge de 
rupture d/ de msme les Btats T3 ou T4 pour les alliages 2xxx I 000 psi 

donnent des valeurs de Klc situses au-dessus de 
celles correspondant aux etats T6 ou T8. 

Fig. 2 

2.3 L'essai Physmet de resilience sur Bprouvette fissurBe par fatigue 

Cet essai permet au mOme titre que l'essai de traction sur Bprouvette entaillee ou l'essai de dBchire- 
ment sur Bprouvette Kahn, de rendre compte de la resistance d'un metal 1 la propagation des criques 
sans toutefois permettre le calcul de 

L'essai consis& B definir une Bnergie de rupture par flexion par choc 
(de 55 x IO x 10 mm par exemple) comportant une fissure infiniment petite, qu'on peut comparer B l'lner- 
gie de rupture Enc du mBme barreau non fissurB. 

En faisant varier pour un certain nombre d'Bprouvettes la profondeur de la fissure prlalable crLBe par 
fatigue au fond d'une entaille mBcanique, on peut tracer la courbe donnant pour chaque Bprouvette 1'6- 
nergie de rupture E- 

Glc 0~ Klc . 
Eco absorbde par un barreau 

en fonction de la profondeur de la fissure. L'extrapolation de la courbe don- 
nant Ec permet de deduire Eco . 
La diff6rence Enc - Eco permet d'apprBcier grossilrement 
l'lnergie emmagasinBe par la deformation plastique gBnBra- 
lis6e de 1'Bprouvette lors de l'essai sans fissuration 
prealable. Eco 

Cet essai est facile B mettre en oeuvre puisqu'il suffit 
d'une petite machine de fatigue en flexion et d'un mouton 
pendule et avec dix Bprouvettes, on dgtermine de faqon 
assez approchle Eco . 

travail de 
rupture 

FidGle, il est sensible 2 des variations de : 
Fig. 3 

a/ k?-s!?!?€!E?ik%! 
Ainsi, sur des tdles laminees 1 chaud de I 1  mm, on mesure dans le sen8 long : 

surface de 
la crique 
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- sur 1'A-U4GI (2017) - T4 E = 105 kg x cm E - E  = 1 5 k g x c m  - s u r  1'A-UPGN (2618) - T6 Eco = 30 kg x cm Enc - Eco = 15 kg x cm 
En' - Eco = 24 kg x cm - s u r  1'A-ZSGU (7075) - T6 E:: 27 kg x cm nc CO 

b/  1 '6tat-g;ructural  

Ainsi  s u r  des  t z l e s  en  2017 de 60 mm, on o b t i e n t  : 

- B l ' 6 t a t  T351 
- 1 l ' 6 t a t  T651 

c /  i l s p a i s s e u r  de_g p rodu i t s  

Pa r  exemple, s u r  des  t8les en A-UZGN (2618) - T651, on a r e l ev6  : 

- 1 1 '6pa i s seu r  40 mm E,, = 30,4 kg x cm En, - E,, = 5 , 2  kg x cm - 1 1'6paisseur  60 mm ECO = 29,6 kg x cm Enc - Eco = 5,9 kg x 
- B l ' g p a i s s e u r  80 mm E,, = 18,8 kg x cm En, - Eco 3 ,6  kg x cm 

I 

AprSs c e t t e  approche fragmentaire  de quelques m6thodes d 'appri ic ia t ion de l a  t e n a c i t d  des a l l i a g e s ,  
il f a u t  s e  souvenir  en conclusion.que t o u t e  t e n t a t i v e  de dhterminat ion r igoureuse des c o e f f i c i e n t s  
Glc ou Klc se t r a d u i t  pa r  l a  mise au p o i n t  d'une mhthode longue e t  d g l i c a t e ,  du domaine du Labo- 
r a t o i r e  de Recherches p lus  que du Laboratoire  de GontrCle I n d u s t r i e l ,  Seules  r e s s o r t e n t  du domaine 
de ces  d e r n i e r s  des mgthodes p lus  approximatives t e l  l ' e s s a i  Physmet qu i  permettent  des 'classements 
de m a t h r i a w  e n t r e  em mais ne f o u r n i s s e n t  d'enseignements directement  e x p l o i t a b l e s  p a r  l e s  Bureaux 
d'Etudes ou l e s  Services  de Maintenance. 

I 
3. LE COMPORTEMENT A LA FATIGUE 

Un p o i n t  t r 6 s  p r 6 c i s  e t  qu i  r e s t e  encore d ' a c t u a l i t 6  a 6 t h  f a i t  en 1966 pa r  G .  SERTOUR s u r  les pro- 
blsmes r e l a t i f s  1 l a  f a t i g u e  des a l l i a g e s  d'aluminium. 

Les e f f o r t s  de recherche depuis  l o r s  semblent a v o i r  v i s 6  l a  me i l l eu re  d'gtermination d'une p a r t  de l a  
l i m i t e  de f a t i g u e ,  d 6 f i n i e  c o m e  asymptote de l a  courbe de Wzhler e t  d ' a u t r e  p a r t  de l a  v i t e s s e  de 
propagation des  c r i q u e s  de f a t i g u e  pour des  s o l l i c i t a t i o n s  correspondant 1 l a  p o r t i o n  i n t e r m l d i a i r e  
de l a  mSme courbe de Wzhler. 

I 
~ 

3 . 1  DBtennination de l a  l i m i t e  de f a t i g u e  

Cer t a ins  on t  longtemps d i s c u t 6  de l ' e x i s t e n c e  d'une l i m i t e  de f a t i g u e  pour l e s  a l l i a g e s  l h g e r s ,  
arguant  du f a i t  qu'avec des e s s a i s  poussds j u s q u ' 1  a l t e rnances ,  t rSs  souvent on ne d 6 c e l a i t  
aucune tendance asymptotique 1 l a  courbe de Wzhler. 
d i s p o s a i t ,  pa r  exemple l e s  vibrophores  1 fr6quence 150 Hertzs ,  des  e s s a i s  1 IO8 e t  I O 9  a l t e r -  
nances du ra i en t  respectivement 11  j o u r s  14 heures  e t  3 mois 26 j o u r s .  Ce d e r n i e r  c h i f f r e  ren- 
d a i t  i ndus t r i e l l emen t  exhorb i t an t  l a  determinat ion sGre d'une l i m i t e  de f a t i g u e  1 I O 9  a l t e r n a n c e s .  

I1 y a un peu p lus  de deux ans e s t  apparu s u r  l e  march6 en France une machine de f a t i g u e  p a r  u l t r a -  
sons dans l a q u e l l e  des v i b r a t i o n s  long i tud ina le s  de fr6quence 20 000 h e r t z s  son t  engendr6es dans 
une L p r o w e t t e  de p e t i t e  dimension pa r  un gdndrateur  de v r i b r a t i o n s  u l t r a s o n o r e s .  

Le p r o f i l  e t  l e s  dimensions de 1 '6prouvet te  son t  d 6 t e m i n b e s  par  l e  .calcul pour 
que l ' bp rouve t t e  v i b r e  e n  demi-onde e t  que l a  c o n t r a i n t e  maximale s i t u 6 e  au noeud de la  v i b r a t i o n  
s o i t  dans l e  p l an  mhdian. 

Avec une t e l l e  machine, des  essais 1 IO e t  lo9 
e t  13 heures 30 minutes .  

Des e s s a i s  comparat i fs  e f f e c t u 6 s  au Centre  de Recherches de Voreppe de PECHINEY (9) avec une t e l l e  
machine e t  un vibrophore,  pouss6s j u s q u ' 1  
a l t e rnances ,  l a  machine Fi u l t r a - sons  condu i sa i t  1 des r 6 s u l t a t s  beaucoup moins d i spe r s6s  que ceux 
du vibrophore e t  q u ' l  
d t a i e n t  vo i s ines  c o m e  l e  s c h h a t i s e  l a  f i g u r e  4.  

IO8 
En f a i t ,  avec les machines de f a t i g u e  dont on 

1 

-une c h a h e t t e -  

8 a l t e rnances  ne durent  p lus  que 1 heure 27 minutes 
1 O l o  a l t e rnances  ne r ep rhsen ten t  p lus  que 5 j o u r s  15 heures .  I 

I 108 a l t e rnances  on t  montr6 que dans l e  domaine I O 6  - 10 
I 

I08 a l t e m a n c e s  l e s  l i m i t e s  de f a t i g u e  dcterminiies s u r  l e s  deux machines 
, 

Fig.  4 

Contrainte  
k g / m 2  I 

21 - I' - 

Zone de d i s p e r s i o n  "vibrophore" 
n 

Zone de d i spe r s ion  "ultra-sons" 
19 

16,5 
Al l i age  A-U4G 

I O6 I 0' 10' a l t e inances  
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La rapidit6 de la machine 1 ultra-sons la rend parfaitement adaptLe 1 la dstermination des limi- 
tes de fatigue. Par contre, en-dessous de quelques centaines de milles d'alternances, qui ne re- 
presentent que dix ou quinze secondes de temps de fonctionnement, cette machine est imprecise. 
ne peut donc servir 1 l'dtude du domaine intermgdiaire de la courbe de WShler. 

Mesure de la vitesse de propagation des criques de fatigue 

Le stade intermLdiaire de la courbe de W'dhler qui couvre une durLe variant de 10' 1 IO5 cycles 
est trls int6ressant car c'est celui 02 fonctionne la majorit6 des pieces. La vitesse de propagation 
de la fissure a alors un grand intLrê t car il importe de savoir si la crique se propagera rapidement 
ou lentement afin de pouvoir la dLceler en temps utile. 

Dans ce domaine, la d6formation plastique est entilrement localisee dans des bandes de dgformation 1 
1'Lchelle submicroscopique et lorsque la fissure se propage, la deformation se localise 1 1'extrEmitB 
de celle-ci suivant deux petites zones situees glnsralement 1 4 5  % par rapport 1 l'axe de l'effort. 

La mLcanique des ruptures permet alors de calculer 1'6tat de contrainte en fond de fissure. Ainsi 
faisant correspondre aux contraintes maximale et minimale au cours du cycle de fatigue deux facteurs 
de concentration hax et h i n  , de nombreux chercheurs ont montrd que si 2a est la longueur de 
la fissure, N le nombre d'alternances, on a : 

Elle 

3.2 

d2a 
dN f (nK) avec LAK = K - vitesse de fissuration - = max Kmin 

P (WU d2a 
dN PARIS a propos6 une loi simple de la forme - = 

En pratique, mesurant sur une Lprouvette de fatigue de 100 mm de largeur, 250 mm de longueur, 2 m 
d'gpaisseur, percbe d'un trou central de 2 mm, et mont6e sur un vibrophore, 
de PECHINEY ont dLterminL en fonction du rapport de la contrainte maximale Gmax (Lgale 1 10 fois la 
contrainte minimale) 1 la charge de rupture, la vitesse moyenne de propagation d'une fissure de fati- 
gue entre 5 et 20 mm. 

COUPRY et DEVELAY (IO) 

11s ont obtenu les courbes de la figure 5. 

On constate qu'il y a une grande difference entre les alliages et qu'en particulier les alliages 
A-Z5GU (7075) se distinguent trls facheusement alors que ltA-U6MGT a un comportement trls favorable. 

A partir des mcmes rgsultats, COUPRY et DEVEIAY ont cherchL 1 retrouver la loi de PARIS. En fait sur la 
figure 6 ,  les courbes ~ 

ont que l'allure glncrale. 

devraient Stre des droites si la loi Ltait exacte. Elles n'en 
dN f (AK) 

4. LE COMPORTEMENT A LA CORROSION 

Les prboccupations des milieux acronautiques en matiere de corrosion des alliages lLgers portent essen- 
tiellement sur la tenue 1 la corrosion sous tension de ces alliages et sont en ce domaine en evolution 
permanente. 

Jusqu'l prdsent en effet, surtout en Europe, les essais de corrosion sous tension Ltaient consus de 
fason statique. Le plus souvent on imergeait dans un milieu corrosif approprig, une eau de mer arti- 
ficielle ou une solution de bichromate de soude par exemple, une sCrie d'bprouvettes mises par un dis- 
positif approprig (pinces de l'hlusuisse, poids ... ) en tension sous un effort conventionnel (en France 
80 % de la limite d'ElasticitL). Au bout d'un certain nombre de jours, en gLnLral 30, on comptait le 
nombre et le pourcentage d'4prouvettes rompues ou s'il n'y avait pas eu de rupture, on apprgciait par 
un essai de traction sur chaque Lprouvette le pourcentage moyen de perte de charge de rupture imputable 
1 la corrosion sous tension. 

De ces diverses fasons, on dLduisait de manilre plus ou moins conventionnelle des taux de corrodabilitg 
sous tension des divers alliages. 

Aux U.S.A., la mode des etudes de mLcanique des ruptures d'une part, les difficult& de mise au point 
pour la fabrication du Boeing SST - 2707 aujourd'hui abandonnL, d'un alliage de titane insensible 1 la 
corrosion rapide sous tension d'autre part ont conduit les chercheurs 1 s'intdresser vivement 1 la 
vitesse de propagation des criques de corrosion sous tension. 

En fait certains thsoriciens voulaient dLterminer si, dans le cas de destruction des structures par 
corrosion sous tension, il existait un coefficient limite de concentration de contrainte 
analogue au coefficient K La 
vLritL oblige 1 dire que l'gxistence d'un coefficient Klscc est encore actuellement un sujet de 
controverse. 

Par contre, il est intCressant de mentionner ici les essais pragmatiques entrepris chez BOEING par PIPER 
pour mesurer, mEme sur des produits industriels, la vitesse de propagation de criques de corrosion sous 
tension en fonction du coefficient de contrainte K. 

L'essai BOEING utilise un barreau entail16 du type de la figure 7 dans lequel une deformation constante 
est appliquLe par un systlme de boulon et sur lequel on suit la vitesse de propagation de la crique en 
fonction du temps. On calcule le coefficient de contrainte K en utilisant la formule de BECK, 
BLACKBURN et SPEIDEL ( 1 1 )  

Klscc dont nous avons deja par16 1 propos des Ltudes sur la tihacite. 

et on trace la courbe representant la variation de la vitesse de propagation 
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de la crique en fonction de 

Cette m6thode qui ne considsre que la seule propagation de la crique donne une 6valuation quantitative 
du phenomlne de corrosion sous tension et non plus un classement comme dans les essais classiques. 

Peu de r6sultats ont 6t6 publi6s par BOEING en application de cet essai. 

Les chercheurs de PECHINEY en Gtudient actuellement l'exploitation et la figure 8 illustre les r6sul- 
tats obtenus sur un alliage A-Z5G du type 7005 ( 1 2 ) .  
des r6sultats et d'autre part la grande sensibilit6 de l'essai au traitement thermique. 

On notera enfin que le dessin de 1'6prouvette et l'orientation de l'entaille favorisent l'application 
de cet essai au contr8le du comportement de t8les Bpaisses 2 la corrosion sous tension dans le sens 
travers court qui est prGcis6ment le plus dgfavorable. 

K. 
, 
I 
I 
I 

I 
I On remarque d'une part la bonne reproductibilitd 

5 .  CONCLUSION 

Ce rapide survol des tendances actuelles en matisre de caracterisation des alliages lBgers utilis6s 
pour l'industrie a6rospatiale fait ressortir combien actuellement l'effort est port6 beaucoup plus 
sur la recherche d'une Ildvation des caractgristiques mdcaniques classiques des alliages existants 
que sur la caracterisation de ces m7mes alliages du point de vue de la tenue en service et plus pr6- 
cisbent de leur aptitude 1 propager des criques de fatigue, de corrosion sous tension ou de rupture 
fragile. 

La raison majeure &side dans 1'6volution du mode de conception des cellules. Celles-ci ltaient r6a- 
lis6es autrefois en t8les minces et profilds assemblds par rivetage et cette construction Btait 
"fail-safe" par nature puisqu'une crique s'arrgtait automatiquement quand elle rencontrait une jonction. 

Actuellement, un nouveau mode de construction tend 2 employer de plus en plus des Pisces de grandes 
dimensions soit matricges soit fraisdes dans des t6les dpaisses, des blocs forgds 6tir6s ou comprim6.s. 
Or dans des Pisces de grandes dimensions, les fissures se propagent plus vite que dans des t6les minces 
ou des profilgs. 

On comprend alors pourquoi les sp6cifications publiBes par les producteurs font beaucoup moins mention 
de nouveaux alliages que de nouveaw Btats de livraison (par exemple T73,  T7351,  T652 ...) appli- 

! 

qu6s 1 des alliages existants, dont 1 l'extrzme la composition a pu 7tre 16gSrement retouchge, en vue 
d'amsliorer leur comportement dans des structures massives fortement sollicit6es. 

1 
! 
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NEW BASIS OF CLASSIFICATION AND 
SELECTION OF ALUMINIUM ALLOYS 

J .  TIGEOT 

PRESIDENT AND CHIEF EXECUTIVE OFFICER 
FORGEAL Company - PECHINEY Group 

Issoire - FRANCE 

Aluminium alloys are still the material most widely used in modem airframe construction since, even where 
they are designed to fly at around Mach 2 .5 ,  military aircraft do not hold f3ese speeds long enough for the 
temperature increase due to air.flow to affect the performance of the light alloys involved. Additionally, 
as concems civil aircraft, it is well known that the commercial speed of the Anglo-French "Concorde" was 
held down to about Mach 2.1 precisely so that aluminium alloys could be used in its construction. 

The aluminium alloys most frequently used fall into one of two classes which have been familiar for some 
decades, namely : 

(i) aluminium/copper/magnesium alloys, or 
(ii) aluminium/zinc/magnesium/copper alloys 

The first class, while still the most widely employed, is gradually losing ground to the second. 
3 

However, although most of the alloys used have been known for many years, there is a continuing drive to 
achieve improvements which, while individually modest in scope, do in the long run combine to ensure regular 
progress, and also to refine our knowledge of their performance and limitations so that airframe designers 
can make the most rational use of the alloys available. 

We shall, insofar as the scope of this paper permits, review the various attempts to : 

(i) improve the normal mechanical properties of alloys, i.e. tensile strength, limit of elasticity and 
elongation ; 

refine assessment of the susceptibility of an alloy to brittle fracture ; (ii) 

(iii) obtain greater understanding of corrosion performance : and 

iv) determine fatigue performance. 
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1 .  IMPROVING NORMAL MECHANICAL PROPERTIES 

S t a r t i n g  out  from t r i e d  and t e s t e d  formulae,  e f f o r t s  t o  improve t h e  normal mechanical p r o p e r t i e s  of a l l o y s  
have cen t r ed  on modifying t h e i r  composition e i t h e r  ( i )  by ad jus t ing  t h e  r a t i o s  of t h e  main a d d i t i v e s ,  ( i i )  
by using o t h e r  k inds  o f  a d d i t i v e s ,  o r  ( i i i )  by a l t e r i n g  hea t  t r ea tmen t s .  

The accompanying t a b l e s  l i s t  t h e  p r i n c i p a l  members of t h e  two c l a s s e s  of a l l o y  - i . e .  copper/magnesium and 
zinc/magnesium/copper - used i n  t h e  West, a s  w e l l  a s  d a t a  providing a guide t o  mechanical p r o p e r t i e s  of 
s t anda rd  types of semi-fabricated products .  

The fol lowing p o i n t s  a r e  worth no t ing  i n  t h i s  connection : 

1 . 1  Aluminium/copper/magnesium a l l o y s  

These r e f e r  t o  the  Aluminium Associat ion "Se r i e s  2 00U'alloys.  

Attempts t o  improve Type 2024 o r  2014 a l l o y s  by adding elements which promote nuc lea t ion ,  e .g .  s i l v e r ,  
l i t h i u m  and cadmium, so as 
unsucessful .  

The improvement i n  p r o p e r t i e s  obtained by adding s i l v e r ,  i . e .  from 2 t o  4 k g l m 2 ,  i s  outweighed by t h e  in-  
creased c o s t  of t h e  a l l o y .  

Addition o f  cadmium made foundry and shop f a b r i c a t i o n  ope ra t ions  d i s t i n c t l y  more d i f f i c u l t .  

F i n a l l y ,  adding l i t h i u m  made foundry ope ra t ions  considerably l e s s  easy and, i n  a d d i t i o n ,  a l l o y  co r ros ion  
performance f e l l  o f f  sha rp ly .  

Thus, X-2020 a l l o y  r a p i d l y  dropped o u t  o f  s i g h t  i n  the USA ; i t s  composition was : 

t o  i nc rease  s t r u c t u r a l  hardness  and thus  enhance t e n s i l e  p r o p e r t i e s  have proved 

copper 4.0/5.0 .Z 
l i t h i u m  0.911.7 % 
cadmium 0.10/0.35 X 
magnesium 0.3/0.8 X 

I n  p o i n t  of f a c t ,  i f  we l eave  ou t  A-U2GN a l l o y  which was developed i n  France and Great B r i t a i n  f o r  t h e  
cons t ruc t ion  of t h e  Concorde and has  a l r eady  been discussed on numerous occasions,  t h e  only French at tempt  
t o  develop a new a l l o y  i n  t h i s  c l a s s  has  involved A-U6MGT. The l a t t e r  has  a high-temperature performance a t  
l e a s t  equivalent  t o  t h a t  of A-U2GN, i s  l e s s  b r i t t l e ,  and A-U6MGT drop forgings quenched i n  b o i l i n p  water  
- and hence s t r e s s - f r e e  - e x h i b i t  p r o p e r t i e s  supe r io r  t o  those obtained with A-U2GN. This  a l l o y  does n o t ,  
however, lend i t s e l f  t o  t he  f a b r i c a t i o n  of t h i c k  drawn p l a t e  t o  t h e  T651 s p e c i f i c a t i o n  s ince  i t s  tempering 
k i n e t i c s  are such t h a t  t h e  t r a c t i o n  process  r e s u l t s  i n  i n f e r i o r  p r o p e r t i e s  i n  t h e  651 as compared t o  the  T6 

between the  quenching and tempering processes  has  a b e n e f i c i a l  e f f e c t .  

F i n a l l y ,  i t  should be noted t h a t  an at tempt  has been made i n  t h e  USSR t o  improve copper a l l o y s  by adding 
cadmium and l i t h ium.  Thus, VAD 23 (1) a l l o y  has  t h e  composition below : 

cond i t ion .  Hence, t h e  p r o p e r t i e s  of A-U6MGT T651 a l l o y  a r e  i n f e r i o r  t o  those o f  A-U2GN T651, where t r a c t i o n  

copper 4.915.8 X 
magnesium 0.4/0.8 .% 
l i t h ium 1.0/1.4 X 
cadmium 0.1/0.25 4: 

It  is  s a i d  t o  have a t e n s i l e  s t r e n g t h  o f  54 kg/mm2 a t  ambient temperature and a breaking s t r e s s  of 14 kgImm2 
a f t e r  1000 hours a t  200" C.  

It i s  s u r p r i s i n g  t o  no te  t h a t  t h i s  a l l o y ,  which has  a composition very c l o s e  t o  t h a t  of t h e  X 2020 a l l o y  re- 
j e c t e d  on the  grounds s t a t e d  e a r l i e r ,  is  understood t o  have been chosen by the  Russians f o r  t h e  cons t ruc t ion  
of t h e  super-sonic TU 144 i n  preference t o  AK4-1 a l l o y ,  which i s  i d e n t i c a l  w i th  A-U2GN ! 

1.2 Aluminium/zinc/magnesium/copper a l l o y s  

Due t o  some misgivings wi th  regard t o  t h e i r  stress corrosion performance, t he  a l l o y s  i n  t h i s  c l a s s  have come 
t o  be widely used i n  a i r c r a f t  cons t ruc t ion  only wi th in  the  l a s t  decade o r  so, a development which has been 
favoured by the  in t roduc t ion  of two-stage tempering processes  which meet the T73 s p e c i f i c a t i o n s .  It is  only 
f a i r  t o  p o i n t  ou t  t h a t  a s ingle-s tage high-temperature tempering process  can g ive  the  same type of r e s u l t .  

The most widely used a l l o y  of t h i s  c l a s s  has  t h e  approximate composition : z inc  = 5 ,8  X ,  magnesium = 2.5% , 
copper = 1.5 X ,  and v a r i a n t s  about t h i s  b a s i c  formulat ion,  i .e .  t h e  US 7075, French A-Z5GU and I t a l i a n  
Zergal  3 a l l o y s .  



6-18 

I 
U 
al 

m a l  
.rl m 
U 

$ 2  
+ w  
7 
U 0  

.rl U a 

I I I I 

W B S  - C O  “ I  U W I  I U) I I CO 1 2  I 

m n  -a - W I  m e l  o I m I aD 

I m  
I I I 

I I I I 
I 

H C  m u  VIUI  “ I  VI I m I U 

c 
I I I 

C 
N 

U 

I I 

I I 

m o  O U I  - h I  U ) I  m u u  “ ” I  V I U I  s I U I U 

I I I 
I 

I i i 
W I  

-0 - I I - - -  E i I  “ “ I  “ I  - ,  
I 
I 

I 
I 

I 1 

I 

I 
h I  

- 1  

I 

0 0 
2 ;  s i  - 1  s 4 

I 

0 1  0 1  OI 01 y 0 
I I i i o  

0 1  I “ I  “ I  
N . I  - 1  - 1  

? I  - 1  - 1  
0 1  0 1  2 0 1  

“.I “ . I  0 1  

N I  
I 

I I I O - i  
0 1  0 1  0 1  

0 1  I 0 1  
h I  m l  

I I O 1  I 

“ i  I 

1 -  
I O  

0 1  I I I 
V I 1  V I 1  Y I  

1 -  I -  1 -  I 

I I 0 1  

2 0 1  l - O - I “ O l 0 ~  
0 I O  I O  I O  

I I i 2 j  I 
I I N .  I 

I I 1 0  i 
W I  - 1  VI “ I ;  - 1  0 

- a 1  C O ;  “o, U I  2 $ 1  2 h” 

xi N 

I I 0 1  
- 1  

- 1  

I h  I m  I V I  1 -  VI 

I 

N .  
h l  - 1  

N I  - 1  - 1  N I  

m I  I 
- 1  N I  - I W m l m / ; E  I W  

I , ”  I -  
N I -  I N  I N  

I I o i  
W I  - 1  VI “ I ;  - 1  0 

- a 1  C O ;  “o, U I  2 $ 1  2 h” 

xi N 

- 1  
- 1  

I h  I m  I V I  1 -  VI 

I 

N .  
h l  - 1  

N I  - 1  - 1  N I  

m I  I 
- 1  N I  - I W m l m / ; E  I W  

I , ”  I -  
N I -  I N  I N  

1 
I 

I 
I 

I 
I 

I 
0 1  

m i  N I  



6-19 

This formulation has been s u b s t a n t i a l l y  improved by the addi t ion of 0.3 X of s i l v e r .  The A-Z74 a l l o y  thus 
obtained, a f t e r  undergoing the two-stage tempering process t o  improve s t r e s s  corrosion performance, exhi- 
b i t s  p roper t ies  comparable t o  those of the  a l l o y  containing nu s i l v e r  and which has been subjected t o  a 
single-stage tempering process only. This a l l o y  w a s  developed by Otto Fuchs (3) and has been used f o r  Boeing 
a i r c r a f t  as from t h e i r  727.  It i s  now being worked an by the e n t i r e  French forging industry and w i l l  be used 
f o r  some components of a i r c r a f t  now being introduced, e.g. the A 300 B Airbus. 

Since the addi t ion  of s i l v e r  involves a d e f i n i t e  increase i n  the cost  of the a l l o y  - which i s  i n  f a c t  less 
pronounced i n  the case of drop forgings,  where the e x t r a  c o s t  of fabr ica t ion  is  a s u b s t a n t i a l  f a c t o r  - an 
a l t e r n a t i v e  method of obtaining enhanced proper t ies  i s  t o  turn  t o  a l loys  containing more addi t ives .  Hence, 
Kaiser have recent ly  advocated t h e  construct ion of undercarriage components i n  7049 a l l o y ,  which is  none 
o ther  than the a l l o y  long fami l ia r  i n  France under the designation A-Z8GU. Tests by the  Pechiney Group have 
confirmed t h a t  two-stage tempering processes w i l l  i n  f a c t  give t h i s  a l l o y ,  i n  the T73 condition, mechanical 
proper t ies  which are comparable t o  those of A-274 and, without exception, d u c t i b i l i t y  superior  t o  the T6 
condi t ion.  

It i s  of i n t e r e s t  t o  note  the p a r a l l e l  development i n  the USSR of V.93 a l l o y  with a composition intermediate 
between A-Z5GU and A-Z8GU and i n  which chromium and manganese have been replaced by i r o n  added a t  the r a t e  
of approwimately 0.3 X. 

This a l l o y ,  t rea ted  by a two-stage tempering process (120" C + 170" C), i s  s a i d  t o  be cas tab le  i n  la rge  
ingots  (diameter up t o  1 . 1  m), have l i t t l e  s u s c e p t i b i l i t y  t o  s t r e s s  corrosion, and exhib i t  exce l len t  harde- 
n a b i l i t y  due t o  the absence of crhromium and manganese. F ina l ly ,  i t  is understood t h a t  the  major drop for-  
gings used f o r  the Antonov 22,  some of which weigh up t o  5 tons ,  a re  produced i n  t h i s  a l l o y  because of i t s  
exce l len t  forging c h a r a c t e r i s t i c s .  

1.3 Magnesiumllithium a l l o y  

No b r i e f  survey of a l loys  f o r  aeronaut ical  appl ica t ions  would be complete without reference t o  magnesium o r  
siliconlmagnesium a l l o y s ,  even though the l a t t e r  s u f f e r  from the l imi ta t ions  imposed by t h e i r  mechanical 
proper t ies .  

A novel approach i n  t h e  USSR has been the development of 01420 a l l o y  ( 2 ) ,  which contains 5.3 X of magnesium 
and 2.1 9: of lithium. 

The mechanical proper t ies  are reported t o  be : 

TS = 46 kgIm2 PSOs2 = 34 kg/nnn2 E = 1 1 %  

While these values may appear modest, i t  should be borne i n  mind t h a t  the  addi t ion  of l i thium yie lds  a s igni-  
f i c a n t  reduction i n  densi ty  as compared t o  an a l l o y  such as 2014, which contains copper, i .e .  : 

d = 2.47 g/cm3 a s  against  d = 2.78 gIcm3 

and thus the breaking s t r e s s l d e n s i t y  r a t i o  favours the  Russian 01420 a l loy .  Additionally, i t s  modulus of 
e l a s t i c i t y  is  7,500 kgImm2, so t h a t ,  depending on the  type of component involved, there  is  a t o t a l  weight 
saving of 12 4: t o  20 X as compared t o  2014 a l loy .  

The a l l o y  i s  a l so  reported t o  be weldable and have exce l len t  corrosion performance i n  t h a t  cladding with 
aluminium is claimed t o  be unnecessary. 

F i r s t  tests i n  France and i n  the USA, while confirming the Russian claims, have pointed t o  the problems in- 
volved i n  producing and cas t ing  t h i s  a l l o y  as la rge  b i l l e t t s  o r  p l a t e s ,  although the Russians reportedly 
c a s t  800 mm diameter b i l l e t s .  

2 .  THE SEARCH FOR IMPROVED TENACITY 

The f a i l u r e  of a s t r u c t u r e  involves two separa te ,  consecutive phases : f i r s t l y ,  i n i t i a t i o n  of a c r i t i c a l - s i z e  
crack, a s  determined by the applied s t r e s s ,  followed by the  sudden and rapid propagation of the crack through 
the s t r u c t u r e .  

Experience demonstrates the f u t i l i t y  of hoping t o  obta in  operat ing conditions which would f u r t h e r  r e t a r d  
crack i n i t i a t i o n  due t o  scror ing,  corrosion p i t t i n g ,  impact, etc.  - followed bu the  i n i t i a l  development, a t  
some var iab le  r a t e ,  caused by fa t igue .  The real a i m ,  however, i s  t o  prevent the very rap id ,  i f  not  instanta-  
neous, second-phase propagation of the crack. Hence, the b r i t t l e n e s s  o r  tenac i ty  of an a l l o y  f o r  aeronaut ical  
appl icat ions a r e  essessed in terms of res i s tance  t o  instantaneous crack propagation by t e s t i n g  a specimen 
comprising an i n i t i a t i n g  crack. 
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This presentat ion w i l l  no t  set out the modem theory of crack propagation developed by G r i f f i t h ,  and subse- 
quently by Irwin, according t o  which the res i s tance  of a mater ia l  t o  f a s t  crack propagation can be charac- 
t e r i s e d  by one of two f a c t o r s ,  namely : 

( i )  G l c  = the crack propagation energy under conditions of plane d is tors ion  ; or  

( i i )  K l c  5 the c r i t i c a l  i n t e n s i t y  f a c t o r  

These two fac tors  a r e  i n  f a c t  re la ted  t o  each o ther  and t o  the modulus of e l a s t i c i t y  by the expression : 

K i c  = E G l c  

Comparison of the values of G l c  and K l c  f o r  any two mater ia l s  can, however, be of p r a c t i c a l  s ign i f icance  
only f o r  mater ia l s  of the same nature  and with s imi la r  res i s tance  values .  Where t h e i r  t e n s i l e  s t rengths  (R) 
and modulus of e l a s t i c i t y  (E) d i f f e r ,  i t  i s  preferable  t o  use the r a t i o s  : 

K1 C ou - E G I C  - 
R 

1 
R' 

s ince  i t  i s  known t h a t  where a p l a t e  comprises a crack of length 
t e n s i l e  s t r e s s  we have : 

2a a t  r i g h t  angles t o  the d i rec t ion  of the 

(a = mean s t r e s s  f o r  the p l a t e )  I / 2  K = - ( m a )  

V a  K2 - 5 =z 
' R2 R2 

whence 

Now, design of f ices  general ly  work with 
Hence, i t  can be s a i d  t h a t  the s a f e t y  leve l  f o r  the relevant  mater ia l  w i l l  increase with the r a t i o s  

constant (as  required by the  regulat ions governing design) .  R 

since the l a t t e r  a r e  proportional t o  the c r i t i c a l  length of the crack. EGlc 

R2 R2 
or  - - 

In  f a c t ,  it i s  d i f f i c u l t  t o  def ine a test p i e c e  f o r  the  determination of and it  i s  necessary 
t o  make accurabe allowance f o r  the assumption involved i n  der iving the  value of t h i s l f a c t o r  from the ac tua l  
test r e s u l t .  This has led t o  a profusion of t e s t  m e t h o d s . I t i s  not f e a s i b l e  t o  examine and discuss these i n  
d e t a i l  within the scope of t h i s  presentat ion,  which vi11 confine i t s e l f  t o  quoting a number of s t r i k i n g  
p r a c t i c a l  r e s u l t s  obtained within the l a s t  few years and b r i e f l y  out l in ing  the  methods used. 

G l c  o r  K 

12.1 Tests car r ied  out by Service Technique Mronautique Franfais  (1963 - 1965) 

DOUILLET e t  a l i a  (4) used as t h e i r  t e s t  pieaea 150 x 20 x 20 square-section bar  on which a crack was i n i t i a -  
ted with the e l e c t r i c  engraving penci l  and then developed on the Vibrophore by plane-fexion fa t igue  before  
the test bar  was broken by slow s t a t i c  bending. 

S t a r t i n g  with t h i s  very simple t e s t ,  and using a method based on the concept of energy of propagation, they 
ca lcu la ted  the approximate values of f o r  a number of mater ia l s  (5) ,  including A-U4SG and A-U2GN (2618) 
a l loys .  

G 
I C  

P l a t e  (length) 
A-U2GN 2618 P l a t e  ( t ransverse)  

/A-u2GN 2618 I 
They showed, i n t e r  a l i a ,  t h a t  i n  t h i s  case c l a s s i f i c a t i o n  by means of 
A-U2GN p l a t e ,  desp i te  a lower G l c  alone i s  not  s u f f i c i e n t  s ince 

G l c  value,  i s  s a f e r  t o  use than A-U4SG. 
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test piece. 

The test procedure i s  simple and merely requires  a small f lexion 
fa t igue  machine and a pendulum ram impact machine. 
ximation t o  E can be obtained with ten test  pieces .  

Eco 

A f a i r  appro- 

CO 

2.2 Alcoa t e s t s  (1966 - 1969) 

A more theoretically-based approach t o  the value of 
Kaufmann e t  a l i a  

I n  t h i s  method, the t e s t  piece i s  f i r s t  notched and cracked by 
fa t igue  and then subjected e i t h e r  t o  slow t r a c t i o n  o r  slow bending 
between two f ixed supports. I n  both cases ,  the stress loading i s  
p l o t t e d  against  the dis tance separat ing the l i p s  of the notch. 

G was made by Alcoa research warkers, i n  p a r t i c u l a r  
(6 ,  7) ,  using the t e s t  method adopteh'by the ASTM E.24 Committee ( p a r t .  31 - May 1968). 

load 

a.. 

A conventional concentration f a c t o r  i s  then derived from t h i s  p l o t  
( f i g .  1 )  by drawing ( i )  the s t r a i g h t  l i n e  OA which i s  the tangent 
t o  the curve a t  the o r i g i n  and ( i i )  the s t r a i g h t  l i n e  OB which 
makes an angle with OA such t h a t  the  slope of OB i s  less by 5 % 
than t h a t  of OA. The ord ina te  of the point  FQ a t  which OB cu ts  
the curve i s  then determined and a complex formula based ont the  
l i n e a r  mechanics of f rac tures  i s  used t o  ca lcu la te  the f a c t o r  
which i s  taken a s  the conventional determination of KQ , Fig.  1 

K l c  . displacement 

By applying t h i s  method - which requires, g rea t  care  and can only be employed by research labora tor ies  - 
t o  a . l a r g e  number of i n d u s t r i a l  a l loys  Kaufmann e t  a l i a  showed tha t  : 

a/  f o r  a l l  the forms o r  condi t ions of a l loys  tes ted ,  when K 
is  p lo t ted  against  R the experimental points  l i e  on e i t & r  K l c  
s i d e  of a s t r a i g h t  l i n e  showing 
funct ion of the breaking stress K1c(f ig .  2 ) .  

i n  the T6 o r  analogous condition general ly  l i e  above the median 
l i n e ,  while those represent ing f o r  a l loys  i n  the 2xxx 
s e r i e s  and the T6 condition gene:APly l i e  below t h i s  l i n e .  

a s  a decreasing l i n e a r  A 
\ 
\ 

b/  the poin ts  represent ing K f o r  a l loys  i n  the 7xxx s e r i e s  

a 
c /  Similar ly ,  the poin ts  represent ing K l c  i n  the 7xxx s e r i e s  0 

are lower f o r  the T 7  o r  analogous (T73, T76, e t c . )  con- g 10 .. 
d i t i o n  than f o r  the T6 condi t ion.  - \ - 

d/ Again, 2xxx a l loys  i n  the T3 o r  T4 conditions give K values 60 70 80 90 
which l i e  above those obtained f o r  the T6 o r  T8 condi t ions.  Fig. 2 breaking 

s t r e s s  

2.3 Physmet impact tes t  on fatigue-cracked t e s t  pieces  

Like the notched-bar t e n s i l e  t e s t  o r  the  Kahn r i p  tes t ,  the Physmet test measures res i s tance  t o  crack 
propagation. It does not ,  however, enable G l c  K l c  t o  be calculated.  

THe test cons is t s  of def ining the value 
impact f o r  a test piece (e.g. 
t o  the  energy 

Using a number of test  pieces  and varying depths of i n i t i a l  crack developed by fa t igue  a t  the bottom of 
an a r t i f i c i a l  notch, the energy of f r a c t u r e  E 
and the  curve eo obtained extrapolated t o  der i6e Eco. 

E of the energy required t o  cause f a i l u r e  by f lexion due t o  
55 x 10 x 16 mm) comprising an i n f i n i t e l y  small crack and comparing t h i s  

Enc which causes f a i l u r e  of an i d e n t i c a l  non-cracked specimen. 

can be p lo t ted  aga ins t  depth of crack f o r  each t e s t  piece 

work 
The value of E - E is  a rough approximation t o  the energy 
absorbed i n  thenc ove$%l p l a s t i c  deformation of a non-cracked t 

The test i s  r e l i a b l e  and r e f l e c t s  v a r i a t i o n s  i n  : Fig. 3 

a /  s g p s i ~ i g n  
Results obtained f o r  I 1  mm hot-rolled p l a t e s ,  i n  the d i rec t ion  of r o l l i n g ,  were a s  follows 

A-U4GI (2017) - T4 Eco - 105 kg x cm En, - E,, = 15 kg x cm 
A-U2GN (2618) - T6 E,, 30 kg x c m  Eric - E,, = 15 kg x cm 
A-Z5GU (7075) - T6 Eco 0 27 kg X Cm Eric - E,, = 24 kg x c m  

b/ S t ruc tura l  conditio!! 
Resul ts  obtained f o r  60 mm 2017 p l a t e s  were as  follows 

T 351 condition E,, = 25.5 kg x cm , En, - E,, 5.4 kg x cm 
T 651 condition E,, - 1 1  kg x cm En, - E,, 9 2.2 kg X cm 

area of 
crack 
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c /  Thi_cknsss-_o_f,ma~s~~~~~ 
For example, u s i v  A-U2GN (2618) p l a t e s ,  the following r e s u l t s  were obtained : 

thickness 40 mm E,, = 30.4  kg x cm En, - E,, = 5.2 kg x cm 
thickness 60 mm E,, = 29.6 kg x cm Enc - E,, = 5.9 kg x cm 
thickness  80 mm Eco 18.8 kg x En, - E,, - 3.6 kg x cm 

To conclude t h i s  fragmentary approach t o  methods of assessing the  tenaci ty  of a l l o y s ,  i t  should be s t ressed  
t h a t  any attempt a t  rcgorous determination of C o r  K l c  involves developing a time-consuming and in- 
tr icate procedure which i s  more su i ted  t o  resear% establishments than plant  cont ro l  labora tor ies .  The only 
methods s u i t e d  t o  the l a t t e r  a r e  the more approximate procedures such a s  the  Physmet tes t ,  which enable 
materials t o  be c l a s s i f i e d  with respect  t o  each o ther  but  do not  furnish da ta  which can be used a s  such by 
design o f f i c e s  o r  servicing departments. 

3 .  FATIGUE PERFORMANCE 

. The f i e l d  of aluminium a l l o y  fa t igue  was accurately reviewed by G. SERTOUR i n  1966 and t h i s  work i s  s t i l l  
of current  i n t e r e s t .  

Research s ince then appears t o  have concentrated on the most v a l i d  determination of ( i )  the fa t igue  l i m i t ,  
defined as  the asymptote t o  the Wahler curve and ( i i )  
s t r e s s  conditions corresponding t o  the intermediate  port ion of the curve. 

the r a t e  of propagation of fa t igue  cracks under 

3.1 Determination of fa t igue  l i m i t  

Some workers have long questioned whether l i g h t  a l loys  have a fa t igue  l i m i t ,  arguing t h a t  even where t e s t i n g  
was taken up t o  reversa ls  i t  w a s  f requent ly  impossible t o  de tec t  any tendency f o r  the Wahler curve t o  
become asymptotic. I n  f a c t ,  with the fa t igue  t e s t i n g  machines then ava i lab le ,  e.g. 150 c / s  Vibrophores, 
t e s t i n g  t o  reversa ls  took 1 1  days 14 hours and 3 months 26 days, respect ively.  This meant 
t h a t  i t  was not 
limits using 108 reversa ls .  

IO8 

lo8 and IO9 
r a c t i c a b l e ,  i n  terms of ' industr ia l  cont ro l ,  t o  carry out accurate  determinations of fa t igue  

A l i t t l e  more than two years ago, an u l t rasonic  fa t igue  apparatus made i ts  appearance i n  the French market. 
This uses an u l t rasonic  v ibra t ion  generator t o  produce longt i tud ina l  vibkat ions with a frequency of 
20 000 c/s i n  a small test piece. 

The form (chain) and dimensions of the test pieces a r e  so designed t h a t  the specimen v ibra tes  i n  the ha l f -  
wave mode and the maximum stress a t  the v ibra t ion  node l ies i n  the median plane. 

With t h i s  type of machine, t e s t i n g  t o  IO8 and lo9 reversa ls  takes only 1 hour 27 minutes and 13 hours 
30 minutes, respec t ive ly ,  and 1010 reversa ls  only 5 days 15 hours. 

I 

Comparative t e s t s  car r ied  out a t  the Pechiney Research Centre a t  Voreppe (9) on t h i s  type of machine and a 
Vibrophore, taken up t o  IO8 r e v e r s a l s ,  have shown ( i )  t h a t  over the range IO6 t o  IO8 reversa ls  the 
r e s u l t s  obtained with the u l t rasonic  apparatus exhibi ted much lower dispers ion than with the Vibrophore, 
and ( i i )  t h a t  f o r  IO8 reversa ls  both types of apparatus gave s imi la r  values f o r  fa t igue  l i m i t s  ( c f .  f i g . 4 ) .  

s t r e s s  
kgIm2 

dispers ion band 

Ultrasonic  dispers ion band 

A-U4G. a l loy  

I 1 & 

IO6 107 1 0.8 revers  a1 s 

Fin.  4 
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The r a p i d i t y  of the u l t rasonic  method is  such t h a t  i t  i s  per fec t ly  su i ted  t o  the determination of fa t igue  
l i m i t s .  Below a few hundred thousand reversa ls ,  however - which represents  only some ten  t o  f i f t e e n  se- 
conds t e s t i n g  time - the machine i s  inaccurate  and hence cannot be used t o  inves t iga te  the intermediate 
por t ion  of the  Wghler curve. 

3.2 

The intermediate port ion of the  Wghler curve covering the range from 
i n t e r e s t  s ince it i s  here  t h a t  most components operate .  Hence, the crack propagation r a t e  i s  of prime 
importance s ince i t  is  e s s e n t i a l  t o  determine whether a crack w i l l  propagate rapidly o r  not  i n  order  t o  
enable i t  t o  be detected i n  time. 

Determination of fa t igue  crack propagation r a t e  

I O 2  t o  I O 5  cycles i s  of major 

Here, p l a s t i c  deformation occurs e n t i r e l y  i n  deformation bands a t  the sub-microscopic l e v e l  and, as  the 
crack spreads, i s  confined t o  the end of the crack along two small zones normally located a t  45' with 
respect  t o  the s t r e s s  ax is .  

Fracture  mechanics can then be used t o  ca lcu la te  the s t r e s s  condition a t  the bottom of the crack. Thus, 
by r e l a t i n g  two concentration f a c t o r s  Kmax and Kmin t o  the maximm and minimum s t r e s s e s  over the f a t i g u e  
cycle ,  a number of workers have shown t h a t ,  i f  2a denotes the length of the crack and N 
the number of reversa ls ,  the r a t e  of cracking i s  given by : 

Kmax - Kmin f ( a K )  , ahere  A K  = d2a 
- i  

dN 

Par i s  has suggested a simple l a w  of the form d~ d2a = p (A K)u 

I n  p r a c t i c e ,  using a fa t igue  t e s t  piece 100 mm wide, 250 mm long and 2 mm th ick ,  with a 2 mm cent ra l ly-  
d r i l l e d  hole and mounted on a Vibrophore, two Pechiney workers, Coupry and Develay ( I O ) ,  
average r a t e  of propagation of a fa t igue  crack from 5 t o  20 mm against  the r a t i o  of the maximum stress 

have p l o t t e d  the 

( i . e .  10 times the minimum s t r e s s )  t o  the breaking s t r e s s .  amax 

Their r e s u l t s  are  given i n  Fig.  5 . 
It w i l l  be seen t h a t  there  a r e  s u b s t a n t i a l  differences between individual  a l loys  and, i n  p a r t i c u l a r ,  t h a t  
A-Z5GU (7075) a l loys  show up very poorly while A-U6MGT performs very s a t i s f a c t o r i l y .  

Coupry and Develay a l s o  invest igated the f i t  between t h e i r  r e s u l t s  and P a r i s ' s  expression. The p l o t s  of 
d2a 

they a r e  only approximately l i n e a r .  

- =  dN f (AK) shown i n  Fig.  6 should be s t r a i g h t  l i n e s  i f  they agree with Paris's l a w .  In  f a c t ,  

4.  CORROSION PERFORMANCE 

The a i r c r a f t  designer 's  concern with corrosion of l i g h t  a l loys  r e l a t e s  mainly t o  t h e i r  stress corrosion 
performance, and requirements i n  t h i s  sphere a r e  i n  a permanent s t a t e  of f lux .  

Hither to ,  and p a r t i c u l a r l y  i n  Europe, s t r e s s  corrosion t e s t i n g  has tended t o  be of the s t a t i c  type. The 
method most f requent ly  used has involved a s e r i e s  of t e s t  pieces  subjected t o  a conventional leve l  of 
stress ( i n  France, 80 X of the l i m i t  of e l a s t i c i t y )  by a s u i t a b l e  means (Alusuisse clamps, weights, e t c . )  
and immersed i n  an appropriately h o s t i l e  medium, e .g .  a r t i f i c i a l  sea water o r  sodium dichromate so lu t ion .  
After  a c e r t a i n  period of time, general ly  30 days, the number and percentage of f ractured pieces  a r e  noted 
o r ,  where no f rac ture  occurs, a t e n s i l e  t e s t  i s  c a r r i e d  out on each specimen and the average reduction i n  
t e n s i l e  s t rength  ascr ibable  t o  stress corrosion i s  assessed. 

This and o ther  tests have been used t o  determine, i n  a more or l e s s  conventional manner, s t r e s s  corrosion 
r a t e s  f o r  the  relevant  a l l o y s .  

I n  the  USA, the  vogue enjoyed by f rac ture  mechanics research and the d i f f i c u l t i e s  encountered by the 
Boeing SST 2707 pro jec t  (which has now been shelved) i n  developing a titanium a l l o y  not  subject  t o  rapid 
s t r e s s  corrosion have led workers t o  display g r e a t  i n t e r e s t  i n  the r a t e  of propagation of s t r e s s  corrosion 
cracks. 

Some theore t ica l  s tud ies  have i n  f a c t  attempted t o  determine whether, where f a i l u r e  of the s t r u c t u r e  occurs 
due t o  s t r e s s  corrosion,  there  i s  a l imi t ing  s t r e s s  concentration f a c t o r  
re fer red  t o  e a r l i e r  i n  connection with research on tenac i ty .  
the exis tence of t h i s  f a c t o r  K continues t o  be a subject  of controversy. 1 SCC 

A s  against  t h i s ,  i t  i s  worth re fer r ing  at  t h i s  point  t o  the pragmatic s tud ies  undertaken by Piper of the 
Boeing Company with a view t o  determining, even on i n d u s t r i a l  mater ia l s ,  how the r a t e  of propagation of 
s t r e s s  corrosion cracks var ies  with the s t r e s s  f a c t o r  K.  

K l s c c  analogue tho the K l c  
i t  must  be sa id  In  a l l  honesty, tha t  
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The Boeing t e s t  uses a notched bar of the type shown i n  Fig. 7 
piece and the r a t e  of propagation of the crack i s  p lo t ted  against  time. %e s t r e s s  f a c t o r  K i s  then 
calculated from the Beck, Blackburn and Speider equation ( 1 1 )  and the r a t e  of propagation of the  crack 
p lo t ted  against  K.  

This method, which i s  concerned s o l e l y  with the propagation of the crack,  y ie lds  quant i ta t ive  data  on the 
s t r e s s  corrosion process a s  opposed t o  the comparative data  supplied by conventional t e s t s .  

Very few r e s u l t s  obtained with the t e s t  have, however, been published by the Boeing Company. 

Pechiney i s  cur ren t ly  examining t h i s  t e s t i n g  procedure and Fig. 8 i l l u s t r a t e s  r e s u l t s  obtained on an A-Z5G 
a l loy  of the 7005 type (12). It w i l l  be observed t h a t  reproducib i l i ty  of r e s u l t s  i s  good and t h a t  r e s u l t s  
a re  very suscept ible  t o  the heat treatment employed. 

F ina l ly ,  it w i l l  be noted t h a t  the  design of the t e s t  piece and the or ien ta t ion  of the  notch favour the use 
of t h i s  t e s t  t o  monitor the s t r e s s  corrosion performance of thick p l a t e s  i n  the shor t  t ransverse d i r e c t i o n ,  
which i s  i n  f a c t  the l e a s t  favourable. 

A constant s t r e s s  i s  applied t o  the test 

5 .  CONCLUSION 

This b r i e f  review of current  t rends i n  evaluat ing l i g h t  a l loys  used i n  the aerospace industry emphasises 
the extent  t o  which present-day work i s  concerned with attempts t o  improve the usual mechanical proper t ies  
of e x i s t i n g  a l loys  r a t h e r  than with t h e i r  evaluat ion i n  terms of se rv ice  performance and, more s p e c i f i c a l l y ,  
t h e i r  tendency t o  propagate cracks due t o  fa t igue ,  stress corrosion or  b r i t t l e  f r a c t u r e .  

This i s  t o  be explained ch ief ly  by the  changed approach t o  airframe design. Airframes were h i t h e r t o  cons- 
t ructed of t h i n  sheet  and extruded sec t ions  r ive ted  together .  This design was inherent ly  fa i l - sa fe  s ince 
any cracks would be a r res ted  on reaching a point  of junct ion.  

Currently, a new approach t o  design i s  making increasing use of la rge  components which a r e  e i t h e r  drop-forged 
o r  mil led from thick p l a t e ,  and of drawn or compressed forged u n i t s .  
involved, cracks w i l l  propagate more rapidly than i n  the  case of t h i n  sheet  o r  extruded sec t ions .  

Where, however, lange components a re  

Hence, one can appreciate  why producers' spec i f ica t ions  lay  very much less stress on new a l loys  than on new 
del ivered c h a r a c t e r i s t i c s  (e.g. T73, T7351, T652, e t c . )  of e x i s t i n g  a l l o y s ,  where, i n  extreme cases ,  compo- 
s i t i o n s  may have been s l i g h t l y  modified with a view t o  improving the Performance of highly-stressed major 
s t r u c t u r e s .  
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CARACTERISATION, SELECTION e t  UTILISATION 
des AUIAGES de TITANE 

R. SYRE 
Directeur  de Division 

Socidte TITANIUM GP - TREFIMETALJX GP 
Argenteuil-France 

SOMMAIRE 

Les a l l i a g e s  de t i tane se carac thr i sen t  par une res i s tance  m6canique spdcif ique dlevee obtenue grsce b. 
l ' e f f e t  de c e r t a i n s  elements d 'addi t ion  e t  de t ra i tements  thermiques de trempe e t  revenu. 

La s e l e c t i o n  des a l l i a g e s  dans l e  cas  de l e u r s  deux pr inc ipa les  appl icat ions ( c e l l u l e s  e t  moteurs) e s t  
basde s u r  des c r i t k r e s  de carac tdr i sa t ion  particulikrement 6voluds t e l s  que : l a  rds i s tance  A l a  propa- 
ga t ion  des ruptures  fragiles, l a  tenue en corrosion sous tension, l a  rds i s tance  b. l a  fa t igue ,  auxquels 
s ' a j o u t e n t ,  pour l e  cas  des moteurs, l a  r6s i s tance  au fluage, l a  tenue en fa t igue  oligo-cyclique e t  l a  
s t a b i l i t d  en service.  

Les 616ments de l i a i s o n  (vis-boulons-r ivets) ,  l e s  tubes pour cana l i sa t ions  hydrauliques, l e s  pikoes cou- 
lees sont des cas  p a r t i c u l i e r s .  

D'une fapon gendrale l a  s t r u c t u r e  micrographique a une inf luence primordiale s u r  l e  niveau de tou tes  l e s  
propridtds  d'usage. 

L ' i n t 6 r e t  majeur de l ' u t i l i s a t i o n  du t i t a n e  et  des alliages A base de t i t a n e  dans l a  construct ion a6ronau- 
t i q u e  e t  s p a t i a l e  e s t  Bvidenunent dQ h l a  dens i te  assez f a i b l e  de ce m d t a l  l i d e  b. une bonne r6s i s tance  m 6 -  
canique d'ensemble. 
quand on l e s  compare h c e l l e s  de l e u r s  deux principaux concurrents, les a l l i a g e s  d'aluminium e t  l e s  a c i e r s  
B haute res i s tance  : 

On f i x e  immediatement l e s  p o s s i b i l i t k s  gdnerales specif iques des a l l i a g e s  de t i t a n e  

TABLEAU I 

Caractdr is t iques spdcifiques comparees 

Alliage Densit6 I d  
Acler h 180 hbar 

Alliage d 'Al  t r a i t 6  h 50 hbar 

Alliage de T i  
- Recuit (105 hbar)  
- Trai t6  B 130 hbar 

0,36 
0,62 

1 1 

2 1 0,88 

lJ3' 1 1,08 
1.24 

I 

R 
d 
- 

E : module d ' d l a s t i c i t 6  en t r a c t i o n  
C : l i m i t e  Blastique en compression 
R : charge de rupture  en t r a c t i o n  

D'autre  fac teurs  de base jouent encore en faveur du t i t a n e ,  t e l s  que une res i s tance  h l a  fa t igue  toujours  
elevhe, une s t a b i l i t e  thermique gendralement t r k s  bonne, une res i s tance  intr lnskque b. l a  corrosion remar- 
quable. 
l o r s q u ' i l  s ' a g i t  de cons t ru i re  des appare i l s  supersoniques depassant l a  v i t e s s e  de mach 2,5. 

On notera  e n f i n  que l'un 8 ses  concurrents, l e s  a l l i a g e s  d'aluminium, e s t  pratiquement 6limin6 
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I CARACTEXISATION GENERAJ23 DES ALLIAGES DE TITANE 

1.1. La formulation des alliages 
Le titane presentant une transformation allotropique C z j  f3 8 882"C, 1' addition d' elements metalliques 8. 
une matrice titane permet d'dlargir et de stabiliser plus ou moins fortement le domaine de la phase a 
ou celui de la phase f3 - Le tableau ci-dessous resume les positions des kldments convenant comme addi- 
tions dans les alliages de tltane : 

TABLEAU I1 

$ gdndralement 
utilisd 

A1 2 8 7  ) 

) 
Sn 2 8 6  

V 2 8 20 ) 
1 

Cr 2 8 12 1 
1 
1 cu 2 8 6  

I 
Action Metal 

) Elements stablllsant 0 

Additions 

2 8 20 ) Elements stabilisant p MO 

2 8 8  Renforce 8 la fois les phases 01 et courantes Zr 

I si 

0,2,28. 1 Addition mineure renforpant la 
resistance au fluage 

Add1 tions 

posslbles 

I I 
Ta 1 8 4  I )  
Nb 
w 

l b 4  
1 8 4  

Elements stabilisant p I ;  
Sb - 
Ge - Eldments stabillsant Q 

I1 en resulte trois categories d'alllages, caracteris& par leur structure 8. la temperature ordlnaire : 
- les alliages Alpha (a) contenant une forte majoritd d'additions alphagknes, avec parfols (cas des 
alliages super-alpha) de faibles additions renforpant la phase B. Ces alliages sont done presque 
entlkrement constitues de phase a, 

- les alliages A$pha-B̂ eta qui contiennent 8. la fols les phases a et p. 

- les alliages Bbta ($1 constituds principalement de phase B, stable ou metastable. 

1.2. Jks traitements thermiques 
Les structures des alliages Q - B et B et les compositions propres des phases 01 et B se modifient 
Bvidemment en fonction de la temperature, ce qui est la base des possibilltks de traltement thermique 
de ces alliages. On peut obtenir un renforcement plus ou moins poussk de la resistance mkcanlque par 
chauffage 
suivi encore eventuellement d'un revenu b temperature moyenne (400 b 600°C). Le plus souvent, surtout 
dans le cas des alliages 01 - B, il y a lieu de prodder 8. un refroidissement extr6mement raplde ppk&s 
chauffage, si l'on veut obtenir une rdponse optimale au traitement final de revenu. 

I1 est ainsl possible d'amener des alliages de titane, ayant une charge de rupture 8 l'ktat recuit 
(etat d'8qulllbre) de 80 8 100 hbar, jusqu' 8 des charges de rupture de Ll5 h 1 3  hbar, couramment, et 
meme jusqu'8. 180-200 hbar. 

de l'alliage dans le domaine 01 - i3 ou $, suivi d'un refroldlssement plus ou molns brusque1 et 

L 3 .  La limitation des propridtes d'usage 
Mais des limitations dans cette recherche des hautes resistances mecaniques, tant par elements d' addition 
que par traltement thermique, apparaissent rapidement lorsque 1 ' on considkre les autres propridtes d'usa- 
ge exigees par les utilisateurs 

Elles font intervenir les caracteristiques de ductilitd, de fatigue, de resistance 8 l'initiation ou A 
la propagation des criques, d'usinabilit6, de soudabilite, de rdsistance 8. la corrosion sous tension, 
etc 

Par exemple, la resistance 8 la propagation des criques, caractdrisde par le facteur decroft lorsque 
la resistance augmente (fig. 1). 
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Si, come le souhaitent certains constructeurs, 
il faut maintenir K l c  superieur B 3/2 R, un tra- 
vail trhs important reste B faire pour amener les 
alliages h 120-130 hbar dans la zone convenable 
(figure 1.) On peut atteindre un tel niveau de 
120-130 hbar par un nombre quasi infini de combi- 
naisons ; mais si l'on veut rechercher un compro- 
mis satisfaisant pour les differentes proprietes 
d'usage citees ci-dessus, on s'apergoit que cel- 
les-ci sont sous la dependance directe des struc- 
tures macro et micrographiques, elles mhes depen- 
dant fortement des conditions de transformation 
8 chaud et h froid. C'est finalement la combinai- 
son de ces differentes donnees qui permet la for- 
mulation pratique de l'alliage. Et si l'on consi- 
dkre le nombre relativement reduit des alliages de 
titane actuellement utilises, en regard du trhs 
grand nombre de ceux qui ont et6 proposes, l'on 
peut se rendre compte que la conjonction harmo- 
nieuse des diffkrentes proprietes est chose parti- 
culikrement ardue dans le cas des alliages de ti- 
tane h haute resistance mecanique. 
On reste trks loin, dans l'utilisation delle, des 
trks hautes resistances mecaniques potentielles 
offertes par certains alliages de titane h trai- 
tement thermique. En outre d' autres difficult& 
pratiques apparaissent, dont les principales sont 
examinees ci-aprks. + 

I 

Figure 1- Titanium Alloys Crack-Propagation Resistance 

1.4. Les difficultes dues h la trempe 

1.4.1. La distorsion 
Le refroidissement rapide (trempe ) necessaire en general avant revenu, provoque le plus souvent 
m e  deformation des pikces. 
On peut generalement surmonter cette diffi- 
cult6 en profitant de l'operation finale de 
revenu pour effectuer en m8me temps une re- 
mise en forme (gabaritage), pratiquee en 
plagant la plkce dans un montage de forme 
convenable soumis 21 une legkre pression. 
Certains alliages, de par leur formulation 
et leur plus haute temperature acceptable 
de revenu, se pretent mieux que d'autres & 
cette operation. Par exemple, come le 
r6sume la figure 2., des tales Ti-6A1-4V ou 
de Ti-6A1-6V-2Sn ont et6 pliees puis mainte- 
nues sous pression entre matrices plates B 
des temperatures variant de 540 B 650"~. 
On note qu'8 la tempkrature de 590"C, qui 
est sa temperature de revenu recommandee, 
l'alliage Ti-6AL6V-2Sn est plank en 10 minu- 
tes, tandis que le Ti-6Al-4V n'est pas du 
tout plane aprks 240 minutes B 540°C (condi- 
tions normales de revenu de cet alliage). 

Figure 2- Removing Out-of-Flatness 
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1.4.2. La mauvaise trempabllite 
Le coefficient de conductibilite thermlque du titane est faible ; il en resulte une "trempabllit6" 
assez mauvaise des alliages de titane, en ce sens que l'on ne pourra obtenir, dans le cas d'une 
piece Bpalsse, un refroidissement raplde b coeur et qu'en consequence le durcissement par le re- 
venu final ne se produira plus au delb d'une certaine distance h partir de la surface. 
pourra done obtenlr une homogeneit6 convenable des caracteristlques m6canlques dans l'ensemble 
de la piece que SI 1'6paisseur de celle-cl reste en dessous de certaines llmites, qui sont assez 
basses. Devant cet Inconvenient, on est donc conduit b considerer des formulations d'alllages 
qui permettent : 
- soit d'adliorer la trempabllltd - c'est par exemple de cas du Tl-6A1-6V-2Sn qui constltue un 
progres par rapport au Ti-6A1-4V(flgure 3.  ) 

- soit d'offrir une tres haute r6sistance mecanique dans le simple etat d'bquilibre (&at recult)- 
c'est le cas de d6riv6s du Ti-6A1-6V-2Sn qui h 1'Btat recult possedent une resistance Bquivalen- 
te h celle du Tl-6A1-4V tremp6 revenu - c'est 6galement le cas de certains alliages $ stables 
h temp&&ture ordlnaire. 

On ne 

- soit d'obtenir une bonne reaction au revenu final tout en ayant sub1 aprks chauffage b haute 
temperature un refroidissement relativement lent (cas encore du Ti-6A1-6V-2Sn) voli-e meme tres 
lent. 
on obtiendra effectivement des alllages peu 
On arrive ainsi aux alliages dits "beta m&astables", qui font actuellement l'objet de tres 
nombreuses recherches et qui ont par exemple comme composition : 12 MO - 6 Zr - 4 Sn (allla- 
ge S t a  111), ou 8 V - 6 Cr - 4 MO - 3 A1 - 4 Zr (alliage 388644). La limitation de section 
n'exlste plus, de m8me d'allleurs que la distorsion au traltement thermique ou h l'usinage 
(-le nlveau des tensions internes est tres bas). 
avant revenu, un intervalle de plasticitk b temperature ordinalre beaucoup plus notable que dans 
le cas des alliages a - p. 
mis, car une trop grande quantltk d'616ments stabilisant $ accroYt la densite, dlmlnue le modu- 
le d'6lastlclt6 et abaisse la temperature au-dessus 
thermiquement en service. 

Dans cette voie, on congoit que si l'on augmente la quantlte d'616ments stabilisant beta, 
sensibles b la vitesse de refroldissement (fig.3). 

En outre les alllages $ presentent en general, 

Mals l b  encore il est necessalre de concevolr de judicieux compro- 

de laquelle 1' alliage devient Instable 
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Figure 3- Titanium Alloys Hardenability 

Section Size, mm 

1.5. Les problemes de forgeage et de matripage 
Pour l'instant plus de 80 $ des alllaaes entrant dans la construction aeronautioue sont encore des 
alllages du type a - B. 
transformation en imposant un degr6 de corroyage Important (d'au moins 30 $) dans une zone de tempera- 
ture Inferieure h celle du transus B, donc ne depassant pas en pratique 930°C. 
structure fine Bquiaxe contenant de 30 b 80 $ de phase c1 primaire(figure h.), ce qui a kt6 consider6 
come une condition necessalre pour garantir un compromls harmonleux des caracterlstiques d'usage sa- 
tisfaisant les utllisateurs. 
Toutefois la conformation dans la zone a - $ n6cesslte des presslons tres Blevees (50 h 80 kg/m2). 
qui deviennent encore plus importantes des que la temperature decrolt quelque peu. I1 en resulte que 
le forgeage ou le matripage dans le domaine a - B lmplique le plus souvent de nombreux rechauffages ; 
mais dgalement la surface projetee des pieces reallsables en alllage de tltane avec une presse donnee 
est nettement plus faible que celle que l'on pourrait obtenir avec l'acler ; et surtout la surface pro- 
jetee des plus grandes pieces que l'on pulsse obtenir en alliage de tltane avec les presses les plus 
puissantes disponlbles ne d6passe guere 1,8 m2. 

Pour de tels-alliages la pratique de forgeage courante-est de terminer cette 

On obtlent alnsi une 
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On ne p u t  &re -er r6al lser  de grandes pi&cea par u s m e  dans la masse de grand8 pllvteaux l d s ,  
come celA se pratique dam l e  cas des alllages d ' a l u " .  car l 'o&ration d'uslnage des alllages de 
t l t ane  reste  ohere A tous points de vue. 
assemhlant de plus pet i tes  plbcea par boulons. r ivets,  soudage,et "e l iaison par dlffueion P chaud 
sous pression. 
Un myen de r6soudre le problbme a et6 ces dernlbres d e s  precOnis4 par l e s  forgerona : c ' e s t  tout 
simplemsnt d'6lever auffisanmant la temperature de dahauffage POUF que l e s  pmseione laecessalna P le 
deformation s'8croulent vers 20 h 30 kdnm?. Avec une &nm presse on peut a b s i  o b t d r  de8 Pieces de 
Burface 2 A 3 f o l s  plus grande. Mals on fait  8101s passer l'alliage dans la z8ne p. ( d ' d  le nom de 
fofgow U donne A l'op8ratlon). Le r6chaufiage en phaee B d'un alliage 0 - 8 non acoompagd de ccr- 
royage provopue un grossiaseumnt de grain eh des changementa de struoture (flgure 5a.) qui sont peu 
souhaitables. 
importent (B A kl $1 af ln de mdlfler le plus fortement possible la struoture i n i t l s l e  de Idchauffa- 
ge en p. DMS 088 conditions elgure 5b.), on obtlent, par rapport A un forgeage dans la a b  (I - p, 
des caraDt4rlatlques dcanlpues assez volslne8 : la duct l l i t6  est un p plus fdb le .  l a  dalstanoe 
A l a  propagation des crlques (Xlo) e s t  ldgkwment mallleure ; q m t  A l ' influence sur la r6slstaaoe P 
la fatigue et A l a  aorroaion sous tension, Ale reste encore tr$s controversBe. 
~oaucoup de p i n t a  sont encore b 6clairclr  dans ce domaiae nouveau du forgeage 8 e t  les utl l laateurs  
n'ont paa Jusqu'A present accept6 cet te  pratique pour la realisation des pikoes de struotures. 

On pebt par centre penser A obtenlr de grMdas plboeb en 

Mals ces eolutiona sont cotlteuses e t  parfoie inadmisslbles. 

Is forgeage en phase p dolt  donc toujours normalement comporter M de& de corroyage 

FiRure 4- TI-6A1-4~. Equiaxed a + 8 Structure 

Finure 5 a- TI-6A1-4Vv. Heated in the p zone Figure 5 b- %-6Al-4TV. Heated and forged 
in tbe j3 zcm 



1.6. €.ass umblbms de fo e 
k s  diverses opkrations Z k m a g e  sup l e s  all iages l e s  plus u t i l i s e s  t e l s  que le TiAAl-IN; ou l e  
Ti-6Al-6V-2Sn ou l e  Ti-5Al-2,5Sn (all iage U, soudable) ne pewent a t r e  effectudes avec succbs qu'B 
t d r a t u r e  6levBe (600 B S o V C ) .  

Ti-6AlJIV 

Ti-6AlaV-25n 

Ti-31-2.5Sn 

Da t e l l e s  pratiques sont d'un coot eleve : 11 e s t  n6cessaire de disposer de matrices chauffdes ou 
ohau&ntes ainsi que de fours de Fechauffage de grandes dimensions ; il est n6oessaire Bgalement 
de pmo6der B des op6retions de nettoyage (d8capage ou usfnase) apAs formage pour 6liminer lea couches 
de m a o e  contamides par l e  rdohauffage B haute t+rature. 

Pour tenter d 'svi ter  cet te  s&euse suJ6tion, des formulations d'alliages pwtiouliera ont Bt6 6tudi6es 
pour obtenir UN) capacit6 de d6fomation acceptable B temperature ordinaire. 
B e  sont ddgag6es : 

Lmx voies principales 

Remit 

Remit 

Recuit 

TABIgRU I11 

Capacit6 de formega B temdrature ordinaire 
des allieges de titane 

Ti-3Al-2.5" Recuit 

Ti-bBta 

Acier ~ M X  1 &mi-dur 

I Profondeur d'emboutissage 
possible (essai type Erichsen) 

( v & w s  relatives) 

1 

1.2 

- Alliaaes U - @ beaucoup m o i ~  charg6s en el6ment.s d'addition. t e l s  que Ti-jAl-2,5" ou Ti-Xu.  
IS deuxfhme &liege k premier d l i a g e  se forme e t  s ' u t i l i s a  B l ' d t a t  r e c u t .  

pr6sente l a  formabilit6 maximale B l ' e t a t  tremp6, mais l a  sequence trempe-formage 
PeUt atre suivie d'un revenu durcissant. 
d s i s t s n c e  dcanique assez faible, environ mitie de cel la  du Ti-6Al-W. 

Les all iages du typs p. te18 que l e  S t a  111, pr6sentent pour avantage d'avoir 
dans l r 6 t a t  t d  une bonne fonnabilite B temperature ordinaire ; mais en outre, 
par un t r s l t e m n t  de revenu appliqu6 6 s  trempe e t  formage. ila aoquibrent m e  
r e s i s t awe  m6canique au wins 6gale B celles des alliages U - 8. 
Pdsent& par ce type d'all iage Justifient dona l ee  nombreuses Btudes de develop- 
psmnt antuellement en c o w s  chez l e s  producteurs CO- chez le6 utfl isateurs.  

Cependant tous ces alliages ont une 

- Alliane @ 

LBs avantages 

1.7. Lee Droblb" de coat 
On ne p u t  nier que l a  titane a et6 consid&& Jusqu'h maintenant come un matdriau aher, que ce s o i t  
dans sa produetion, dans se transformation ou dam sa mise en oeuvre. Mais les progrbs continus effec- 
tu6s dans ces diff6rents domaines pour d l i o r e r  l e s  productiVit6s e t  r6-e l e s  aollts de fabrioation. 
con.lointement au fait  que l a  masse globala de t i tane produit e s t  en constante augmentation, ont permis 
d ' m i v e r  auJourd'hui B des prix tds r a i s m a b l e s  pour l a  plupart des de&-produits mi8 B la disposi- 
t ion des uti l isateurs  (pipure 6.). Mais, ae fagon caract6ristique, c ' e s t  au niveau du passage du demi- 
PrOdUit B la pibce termin& que le problbm du coat e s t  l e a u s  aigu. 
tit- que les oons€ructeurs de cel la las  puissent arriver dans tous les cas B un buy-to-fly de 3/1 
et dum de 2/1. 

I1 est v i t a l  pour l 'avenir  du 
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Acler t r a i t 6  
Maraging 

1 Alllage A1-Cu-%-Si - sens long 
- sens t ravers  

1 Ti-6A1-4V recui t  

La figure 7, obtenue d ' a p d s  de recents rksu l t a t s  
am&Icains, r e f l e t e  l e  coat d'une piece f i n l e  

de l a  piece f l n i e  poids de b l l l e t t e  forgee u t i -  
l i s e e  ; c ' e s t  & d i r e  de l a  mise en oeuvre metal. 

au poids (mais n'oublions pas sa  f a ib l e  densite) 
que l ' a c i e r  ou l ' a l l l a g e  d'alumlnium. Pour r6dui- P 

r e  ce t  &art il e s t  donc de l a  plus haute impor- 
tance d'ameliorer constannnent l a  mise 
metal. 
Pour Jouer dans ce sens, on abandonnera par exem- 
ple l 'usinage d'une piece dans un bloc forge, pour 

plus en plus l e s  cotes de l a  piece f in le ,  

( m a t r i d e  - usinee) en fonction du rapport poids 160 

L'all iage de t i t a n e  e s t  toujours plus cooteux, 140 .- = 

U 0 

v) = 
c 
Y 

120 
en oeuvre 

- 
E 100 

I 
0 

l ' u s ine r  dans une piece matrlcee approchant de a 
e t  on $ 8 0  

E 
- - pourra a l l e r  Jusqu'B supprimer l 'usinage en u t i l i -  

sant des matrices & l a  cote f in i e .  Dans l e  cas de 

en pieces uni ta i res  plus simples, donc plus fac i -  I 
l e s  & obtenir Bconomiquement, que l ' o n  assemblera 

Si malgre tou t  on ne peut f a i r e  autrement que de 
perdre un cer ta in  polds de metal, on f e r a  en sor te  
que ces dechets soient recuper& l e  plus soigneu- 
sement possible pour pouvoir l e s  va lor i ser  au ma- 
ximum en recyclage d i rec t  & l a  fusion des l ingots.  
Toutes ces d i f fe ren tes  solutions font l 'obJe t  de 
recherches e t  de progrbs constants. 

p" 
pieces t r o p  complexes, on pourra l e s  decomposer 60 

par  d l f fe ren tes  mdthodes Bvoquees prdc6demment. 40 

I 

I 20 

I 

I 100 80 60 40 20 0 

285 
400 

Figure 7- Ut i l iza t ion  Rate and Cost 

L60 2,5 

2,lO 4,5 

Percent Moterial Utilizotion 

2. SELECTION DES AUAGES DE TITANE POUR LA CONSTRUCTION DES C E W B  D'AVION 

Dans l a  construction des cellules,  l e s  proprietks d'usage q u ' i l  y a l i e u  de prendre en consld6ration, 
independamment de l a  resistance mecanique propre, sont principalement : 

- l a  resistance & l a  rupture f r ag i l e  - l a  susceptibllltt5 & l a  corrosion sous tension 
- l a  resistance & l a  fatigue - dans une moindre mesure, l a  tenue sous des e f f e t s  combines de fatigue 

e t  fluage (point que nous considererons plus speclalement dans l e  chapi- 
t r e  r e l a t i f  aux moteurs) 

Deux grandes notions orientent l a  conception moderne des ce l lu les  d'avion : 
- l a  notion de fa i l - sa fe ,  oh l ' on  admet qu'une piece peut se f l s su re r  Jusqu'L une certaine l imite.  

- l a  notion de safe- l i fe ,  oh l ' on  s ' i n t e r d l t  de voir s ' i n i t i e r  une crique. Cette notion Joue surtout 

Nous examinerons comment l e s  a l l iages  de t i t ane  se  comportent v i s  A v i s  de ces d l f fe ren ts  c r l t h re s  e t  
l e s  raisons de leur  se lec t ion  possible dans ce type de construction. 

E l l e  met en Jeu l a  resistance & l a  propagation des criques. 

dans l e  ca lcu l  des pieces v i t a lgs  d 'h6licopteres e t  e l l e  met en Jeu l a  resistance propre & l a  fatigue.  

I 
I 

2.1. La r6slstance L l a  propagation des ruptures f r ag l l e s  
On s a l t  que de ce point de vue l e s  materlaux peuvent &re qua l i f ies  en pa r t i cu l i e r  par l e  fac teur  
c r i t ique  d ' in tens i te  de contrainte Ki0 .  
TI-6A1-4V dam 1'6chelle des K l c  : 

Le tableau cl-aprhs s i t u e  l e  principal a l l i age  de t l t ane ,  

TABLEAU IV 
Resistance & l a  propagation des criques 

Alliage 
I .  I hbK* I *F Charge de rupture R 

hbar 

50 
50 

100 
I I 1 

On vo l t  que l ' a l l l a g e  de t i t a n e  TI-6A1-4V recui t  presente une valeur de K l c  excellente, ce qui e s t  bien 
entendu un atout maJeur de cholx pour l a  construction des ce l lu les .  I 
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Alliage Etat R h b m  Klc @p hb 

Recuit 100 280 2,a 
Trempe-Revenu Ti-6A1-4V 

Recuit 105 260 2,5 
Ti-6A1-6V-2Sn Trempe ( 1 ) -Revenu 125 140 131 

Trempe ( 2 ) -Revenu 115 240 2,1 

X-Ti-6-6-2 Recuit 125 220 1,8 

Alliage Sta Tremp6-Revenu 125 300 2,4 

1 

(w2" 
7a5 

6 > 3  
l a  2 
4,3 

3, 4 

5>7 

Mais nous avons vu que les producteurs de titane cherchent continuellement, en jouant sur les compo- 
sitions et les traitements thermiques, & presenter des alliages ayant une resistance mecanique de plus 
en plus &levee. Malheureusement l'augmentation de la resistance mecanique s'accompagne le plus sou- 
vent d'une chute de Klc (voir figure l.), comme le montre le tableau ci-dessous. 

Alliage 

TABLEAU V 
Valeurs de Klc pour divers alliages de titane 

K 
hb -$%ii- 

rype (dans l'air) dans l'eau dans l'eau 
distillke de mer 

Ti-3Al-lJV-llCr 

Ti-6Al-4V 

Ti-5A1-2,5Sn 

Cette chute de Klc concomitante avec l'augmentation de R est relativement grave si l'on considkre que, 
compte tenu du mode de calcul des structures, la longueur de la crique provoquant la rupture fragile 
catastrophique sous la contrainte est directement proportionnelle ?i (KI,/R)~ . 
Pour des ralsons de s6curit6, nous 1' avons d6Jh dit, certalns constructeurs n'admettent pasque KlJR 
soit inferieur & 3/2- Si l'on veut maintenir la position preponderante des alliages de titane eu 
6gard 8 ce critkre, il s'avhre ndcessaire de deflnir avec precision les compositions, les traitements 
thermiques et surtout les dtats structuraux les mieux adapt&. C'est & notre avis la partie la plus 
difficile dans la mise au point de nouveaux alliages de titane & hautes caracteristiques m6caniques, 
car il ne s'agit pas seulement d'obtenir de bonnes valeurs de Klc au detriment d'autres proprietes : 
par exemple nous avons vu plus haut que la structure resultant du forgeage en phase p Btait en general 
favorable du point de vue Klc, mais qu'une telle structure dtait pr6sum6e defavorable du point de vue 
resistance & la fatigue. 

2.2. La susceptibilit4 & la corrosion sous tension 
Nous n'insisterons pas sur l'importance de ce facteur. 
Si l'on a pu dire Jusqu'8 trks recement que le titane et les alliages de titane n'6taient pas suscep- 
tibles 8 la corrosion sous tension, il y a lieu h present de reviser ce jugement et d'examiner trks 
soigneusement les conditions d'environnement en service. Ceci est d' autant plus necessaire lorsque 
l'on considhre les alliages de titane & hautes caracteristiques mecaniques. 
Notons au passage que le problkme est cependant moins aign que dans le cas des aciers & haute resistance. 

2.2.1. Milieux aqueux 
En presence d'eau de mer l'alliage Ti-6Al-4V recuit ne volt pas sa resistance & la fatigue modiflee 
et sa tenue en corrosion sous tension est remarquable lorsque l'on opkre sur Bprouvettes lisses. 
Par contre 11 presente une certaine sensibilite lorsque l'on opkre les essais de CST sur Bprouvet- 
tes prdcriqudes - on peut l'expliquer par le fait que dans ce dernier cas la couche d'oxyde natu- 
relle protectrice a 6t6 rompue, ce qui provoque l'initiation de la fissure dans le metal sous Jacent. 
Pour chiffrer ce comportement on est ainsi amen6 & definir un coefficient Klscc, analogue & Klc, 
mais rendant compte de la longueur de crique critique maximale admissible dans tel ou tel milieu 
corrosif. Pour le Ti-6Al-4V ce coefficient est d'environ 60 $ de Klc en presence d'eau de mer 8 
la temperature ordinaire ce qui reste encore fort acceptable, comme le montre le tableau ci-dessous. 

B 350 285 250 

01-P 260 245 160 

0 1 '  400 225 145 

TABLEAU VI 
Coefficients de contrainte critique 
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Aprbs bien des theories et des controverses, 11 semble que l'on puisse donner les lois generales 
sulvantes quant au comportement des alliages de titane sous tension dans les milieux aqueux : 
- la teneur en hydrogene de l'alliage n'a pratiquement pas d'lnfluence, - la presence d'ions hydrogkne dans l'environnement aqueux ne joue qu'un r61e t rbs  falble ; elle 
ne peut que modifier legerement le phenombne de base de la corrosion sous tension du titane, 
qui est une reaction 6lectrochimique au nlveau d'une couche monomoleculaire d'halogenure de 
titane absorbee & la surface de l'extremlt6 de la crique, 

- les structures a sont trbs sensibles & la CST, 
- dans les alliages a-$, la susceptibilit6 & la CST apparait pour des teneurs en Aluminium 
(element alphagene) de 5 $ et s'accrolt avec la teneur en Aluminium. 
phenomkne aux reactions d'ordre qui peuvent se developper dans les alliages Ti-A1 charges en 
Aluminium, mais 11 semble plus valablement pouvoir stre relie & la formation de groupements 
planaires d'amas de dislocations, d'autant plus nombreux que la teneur en A1 est plus elevee, 
qui presentent m e  trks faible resistance & la rupture transgranulaire, - les structures du type $ ou $ transform6 en CI' ont une bonne resistance & la CST. 
quence l'addition de stabillsants $ (MO-V-Nb-Ta) diminuent la susceptiblllt6 & la CST des 
alliages a-$. 

On a pu associer ce 

En cons& 

Alllage 

2.2.2. Milieux non aqueux 
I1 est connu d'autre part que les alliages de titane peuvent Stre sujets & des phenomenes de 

Contralnte (hbar) pour une tenue de 
plus de 100 h & WPe 

290 'C I 430°C 

Ti-5A1-2,5Sn 
Ti-8A1-lMo-1V 

a 21 14 
Super a 18 13 

I -  
I I 

59 
52 

34 
25 

On dispose de beaucoup de renseignements disparates mais l'on manque encore de rhgles generales 
permettant de sltuer le niveau de risque que l'on peut accepter. 
Indubitablement le problbme existe, mais 11 se pose avec beaucoup moins d'acult6 que dans le 
cas des aciers. 
la mise en oeuvre des alliages de titane, mais bien des mesures restrictives prises sous le coup 
de 
un risque quasi nul. 

Les constatations effectuees & ce jour ont suscite une certaine prudence dans 

resultats particuliers de laboratolre ont pu etre rapportees lorsque la pratique a montrk 
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Maraging 

Acier h 180 hbar 

Acier B 120 hbar 

Ti-6A1-4V 

2.3. La resistance B l a  fatigue 
Les a l l iages  de t i tane,  et tout particullbrement celui qui e s t  l e  plus souvent u t i l i s e ,  l e  Ti-6A1-4Va 
presentent une resistance B l a  fatigue remarquablement bonne, come on peut l e  voir dans l e  tableau 

O B 3 5  5 - 7  

0 3 4 0  22 

0,45 20 

0,55 4 
& 

ci-dessous : 

T B I E A U  V I 1 1  

Resistance h l a  fatigue 

Alliage R - R 0 , 2  $ 
I R  

6 - 8  

compte de l a  tres donne resistance du t i t ane  & l ' i n i t i a t i o n  de l a  crique. 
D'autre part l e  t i t ane  n ' e s t  pas plus sensible 
l a  l o i  generale : 

l ' e f f e t  d ' en t a i l l e  que l e s  autres 

f e  : resistance B l a  fatigue sur Bprouvette en ta i l lee  
de concentration de contrainte de K t  - 

f l  : resistance B l a  fatigue sur dprouvette l i s s e  - f e  = f l &  

Come pour l e s  autres metau Bgalement, 1'Btat de surface joue un r81e extrzmement 
resistance du t i t ane  h l ' i n i t i a t ion .  
Contrairement B ce que l ' on  aura i t  pu penser, l a  rec t i f ica t ion  du t i t ane  n ' e s t  pas 
si e l l e  e s t  effectude dans des conditions t r b s  particulieres encore insuffisanunent 

metaw ; il s u i t  

avec un coefficient 

important sur l a  

benef ique (sauf 
bien precisees) 

mais peut f a i r e  au contraire chuter de 90 $ l a  resistance B l a  fatigue. Le probleme des Btats de 
surface des pieces en t i t ane  e s t  B considerer avec l a  plus grande attention e t  l ' u t i l i s a t e u r  do i t  
bien connaitre quelles sont l e s  operations dangereuses qu' il doit  sumreiller. Bien heureusement 
l e s  traitements de grenaillage de l a  surface, sous leurs  diverses variantes, apportent un remede 
sQr e t  bien p lus  efficace encore dans l e  cas du t i t ane  que pour l e s  autres m6taux. 

Les principes de base permettant de guider l a  solution sont r6sumes daAs l a  figure 8. 

I1 faut ajouter que l e s  traitements de surface modifiant l a  nature ou l a  structure de l a  surface ne 
sont 
car ils ont en general un e f f e t  nefaste plus ou moins prononce sur l a  resistance B l a  fatigue. 

Mais un facteur capi ta l  dans l a  resistance 
dependant lui-m9me de toutes l e s  conditions (temperature - degre de corroyage) anterieures de l a  
transformation e t  des traitements thermiques appliques. Quelles sont l e s  structures acceptables e t  
ce l les  qui ne l e  sont pas ? une tendance e s t  d'accorder l a  preference & une structure f ine  equiaxe 
contenant nettement plus de 50 $ de phase a primaire ; mais l 'obtention d'une t e l l e  structure impose 
une transformation & des temperatures relativement basses dans l e  domaine 0 - f3, diElcilement pra t l -  
cable en forgeage ou matripage. 
vais e t  l ' o n  e s t  encore lo in  de maitriser l e s  d i f fe ren ts  aspects de l ' influence de 1 '6 t a t  structural .  
E t  si l ' on  veut bien penser que 1 '6 t a t  s t ruc tura l  f i na l  d'un a l l iage  de t i t ane  depend de toute son 
h i s to i r e  ant&ieure, il apparait que l ' o n  ne pourra f ixer  de fapon precise l e s  relations resistance h 
l a  fatigue - e t a t  s t ruc tura l  (comme d ' a i l l eu r s  l e s  relations entre 1 'Btat  s t ruc tura l  e t  d 'autres pro- 
prietes importantes) qu'en Btudiant l e s  structures de fapon beaucoup plus f ine  e t  de ta i l lee  qu'on ne l ' a  
f a i t  jusqu'B present. 

employer qu'avec l a  plus grande prudence e t  qu'aprbs une etude approfondie de leur  influence, 

l a  fatigue des all iages de t i t ane  e s t  1 ' 6 t a t  s t ruc tura l  

Le forgeage en phase p a donne des resu l ta t s  parfois bons, parfois mau- 
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2.4. Situation aotuelle et future 
La position des allieges de titane vis A v i s  des prinoipaux crlthes de sdleotion est donc bonne et 
s'dliore de facon continue au fur et B meswe que s'affirment les connaissances sur Cette clasae 
relativement nouvelle d' alliages. 

'oids net total 
de 1s cellule 

(t) 

18 

11 
15,5 

18 

90 

C'est dono trks losiquement que le tit- a pris una position relativermnt croisssnte dans le poidsdes 
cellules, come le montre l a  figure 9. 

e Poide de 1/2 produits 
Poids de titane en titane m i s  en Wly-to-Fly 

oeuvre (t) 
t % 

1.9 2,9 
1.2 39 1 2.6 
5.4 33 15,O 2.8 
7.0 43 l9,O 297 

5.4 6 16,o 380 

: 

100 

30 
2 
e83 
E 
.s m 
a! 
560 

e 
L 

Figure 9- Contributions of 
5 0 .  Materials to Airfrawr Weight 

40. 

so. 
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P o w  ne oite~ que lea prlncipaux avions, lea poide des parties en titane des cellules sont le8 auivnntes I 

TAHLERU IX 
Poide de titme dans le8 cellules 

Militaires r r 
Comrciaux 

I 

P4B 
Flll 
m4 
n5 
C5A 

YPm 

Subsonlauea 
B 707 
B 7'37 
B 727 
B 747 
Dc 10 
L 1011 

Superaoniw 
Concorde 
Tu 144 
B 2707 

- I 4.5 I - I I 

e non comgris les boulons et lea rivets 

On ne peut trouver milleure aanotion de l'int6fit des blliagee de titrne qu'en relevant l'accroissement 
du wide de titane utilise duyr lea aviona modernea commerciaux, oh la htte oontre les dtaux conour- 
rent. est non seulement d'ordre taDhnique tout aues1 bien d'ordre econodque. (Le cas de €3-2707 eat 
particuller : de felt de la  temp6rature atteinte en vol par la cellule - superieure B x)O"C-, l a  ooncw- 
renoe des elliwen d'eluninim n'edste plus). 
Les dollnees que l'on peut obtenip sup lea prototgpes d'avions oomrciaux en oows de oonstruction ou en 
-Jet montrent Bprlment une tendMoe trbs nette B une utilisation tcufours plus importsnte (en ValeUr 
relative) du titane. 
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Poids aubes 
kg 

Solution Poids disque Poids total 
kg kg 

Tout acier 18 

10 Aubes titane - disques 
scier 
Tout titme 10 

L'emplai du titme permet de diviser la poids total par 2,08, alors que le rapport des densites Acier/ 
Titane est de 1,D. 

Un autre facteur dCterminant (que nous ewnlnerons en detail plus loin) est la r6sistanoe dcanique B 
chad : SI la tenue b chad du titane e pu parattre $. priori decevante eu egard $. sa temperature &levee 
de fusion, des alliages ont Ctd pmgressivement mis au point pour permettre des utilisatiom jusqu'h 
500 - 550°C. ce qui est fort suffisant pour la plus grmde partie des compresseurs. 

Avee de tels atouts, il n'est pss Btomant que des ses debuts, le titane ait et4 utilis6 en trhs grande 
quantite p u r  la r6alisation des compresseurs des moteurs d'avion ce qui a eu 2 cons6quences capitales : 

- l'industrie du titane a pu &ellement d6marrer sur des bases realistes et mines gr%ce B cet appel en 
msse pour 11 construction des compresseurs, 

- la puissance des mteurs a pu progresser de fapon considhrable Brace A l'utilisation de compresseurs 
en titane. 

Lee criteres de selection des alliages de titane pour cet emploi sont A la base ceux d6JA explicites 
pour le cas des cellules, mis bien entendu, 11 s'en ajoute bien d'autres dos nux conditions particu- 
lihres de fonctiomement i et p m i  ces derniers nous pensone que les 3 crlteres principaux B considCrer 
8ont : 

- la tenue dmnique aux temperatures &levees, 
- la tenue B la fatigue oligo-cyolique, 
- la stabilit.4 en service. 

3.1. La tenue m6caniwue nux temperatures elevees 
La figure 10 situe, en tant que Premiere approximation gdnerale, la position des alliages de titane par 
rapport nux autres materiaux en considerant simplement la variation de la charge de rupture specifique 
en fonction de la temperature. Cette position est excellente. L'alliage de titane est cependant attaqu4 
SUF deux fronts : 

3 48 

23 33 

13 23 

35 

10 

Figure 10- 
Specific Strength 
of various Materials 
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- du cat4 des basses temperatures, les concurrents sont : le beryllium (pour lequel de nombreux problb- 
mes graves restent B rksoudre) et les plastiques renforcds par fibres (qui ne sont cependant pas encore 
B un stade oh l'on puisse garantir une fiabilite suffisante) 
du cat6 des hautes temperatures, par les alliages h base de nickel, qui peuvent prendre une position 
relative d'autant plus importante que dans les moteurs modernes la temperature dans les derniers 
Btages haute pression devient de plus en plus &levee (on parle de 700-800°c, et meme gOO-lOOO°C). 

Dans les ktages basse pression et moyenne pression c'est l'alliage Ti-6A1-4V qui est pratiquement le 
seul utilise. 
Pour les 6tages haute pression les producteurs ont fourni depuis fort longtemps et fournissent toujours 
des efforts considerablbs afin de mettre au point des alliages de titane prksentant une tenue mecanique 
?L chaud de plus en plus 6lev6e 
Une premiere observation fut que les premiers alliages alpha, come par exemple le Ti-5Al-2,5 Sn, 
v q a l e n C  leurs caracteristiques mecaniques chuter beaucoup moins vite avec 1 'klkvation de la tempera- 
ture que les alliages alpha-b&a. 
Une premibre ghkration d'alliages resistant h chaud dits "alliages super-a" fut done baske sur cette 
constatation et se caracterise par de hautes teneurs en dlkments alphagenes et plus particulibrement 
en aluminium. Ce furent par exemple les alliages : Ti-5A1-5Sn-5Zr, Ti-7A1-12Zr, Ti-TAl-bMo, 
Ti-8Al-lMo-lV, Ti-6A1-2Sn-4Zr-2Mo. Vis .% vis du critbre majeur de caractkrisation dans ce domaine, & 
savoir la resistance au fluage, tous presentaient des performances interessantes. Mais cette exag6ra- 
tion dans les teneurs en aluminium conduisit .% de graves deboires, tant SUP le plan structural pur 
(nous l'avons vu dans le chapftre prkckdent) que sur le plan de la tenue en service de longue dude 
(ce que nous verrons plus loin). Seul de tous ces alliages, le Ti-6A1-2Sn-4Zr-2Mo a pu Stre consider6 
come viable et se trouve encore utilisk trbs largement aux Etats-Unis. 
Pour ameliorer la situation ( c  'est-&-dire tenter d'obtenir une meilleure rksistance au fluage que celle 
du Ti-6A1-2Sn-4Zr-2Mo dans le domaine 480°C - 550°C ou plus) les producteurs ont conqu une 2bme genera- 
tion d'alliages (021 nous nous trouvons actuellement) en se basant sur les principes suivants : 

- ne pas exagerer dans le durcissement par solution solide d'k16ments alphagbnes, 
- trouver une compensation par un durcissement par precipitation eutectoYde 
kldments qui ont BtB reconnus les plus actifs, sont : le silicium et le tungstbne, 

- favoriser au maximum la formation de la dispersion par une transformation mkcanique dans le domaine 
p et par un revenu de precipitation pratique apres une mise en solution dans le domaine B suivie 
d 'une trempe . 

De ce point de vue les 

La dewribme genkration d'alliages resistant au fluage est done basee sur des compositions 01 : 
(5-6 7) A1 (2-6) Sn (2-5) Zr (1-2) MO avec additions de 0,2 & 1 $ de Si ou W. 

La figure 11 r6sume dans un diagramme du type Larson-Miller, les proprietes de tenue au fluage de ces 
differentes gkndrations d'alliages et montre les progres accomplis. 

Figure 11- 
Titanium Alloys - 0,2 7 Creep 
Deformation 

14 15 16 17 18 19 
P x 10-3 

P: T ( O K  I[ 20 +Log t(h)] 

3.2. La tenue en fatigue oliuo-cyclique 
Dans l'utilisation pratique du compresseur, certaines parties de celui-ci et plus specialement certaines 
parties des disques sont soumises h un phdnombne particulier de fatigue qui se caractkrise par la 
superposition de 2 types de sollicitations : 

- sollicitations de fluage se traduisant par une deformation plastique, 
- sollicitations de fatigue & periodes relativement longues, d'origine mkcanique et 
thermique, li6es aux changements de regime et surtout aux cycles ''arr6t-d6marrage1' 
du moteur. 
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L'expdrience montre qu'il y a dans ces conditions rupture par fatigue aprbs un faible nombre de cycles, 
souvent inferieur b 20 000. 

On salt ddjb qu'en fatigue pure les alliages voient gendralement leur endurance diminuer lorsque la 
frdquence devient plus faible. Cet effet ndfaste du cycle lent risque d'8tre accentud, dans le cas du 
compresseur, par les phdnombnes de fluage et parfois d'oxydation qui s '  y superposent. 

I1 est donc trks important de caractdriser le comportement des alliages et des alliages de titane entre 
autres, vis b vis de ce type de sollicitation dit de fatigue lente ou fatigue oligo-cyclique, comporte- 
ment qui devient de plus en plus un critkre de sdlection essentiel pour les constructeurs. 
La figure 12 resume les rdsultats obtenus en France par la SNECMA dans les ktudes de ces phenombnes. Ces 
courbes donnent, pour l'alliage Ti-6A1-4V, 1' alliage Ti-GA1-5Zr-lW. (qui est un alliage de titane plus 
spdcialement adapt6 pour la rdsistance au fluage aux tempdratures &levees) et les meilleurs aciers uti- 
lisables pour la rdalisation de disques de compresseurs, la rdsistance sp6cifique & la fatigue lente 
(avec entaille-Kt = 2,g) aprbs lo4 cycles en fonction de la tempdrature. 
On note qu'au-dessus d'une certaine temperature, ce sont les courbes reprdsentatives de la contrainte 
spkcifique donnant un allongement de fluage de 0,2 $ en P O  h qui prennent la place des prdcedentes, car 
le phenomkne du fluage pur devient prbponddrant. 
On peut voir d'aprbs cette figure que l'alliage courant Ti-6Al-4V est supdrieur aux meilleurs aciers 
jusqu'b un peu plus de 300°C et que ce n'est qu'au-del& de 520°C que l'alliage spdcial de titane perd 
sa prdpond6rance 
Ce critkre de fatigue lente apparait donc trbs important pour la caractdrisation a m  temperatures basse 
et moyenne. De plus en plus les constructeurs de moteurs le considbrent comme le principal critkre mdca- 
nique b prendre en consid6ration pour dessiner les pieces des compresseurs. On peut dire que tout nouvel 
alliage propose qui ne se placerait pas au-dessus des prkcddents dans ce type d'essai n'a gubre de chance 
d'Gtre retenu. 
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Figure 12- 
Low-Cycle Fatigue 
(104 Cycles) 

Strength 

3.3. La stabilitd en service 
Mis en service B temperature klevde pendant de longues dudes, l'alliage va recevoir un apport important 
d'knergie qui ne sera pas sans le modifier plus ou moins profonddment. D'autre part, il ne va pas rester 
sans reagir avec son environnement. 
Un nouveau critkre de choix apparait : la stabilitd en fonction du temps et de la temperature de service 
Parmi de nombreux autres, 2 facteurs sont particulikrement b examiner : 

3.3.1. La stabilitd des caractdristiques mkcaniques 
Sous l'effet de la tempdrature, et encore plus sous l'effet combine de la temperature et des 
contraintes en service, les :alliages peuvent ne pas btre stables et avoir tendance b se fragiliser. 
Cette fragilisation est quasi nulle pour les alliages Ti-6A1-4V ou Ti-6A1-2Sn-4Zr-2Mo. Mais elle 
peut prendre une importance aigtle dans le cas de certains alliages rdsistant aux tempdratures 6le- 
vdes pour les raisons suivantes : 
- si l'alliage contient une trop forte teneur en A l ,  nous avons deja indiqud qu'il est instable et 

' 

se fragilise sous contrainte par suite soit de formation de structures ordonndes, soit par rassem- 
blement de dislocations en structures planes. La temperature accklbre ces phdnombnes et rapidement 
1 'alliage perd toute plasticit6, 

- si l'alliage contient des prdcitds d'eutectoIdes, il est dgalement instable par la nature mbme de 
cette structure due b un traitement thermique de revenu. En cours de service cette structure va 
poursuivre son kvolution thermique et donner gdndralement des phases du typeWextrbmement fragi- 
les. 

Les deux solutions trouvees jusqu'ici pour amkliorer la tenue b chaud sont donc malheureusement du 
plus mauvais effet pour maintenir la stabilite de l'alliage. 
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On conpoit donc que les utilisateurs accordent leur plus grande attention 
thermique des alliages de titane rdsistant chaud. De nombreux alliages ont et6 present& avec une 
trbs bonne tenue au fluage, mais ils n'ont .pu 8tre utilisds par suite de leur trop forte fragilisa- 
tion en service. L'eutectoYde 21 base W ou W-Si semble etre le plus mauvais de ce point de vue. Mais 
dgalement l'eutectolde 21 base Si ou MO-Si pose encore de sdrieux problhmes aux motoristes. 
Une autre limite aux alliages eutectoYdes est que, si la temperature s'61bve encore (au-dessus de 
550°C par exemple) le prkcipitk (instable par nature) va Bvoluer jusqu'A se dissoudre de plus en 
plus dans la matrice. Son effet durcissant disparait donc avec lui et la resistance au fluage s '6-  
croule. Pour itendre le domaine d'utilisation possible des alliages de titane vers les plus hautes 
temperatures et gagner des dtages en remplacement des alliages A base nickel, il faut donc envisager 
d'autres solutions 
voies peuvent 8tre suivies : 
- le durcissement par dispersion de composes insolubles et thermiquement stables, m8me A haute 
temperature. Le problbme est de les introduire dans la matrice titane de fapon A obtenir une 
rkpartition tout 

- le renforcement par fibres. Nous n'insisterons pas sur tous les problbmes pratiques A surmonter 
(s'ils peuvent l'8tre) dans ce cas avant d'arriver h une solution industrielle. 

Le gain de 100°C en temperature de service au-del& de 550°C pose donc pour les alliages de titane 
des problbmes incomparablement plus ardus que n'en a pose le gain de 100°C au-dela de 450°C. 

dvaluer la stabilite 

Les producteurs n'en sont en ce moment qu'au stade de la recherche pure. Deux 

la fois fine et homogbne, 

3.3.2 La rkactivite avec l'environnement 
a) oxydation 

presence d'oxvn&ne ou tout simplement d'air, les alliages de titane rdagissent en surface en 
s'ohdant et se nitrurant, d'autant plus que la temperature s'elkve. On peut cependant, estimer que 
jusqu'h 450°C la reaction est negligeable. Au-del&, il y a indubitablement ?i tenir compte de ce 
phenombne d'oxydation d'allure lindaire qui d'une part fait naftre une couche d'oxyde fragile en 
surface et d'autre part, du fait de la diffusion de l'oxygbne, provoque des modifications importantes 
et ndfastes de la structure de l'alliage. Au-dela de 55OoC, il n'est plus possible de negliger ce 
phdnombne. 
On n'a pas beaucoup, jusqu'ici, recherchd d'elements d 'addition qui introduits dans l'alliage, 
pouvaient ameliorer de fapon profonde la tenue de l'alliage vis A vis de l'o~dation. I1 a fallu 
resoudre auparavant bien d'autres problbmes ; on peut d'ailleurs se demander si de tels elements 
existent. On s 'oriente plutat vers 1 'utilisation de revgtements protecteurs (soit du type metallique, 
soit du type oxyde, nitrure, carbure) . Mais si 1 'on veut bien songer 21 toutes les conditions a m -  
quelles doit rdpondre un revgtement protecteur pour 8tre consider6 come fiable, un knorme domaine 
nouveau de recherches s 'ouvre pour 1 'avenir. 

b) corrosion 
Les premiers ktages des compresseurs sont particulibrement bien places pour absorber au moment du 
ddcollage ou de l'atterrissage, des fluides corrosifs, tels que l'eau de mer, ce qui se traduit par 
des ddp8ts de chlorure de sodium sur les pibces. Ainsi qu'il a 6tB dit au chapttre precedent, la 
temperature joue un r81e important dans la tenue &. la CST des alliages de titane. C'est pourquoi, 
pour les applications dans les moteurs, la tenue en corrosion sous tension en presence de sels et 
en fonction du temps, de la temperature et de la contrainte a etd fortement 6tudiBe. Voici par exem- 
ple la figure 13 qui resume le bon comportement de l'alliage Ti-6A1-4V recuit. Les alliages beta 
sont 6galement trbs resistants 
fait de mgme pour les alliages super-CX et GeutectoPdes. 

la corrosion sous tension en presence de NaC1. I1 n'en est pas tout A 

3oooc 3W'C 4°C 
I O W h .  1000 h IOOOh 

10 .. 

I I I , I C R ~ E P  
I 1  
I 

1 I I I 3 

~ ~ 1 0 - 3  
11 12 13 14 15 16 

PI T (" K)[20 t Log t(h)] 

Figure 13- 
Annealed Ti-6A1-4V. 
Stress-Time-Temperature 
Relationship 
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Avion Moteur 

B 707 ' J T 3 D  
C 5 A  TF 39 
B 747-DC 10 JT 9 D 
SST GE 4 

3.4. Situation actuelle et future 
Nous l'avons ddjh dit, les fabricants de moteurs ont dtd les premiers gros clients de l'industrie du 
titane et consomaient, dans les ddbuts, 80 $,de la production. Ce pourcentage a diminud au fur et h 
mesure des anndes (du fait du ddveloppement d'autres applications et en partlculier dans les cellules), 
mais les tonnages absolus n'ont fait que croftre car pratiquement tous les moteurs ont la majeure partie 
de leur compresseur rdalisde en alliage de titane. 
Le remplacement de pikces en acier par des pikces en titane entrafne dvidemment un coat plus dlevd du 
matdriel. Mais on estime qu'un gain de 1 kg sur le poids du moteur entrafne une dconomie de 220 h 450 
dollars dans le bilan d'exploitation de l'appareil durant la vie du moteur, ce qui justifie amplement 
l'utilisation du titane. 
La figure 14 donne les variations relatives au cows des annees des poids des diffdrents matdriaux 
utilises dans les moteurs. On voit l'importance prise par le titane, encore que les calculs soient 
dtablis sur l'ensemble du poids du moteur alors que le titane intervient uniquement dans la partie 
avant (compresseur) . 

. Le tableau ci-dessous donne quelques exemples d'utilisation du Litane dans les moteurs modernes : 
TABLEAU XI 

Poids de titane dans les moteurs modernes 

Poids de titane 
Poids total dans le compresseur Pouss6e 

t t t $ 

8,1 L 9  037 90 
18,5 332 1,1 90 
22 337 L 2  80 
27 5 037 60 

O L  I I I I 
1950 1955 1960 1965 1970 197 

Figure 14- Trends in the use of Materials for Engines 

'1 Year 
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4. UTILISATTOMS PAR" 

Bien que nous ayons partioulibrement insis6 sur l'utilisation du titane dMs 19s cellules OU dans les 
mteurs, nous ne vodans pas aanquer de s i m e r  qu'en fait l e  titane est present dans toutes lea autres 
parties des v6hioules. 
Le cas du train d'atterrissage, bien qu'ayant quelques imperatifs partioulier4 peut se rattacher oelui 
des cellules. Nous dirons simplament que la plus grosse pihoe jamais realis& en alllage de titane 
(Ti-6Al-4V) et mont4e sur un avion o o m r c i a l  est la poutre principale du train d'atterrissage du B 747. 
qui pese avant usinage, 1800 kg. 
P a m i  une foule d'autres applications, deux m4ritent plus partiouli&rement d'Btre citee8 : 

- le cas des el6ments de liaison (vis, boulons, rivets), 
- le oas des tubes de canalisations mauliques. 

4.1. Les elements de liaison 
4.1.1. Vis et boulons 
Trhs rapidement 1'intdrBt des alllages de titane POW cette applioation a 6 6  reoonnu. IndBpendam- 
m n t  de sa r4sistance s&cifique, l'alliage de titane a une trks bo" resistanoe B la fatigue 
avec entaille (cas des filets) et un rapport RdR e 6106 et voisln de 0,8. 
La progression des performances a march6 de pair avec la mise au point des alliagss pour la oons- 
truotion des oellules : TI-6Al-h' recuit, Ti-6A14V t r e d  et revenu (R 
recuit. 'pi-6AldV-2Sn trmp4 et revenu (RO = 80 hbar). Les tendanoes m&rnes portent sur 2 points : 
- utilisation de boulons en TidRlYV tre.&s B partir du do" bBta ; par rapport aux Pieces 
trait& nowalement (c'est-B-dire trem&es B p a r t i r  du domaine &), on obtient sur boulone un 
gain de resistance doanique, un meilleur comportment v i s  
&me6 boulons cassent aprhs 20 h de maintien sous une oontrainte de 1% hbar dans le cas du 
traite-t p et aprhs seulement 15 h de maintien sous 170 Mar dans le oas du traitemant tl-8) et 
une meillawe tenue B la fatigue. 

- utilisation d'alliages du tspe b&a qui peuvent apporter 2 avantages : possibilite de former la 
tBte du boulon par frappe B froid daDs l'6tat t r e n d  (alors que dans le cas des alliages Cl-B la 
a t e  dolt atre form& par matripage 8 chaud) : obtention de R, eledes (90 B 170 hbar) par revenu 
ulterleur. 

= 70 hbar). Ti-6Al-6V-2Sn 

vis de l'effet d'entaille, (lea 

Deux diffioultes mineures sont B signaler : 
- la tendnnce bien oomue au grippage du titane - 
Le rem&e oonsiste en M traitemant de surface du titene et de !Pas progrhs apparaissent actual- 
l e n t .  I1 est encore cependant rare de voir utilis4 le oouple boulon titane-6orou t i m e  ; 
1'Borou mate &neralement en acier ou monel - 
Elle est cependant trhs faible. Certalna oonstructeurs laissent Is titane nu i d'autrss Plus 
prudents. prothgent le titane soit par une simple +tion enodique (qui prise en tant que 
support d'un lubriflant Joue 6galement un rale d'anti-grippant) soit per un cadmiage. eoit Plus 
rdoe-nt par un aluminlap (quelques cas de corrosion SOUQ tension eXtr&a?ment brutale due B 
la hsence de cadmium ear Ti-6Rl-W ayant et4 deoeles). 

La boulonnerie des ayions modernes est & n c  en alllages de titane pour la plus gram% pert. Par 
m a p l e  d m  le C5A. sur 2.2 millions de boulons et vis. 1.5 million sont en alliage de titane. 
poourant un gain de pnids de 4.5 tomes ; plus de 5 tonnes de v i s  et boulons en titane sont 
pl.evus dans la oonstruotion du SST dricain. 
POUP ben6fioier pleineuent des avantages proour6s par l'utilisation des boulons en titane, il faUt 
bien & revoir l a  conception de la struoture. En effet. cmme dans le oas des moteurs. l'allbgement 
initial .low en boule de nelge (fig.15) ; (1) g a b  dB p i d s  propre dQ au remplaosmsnt des boulons Al 
ou aaier per des boulons en Ti de plus faibla diamktre (gain de polds prom, 1 % dans cas C 5 A) - 
(2) ailes de e 0 r n i k . e ~  moinr~ larges du fait des plus petits dinmetres des boulons (@in de 0.2 t 
dans C 5 A) - (3) une oonfiguration pwticulib de la bovhnnerie permet d'dlicrer notablement 
la r6sistanee B la fatigue des assemblages (pain de 25 $). oe qui autorise dono de r6dult-a les 
dpaissaurs des membnnes et revstemants en aluminium (gain de poide : 3,3 t dans le C 5 A ) .  

4.1.2. Rivets 
Bien des solutions diverses ont 6t4 propodes dans la conception du rivet en titane. Mais 11 n'en 
t-aste paw m a i n s  que la plus grosse consomnation portera toujours sur le rivet moMbl00, avec une 
premiere t8te f o d e  en usine, et pouvant Btre pose B temperature ordimire sur le ohantler de 
construction de l.'avion. Ce problh (qui oonsiste donc B obtenir une Ro 6lede tout en maintenant 
une trks bonne plastioite afln que la 2 b  tste puisse Ptre f o d e  B froid sans criquee) est diffi- 
oile et les produoteurs de titane l'ont a t t a d  vigoureueslpent. 

- la tendanoe B l'apparition de couple de corrosion dans les contacts titane-aluminium. 

e Rc = resistance au clsaillemnt - R = resistanoe en traction 
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LlQnTER 0 STROWER 
FASTENER STRUCTURAL EFFECTS 

Fiaure 15- Weight Savlng on C-5A Structure due to Fastener System used 

Un premier cas typlque est celui du Concorde oh, pour obtenlr un allegement notable, 11 y avalt 
lieu de reniplacer les rivet6 en Mon.sH11 (Rc - 3 hbar) dans le  rivetage de structures en alli-s 
d'alumlnium. Le problb a Btd dsolu par les efforts conJoints d'un productem f ran~a la  de tltane 
qui a mls w point une qualit6 sp4oiale de tltane non allid, et de l'utlllsateur qui a conpu une 
ConfiguFatlon partleulibre du rivet adapt& au titane. Devant ce auccbs, 11 est probsble que 
l'utilisstlon du rivet en tltane va a'ktendre rapldwment aux autres avlons, car le gain de pol& 
resta touJours la prdoccupation dominante du constructeur. 
Une deu* ih  &&ation do l t  des maintanant stre mise au point sur le pro& avenir. &in de 
pauvolr appllquer le rivetsge titane nux stmctures en acler et en titane. mi6 dans ce oas, des 
Ro de 50 B 70 hbar sont ndcesaalres, l'exlgence d'une bonne plastlcltd B temperature ordinsire 
6-t par silleurs msintenue. On peut Penser que l a  solution delde dans l'utlllaation d'alllages 
du t w  bats d m  1'Btat tred ou t r e e  et sur-revenu ; la plastlcltd est ndrrnmoins marginale 
et 11 est probable que si l'on ne veut pas nggllger le bhkflce dll A oette cat4gorle de rivet, il 
sera nkcessaire de madlffier quelqm peu les conditions classiques de pose (la plasticit.4 instan- 
tan6e des alliages A haute I6slstance diminuant fortemnt daM le cas de vitesses kledes de 
deformstion). 

4.2. Tss tubes pour OMalisation hydrauliques 
Dans ce t m  d'application, 11 est facile A priori de pouvolr remplaoer les aciers : des alllages de 
tltane A moyenna resistance (R : 60 B 80 bbar) et A bonne plastlcitd, de la classe a+ (tels que 
Tl-JA1-2.5V ou Ti-20.1) sont blen adaptes. 
Cewndant, ce n'est qu'actuellement que l'on assiste B un dkveloppemnt (qui, c m  pour les rivets, 
Peut prendre une wande ampleur), ce qui est dQ B ce que les crlthes de sklectlon sont A Juste titre 
sxtr8"ent s 6 v h s  ; lea prinaipaux sont : 
- trhs borne plasticitA : le tube dolt pauvoir sublr des formages (pllage. kvasement), pouss6s. - t res  bonne rdsistance A la fatigue sous pression interne. Blen des Bchecs ont kte rencontds. Etant 
donnd l w  fsibles kpaisseurs de parol (1 B 0,4 m) 11 est nkcessalre de fournir un materim parfaite- 
merit ssin dsns sa masse et d'un &at de surface extr@.mmnt solgnd. Le fabrioant de tubes dolt dono 
met- au point des tecbniquos de production extr8"ent afflndes et flables, 

- trbs b m e  stabilit6 structurale A haute temPerature ; le tube est en effet soumls B des temperatures 
proehes du transus B au coups des o&rations de brasage sur lea ~~ccords et 88s proprl6t-4~ initiales 
ne doivent pas BtFe  &%Fees la suite de ce ohauffage. 

Mal& tcutes ces dlffloult4s lea progres qui vlerment d'8tre effectuds permettent d'lndiquer que ce 
ohamp d'application est maintenant ouvert aux alllages de tltane. 
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Figure 16- USA 
Titanium M i l l  Produot 
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5. LE PRoBtwlE DES P m  COUIEES 

I1 n'est paa possible de prler des applications du titane en aeronautique sans evoquer le caa des 
piaces coulees. L'attrait pour ce type de pihoes est considerable, surtout d m s  le cas du titane, car 
le passage direct du dtel fondu B la pihoe pr$te B l'emploi, supprime toutes les pertes cooteuses en 
dtal et en heures de travail suppodes actuellement depuis la transformation du liwot Juqu'B 
l'usinage final de la piece. 
La lecture des revues techniques qui citent des productions de pieces coulees en titam de 1'0-e 
d'une centaine de tonnes par an tant aux Etats-Unis qu'en Union Sovi6tique pourrait hisser penser que 
le problem est resolu ou presque. En fait 11 n'en est rien, la quasi totalit4 de cette production 
etant destinee h l'indutrie chimique. 
Mais l'on ne peut dire, malgre les efforts 6no-s entrepris depuis bientat 10 ans dans les 2 pays 
cites oi-dessus. que la pibce ooulee en titane soit capable Juequ'B &sent de repondre a m  critbres 
sevhres de caract6risation des pibces de struoture. 
Etant donne le prix au kilogramme relativement eleve des pieces coulees en titane (ce qui est dQ aux 
techniques complexes et preaqu'encore artisanales mises er. oeuvre pour leur production) le premier 
souhait est de pouvoir utiliser la piece telle quelle, av0c le m i n i "  d'operations ult6rieures, et 
en tout cas 98318 usinage. Du point de vue des ootes, des techniques de coulee du titane en cire perdue 
ont 6t6 mises au point. Mais sans grand risque d'€tre Contrdit, on N u t  affirmer que oes pihoes coulees 
en titane n'ont pas M 6tat de surface aoceptabls pour le constructeur : ou bien, le fondeur a coule 
"chaud" (s'il le peut) pour bien faire venir sa pihoe, mais alors le titane reagit aveo le mule. d'd 
des couches superficiellea tres contaminhes inadmissibles dtallu-giquemnt et trop cootewes B 4 l M n e r  
par M quelconque procede d'usirlaglage chimique ou 6lectroahimique. OU bien le fondeur a ooule "Proid" B la 
limite de la tedrature de solidification [c'est le 088 genaral) et la surface preaente alors des de- 
fauts r6dhibitoires tels que manques, replis, gouttes froides. etc. 
Acceptant d'8tre maim severe du point de vue 6conomique et admettant que, par telle ou telle dthcde 
d'usinage. l'on ellmine la couche de surface, 11 f a t  encore examiner oe que vaut dtallurgiquement le 
titane oaule en sol.  Les evaluations qui ont 6th faites Jusqu'lci ont porte sur la mesure de caraote- 
ristiques simples en traction ou en fatigue. camparativement au.dtal  corroy6, les resultats ne sont 
pas mauvais, encore que la plasticit4 prBsente quelque dhfioienoe. Mais lea quelques rams doM6es que 
l'on pass& sur la caraot4risation beaucoup plus 6labor6e (telle que rims l'avons vu pour les cellules 
ou les moteurs) de cette qualit6 sant ass82 peu encoursgeantes. Lea producteurs se sont born& Jusqu'ioi 
B utiliser les m&es compositions classiques d'alliages de transformation (Ti-%1-2,5Sn - Ti-6A1-4V. 
prinoipalement), sans trap rechercher des formulations sp6oiales adaptees B ce type de mise en forme. 
C'est probablemsnt une e m u r .  Mais un problb de fiabilite gedrale, inherent B tout &tal coule, se 
pose de toute fapon et l'experience est encore trop reduite pour pouvoir conclure. La piece coulee en 
titane pour utilisation en aeromutique n'est pas encore condade et l'avantage economique evident 
qu'elle pourrait amener Justifie touJours les investissements de recherches qui sont faits de toute 
part. &.is l'enthousiasme s'effrite nu fur et B mesure que les annees passent. 

6. CONCLUSIONS GEmWIES 

Nouveau venu dans la famille des m e t a u x  B usages a6ronautiques. le titane dolt pour gaper sa plaoe dans 
des applications de haute technioit4. satisfaire B de skveres critbres de s6leation. Mais en peu de 
temps, grace B la masse des informations accumulees repidement sur son comportement. 11 a pu prendre 
une position importante et parfois essentielle dans l'industrie dronautique mondiale. 

La fig. 16 permet de se rendre compte des tonnages de demi-produita utilis6s aux Etats-Unis, qui aont 
en acaroissement myen de 10 % par an et de la p r t  ex&memnt importante prise par les applications 
dans 1 I ahronautique. 
En Europ la situation est diffhrente, tant dans le total des tonnages utilis6s que dans leur 
r6partition (fig. 17). 
Les raisons de ce succbs sont dues B la grande versatilitk que proourent 18s alliages de titane pour 
repondre B tel ou tel ensemble de sp6oifications touJours complexes et awsl B la t rbs  " d e  fiabilite 
de leurs performances en servioe. 
Ce que l'on peut Bgalement degager du point de vue caract6risation.est l'infiuence absclument dominante 
de l'etat structural sur les propriet6s d'usage. L'etude de ces microstructures a 6t.4 poussee tres loin 
aux Etats-Unis et l'on dispose mintenant de moyens d ' d y s e  qui permettent de les oaracteriser de 
fapon trbs pr6olse. Et si Jusqu'B present c'est le choix de la cOmpositian de l'alliage qui etait le 
principal crithre pour obtenir un niveau donnk de propri6t&, 11 apparaft que dens l'avenlr on aura de 
plus en plus tendance, pour satisfaire les exigences dlverses des conatruoteurs, h baser les sdcifica- 
tions sur des microstruotures bien precise8 obtenues par des techniques de transformaticns sp4cifiques 
B ohacune. 
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SUMMARY 

The advantages of titanium alloys are based primarily on t h e i r  mechanical property/density r a t i o  developed 
by addition of alloying elements and heat treatments. 

Alloy selection fo r  the two major applications (airframes and jet-englneq) i s  based on stringent characte- 
r iza t ion  c r i t e r i a ,  such a s  f rac ture  toughness, stress-corrosion resistance,and fatigue strength, i n  addi- 
t i o n  t o  creep resistance,  low-cycle fatigue strength and thermal s t a b i l i t y  f o r  j e t  engine design. 

Fasteners, hydraulic tubings and castings provide new areas of application f o r  titanium. 

Engineering properties will i n  every case vary strongly with the  alloy microstructure. 

The major advantage of using titanium and titanium-base alloys i n  a i r c r a f t  of course derives from the  
re la t ive ly  low density of t h i s  metal, combined with its good general mechanical properties. This shows up 
c lear ly  when comparisons are drawn between t i t a n i u m  alloys and t h e i r  two main competitors, i. e. aluminium 
alloys and high strength s tee ls ,  with respect t o  t h e i r  main specific s t ruc tura l  properties : 

TABm I 

Comparison of Specific Properties 

Alloy Density I I d  C 
d 
- 

1 
0.88 

1.08 
1.24 

R -4 
0.83 

1.0 

1 
0.83 

1.0 

C : Compressive y ie ld  strength 
R : Ultimate t ens i l e  strength 

Other basic fac tors  which favour titanium alloys are superior fatigue strength, generally good thermal 
s t a b i l i t y  and remarkably high inherent corrosion resistance. Finally, it should be noted tha t  one 
competitor, namely aluminium alloy, i s  v i r tua l ly  ruled out f o r  high-Mach supersonic a i r c ra f t .  
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I. GENERAL CHARACTERIZATION OF TITANIUM ALLOYS 

1.1. Alloy formulation 
Unalloyed titanium transforms a l lo t ropica l ly  from p t o  a! a t  8 8 2 " ~  on cooling. Addition of metallic 
elements broadens the a! or  the f3 f i e l d  and s t ab i l i ze s  one o r  other of the two phases. The following 
tab le  summarizes the e f fec ts  of most of the elements usually selected as titanium-alloying additives : 

Three main categories of t i t a n i u m  alloys can be obtained, characterized by t h e i r  microstruture a t  room 
temperature : 

- the a1  ha-allo s, containing a! s tab i l iz ing  elements, sometimes containing (e.g. the so-called super- 
a l p h m n o r  additions strengthening the remaining part  of the beta phase - Such alloys there- 
fore consist almost en t i re ly  of the low temperature a! phase, 

- the  alpha-beta alloys, containing both structures i n  significant amounts, 

- the beta-alloys, consisting mostly of the beta phase, s tab le  o r  metastable. 

1.2. Heat Treatments 
The alDha beta and beta alloy structures,  and the specific compositions of the a a n d  B phases, vary 
with tkmperature : t h i s  i s  the base condition for  response t o  heat treatment of such alioys. 
degree of mechanical strengthening ef fec t  i s  obtained by heating the alloy a t  an elevated temperature 
within the Cx-0 or  p f i e ld ,  cooling t o  room temperature and aging a t  temperatures i n  the range 400-600°C - 
I n  most alloys, and specially the a!+ alloys, cooling a f t e r  solution 
dras t ic  quench t o  ensure the optimum response t o  the subsequent aging treatment. 

I n  t h i s  way, titanium alloys with a lJTS of 80-100 hbar i n  the annealed condition ( s tab le  condition) 
can commonly be brought up t o  a UTS of 115-130 hbar, and even 180-200 hbar. 

A vakable  

t rea t ing  must involve a rather 

1.3. Limitations due t o  engineering properties 
I n  t h i s  search fo r  higher mechanical resistances, 
treatment, l imitations very soon appear when the other engineering properties required by the a i r c ra f t  
industry are considered. 

The metallurgist must allow for  many other properties, such as duc t i l i ty ,  fatigue strength, notch 
resistance, crack i n i t i a t i o n  and propagation resistance, weldability, machinability, stress-corrosion 
resistance, etc.. . 
For instance, crack propagation resistance, generally characterized by the s t r e s s  in tens i ty  factor K l c  
decreases as the strength increases v ia  heat treatment - ( f ig .  1) 

however,by adding alloying elements and by heat 
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ST 5eo.c 

ST 540.C -11- 6AI -4V 

-- TI-6AI-6V- ?.SI! 

ST 65O.C 

K I C  
h b 6  

300 

200 

100 

C 
100 

Some airframe designers want to keep Klc greater than 
3/2 R, which is a severe requirement, and one can 
see from Fig. 1 that a lot of work still needs to be 
done to place the 120-130 hbar alloys in the relevant 
zone. A UTS level of 120-130 hbar can be obtained by 
a variety of alloying and heat treating combinations. 
But, in the search for a satisfactory compromise with 
respect to the various engineering properties men- 
tioned above it appears clearly that they depend 
directly upon the macro-and micro-structures of the 
alloy which, themselves closely depend upon the 
thermal, mechanical, and thermomechanical hot and 
cold working processes involved. Finally, it is the 
combination of these various limitations which dic- 
tates the actual formulation of the alloy. 
It can be seen, from the relatively small number of 
titanium alloys in use to day as compared to the 
variety of those which have been proposed, that a 
harmonious combination of the various properties re- 
quired is not an easy problem to solve, and that more 
extensive studies of the relatlmzhips between struc- 
ture and related properties will probably be requi- 
red to produce the answers €or the limiting values 
of the properties in the future. 
Present alloy strengths remain far lower than the 
potentially very high strengths which could be obtai- 
ned with some heat treatable compositions. Furthermore, * other difficulties are encountered in practice, some ' Rhb 140 of which are detailed later. 

Figure 1-Titanium Alloys Crack-Propagation Resistance 

1.4. Difficulties due to the quench process 
1.4.1. Distorsion 
The very rapid cooling (water o r  oil quench) 
from the solution-treatment temperature, 
necessary for good subsequent aging, generally 
causes distorsion of the parts. Very often 
this can be overcome by hot-sizing concurren- 
tly with aging, the parts being clamped into 
shaped dies at low pressure. Some alloys, by 
virtue of their composition and higher normal 
aging temperature, respond better to hot- 
sizing treatment. For instance, as shown in 
Fig. 2. Ti-6A1-4V and Ti-6A1-6V-2Sn sheets 
were bent at room temperature and then heated 
under die pressure to various temperatures. 
It emerges that, at its normal aging tempera- 
ture (590"C), the Ti-6A1-6V-231 alloy is vir- 
tually flattened after only 70 minutes, while 
Ti-6Al-4V alloy is still out-of-flat after 
240 minutes at 540"C, which is its normal aging 
cycle. 

Figure 2 - Removing Out-of-Flatness 



1.8.2. H a r d e M b i l i t Y  
Titanlum &bits poor themEl oonduotivity ; this explains the l M t e d  h m ” b i 1 i t y  of titaniupl 
alloys. since it wi l l  be impcssible, for thiok sectlow, t o  a t ta in  a very rapid oooling r a t s  
during quenohing and. therefore, t o  achieve the aged properties. Satlsfaotorily hiform mohsnioal 
properties w i l l  not be o b t s i n e d ~ h o u t  the part unless i t a  t h i o h s s  is below oertaln Umlta, 
which era generally low. To overoOme this diffioulty for t h l o k  sections, special alloy formulations 
CM be envisaged, nith a view: 

- either t o  improving haMenability ; e. g. Ti-6AldV-2Su alloy is better than TidAl-4V alloy 

- or t o  offering very high strength i n  the equilibrium s t a t e  (annealed oondition), e. g. Tl-6A1-6Q-2Sn 
alloy. which. in the annealed oondition. competes in strength with Ti-6Al-4V in the STA condition. 
and, also. some beta alloys. which are stable a t  room trmperature. 

treatment ( th i s  can be used for the T i - 6 A l d v - 2 S n  alloy) or even after quite slow cooling. In  
this way, it is oonceivable that increasing the amount of beta-stabilizing elements w i l l  give 
albys whioh are Mt sensitive t o  the cooling rate, sinoe the change f” @ t o  a phase w i l l  ooour, 
not on cwling t o  m o m  temperatunt (Fig. 31, but only on further aging. Suoh alloys are oalled 
“imtsstable beta“; a variety of Pesearoh programa have been undertaken on this oategory of alloys. 
rypioal ooms i t iona  are : 12tbdZr4Sn (Beta 111 alloy) or 8VaCr-4Mo-3A.lYZr (3%”+ alloy). 
The thiokness 110 longer oonatitutes a llmitetion ; the 8- applies t o  diatorsion a f t e r  heat- 
treatmsnt or during whining (the level of internal stresses is low, due t o  slow oooling). 
Furthemre,  in the solution-3xeated oondition, the range of deformation capacity at room taw- 
rature is far wider for the beta alloys than for the a-@ alloys. 
~JI t o  keep t o  a Judioiow oonIrmwise i n  limlting the amount of the beta-stabilizing elements, 
sinoe they tend t o  inorease the denaity, lower the modulus of elastioity,  Md reduoe tem€%rature 
s tabi l i ty .  

(see m. 3 )  

- or t o  obtainiog a good aging response a f t e r  relatively slow ooollng following the solution 

wlt, here again. it is necessa- 

1.0 I 

FlSWe 2 - Titanium Alloys Hardenability \ I \ l  1 I I I 

1.5. Foming and 010s. die forging p mbleme 
More than 80 %Of the alloys used ln the aircraft industry still fall into the a+ catego~y. For suah 
alloys. the ourrent forging practice is t o  f M s h  the forging operation with a substantial mount of 
deformation (at  l ea s t  ZQ $) at  e temperature be1ow the @ tramus, i. e. less than 9 3 ’ ~  in praotioe. 
This gives a fine equiued struoture, oontalnlng 3 3  t o  80 $ of primary a phase (Pig. 4). whioh has been 
oonsidered as a necessary requirement for a good oompromlse between the englneeriw properties aooeptable 
t o  O W t ~ S .  

m v e r ,  &ping in the CI-B temperature zone m u i r e s  rather high pressures (50 t o  80 I+&), which 
inorease still further as soon as the temperature decreases somexhst during forging. Forging or olose 
die forginp in the U-P temperature xone t lms very often involves mrmemus reheating s twe8  ; also, the 
surlaoe area Of the Parta which o m  be forged in titanium alloy w l t h  e given pres8 l a  far muller than 
for steel i “ a v e r  the &ace m a  of the l m e e t  titanium alloy pieoee obtainable with the mast 
ponarful present-day presses does not exoeed 1.8 m2. 
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One cannot envisage producing mejor or sophisticated items by machining large. thick rolled plates, 
as It is done for aluminium alloys, for machining of titanium alloy is still an expensive operation in 
every respeot. 
by bolting, riveting, welding. or even bot diff’usion banding. Such solutions are. however, oostly and, 
in some case. not permissible. 
One rrag of solving this problwm of large items was proposed a few years WO i.e. by simple raisin$ the 
heating temperature, when the forglm pressure falls sharply to EQ-p kg/&. With a given press, sur- 
faoe areas tro to three times larger can be forged. 
phase (this ppocess is thus termed beta-forging). When an a-8 alloy has been heated in the beta zone 
without subsequent deformation, unaoceptable grain coarsening and microstructural changes oocur (Fi8.5a). 
Therefore, beta forging must normally invmlve &or deformation of the material (30 to $), to modify 
the baSio beta microstructure as far a6 possible. If this is done, then,as (Fig. 5b) 
a-B forging, beta forging gives rather similar mechanical properties i tensile ductility is somewhat 
lower, fracture toushnesa (Klo) is usually higher i the effect on fatigue strength and stress-corrosion 
susoeptibility is not clear and ia still a matter of debate. 
Outside this broad picture, however m a w  details still have to be cleared UP in the field of beta for- 
ging, and in many ckses this practice is only reluctantly accepted by aircraft designers. 

More probably, large items could be produced bs assembling amaller and simpler components 

Wrt the alloy transforms almost entirely to the 8 

compared to normal 

Figure 4-Ti-6Al-4V. Equiaxed WB Structure 

PisurS 5a- Ti-6AlYV. Heated in the p zone 
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Ti-6A1-4V 

Ti-6A1-6V-2Sn 

Ti-5A1-2,sSn 

1.6. Forming problems 
The various forming operations on the  main titanium alloys such a s  Ti-6A1-4V or Ti-6A1-6V-2Sn o r  
Ti-5A1-2,5Sn (weldable CY a l loy)  can be performed successfully only a t  elevated temperature (500 t o  800°C). 

Annealed 

Annealed 

Annealed 

This is expensive : special  tooling, heated o r  heating d ies  and large furnaces are necessary ; a lso  
the  pa r t s  must be cleaned (by pickling o r  machining) t o  eliminate the  contaminated layer due t o  exposure 
t o  a i r  a t  the  heating and forming temperatures, which again costs money. 

I n  an e f f o r t  t o  avoid these serious problems, special  alloy compositions have been envisaged t o  give 
acceptable formability a t  room temperature. Two main routes have been explored : 

TI-3~1-2. gv 

T i - X U  

Ti-beta 

Stainless s t e e l  

TABLE I11 

Annealed 1.5 

Solution t rea ted  2.5 

Solution t rea ted  2.0 

Half-hard 2.0 

Cold formability of titanium alloys 

I Compared cup height 1 (Erichsen t e s t )  I Alloy 1 Condition 

1 

1.2 

1.2 

- a - p alloys with smaller amounts of alloying elements, such as Ti-3A1-2.5V o r  TI-2Cu. The first 
of these is formed and used i n  the  annealed condition. The second exhibits i t s  optimal 
formability i n  the  solution-treated condition, but can be fur ther  hardened by an aging 
heat-treatment following the  forming operation. However th i s ,  category of alloys has 
ra ther  poor strength, about half  t ha t  of the  Ti-6A1-4V. 

- f? alloys beta alloys, such a s  Beta 111, possess the  outstanding advantages of good cold forma- 
b i l i t y  i n  the solution-treated condition and being amenable t o  very high strength, equal 
o r  superior t o  that of current CY-D alloys, by aging a f t e r  solution t rea t ing  and forming. 
They would no require hot-forming equipment. These fac tors  are important enough t o  warrant 
the  many R and D programs under way i n  the  U.S.A. .and Europe. 

1.7. Cost problems 
One cannot deny t h a t  titanium has h i ther to  been considered an expensive material, a s  regards both its 
production and primary o r  f i n a l  fabrication. But continuous progress has been, and is  being, made t o  
improve e f f ic ienc ies  and cut fabrication cos ts  ; meanwhile, the  t o t a l  amount of titanium produced yearly 
i s  constantly increasing so t h a t  
c r a f t  industry i s  now reasonably acceptable, (Fig. 6). 
But, significantly,  secondary fabrication from the  semi t o  the  finished component i s  the  most d i f f i c u l t  
cost  problem. 
obtain a buy-to-fly r a t i o  of 3/l, or even 2/1. 

the  cost of most of the  semi-finished products delivered t o  the  a i r -  

It seems v i t a l  t o  the  future of titanium fo r  airframe producers, whatever the  event, t o  
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160. 

140. 

Figure 7, derived from recent American resu l t s ,  
shaws the cost per pound of a finished part  
(machined forging) against the percentage of the 
forging b i l l e t  used i n  the f i n a l  component. The 
tltanium alloy par t  i s  more expensive per pound 
(but l e t  us not forget its low density), than 
s t e e l  o r  aluminium alloy. To reduce the gap, 
it is of the utmost importance constantly t o  
improve the  yield. I n  t h i s  way, machining parts 
from forged blocks would gradually die out and be 
replaced by machining from closed die forgings, 
the  shape of which would as f a r  as  possible 
approach the shape of the finished part  and, i n  
the longun- , by precision forgings. Exceptionally 
sophisticated parts, i f  designed, would be bu i l t  
from simpler, and therefore more economic, compo- 
nents by assembling as already mentioned above. 
I f  there is no alternative t o  cutt ing or machining, 
material wastage would have t o  be minimised and 
scraprecovered very carefully for u t i l i s a t ion  i n  
the  most cost-effective manner, i. e. d i rec t  recy- 
c l i rg to  the ingot melting stage. Cost reduction 
is  the constant concern of everyone involved in. 
the titanium industry. 

Alloy 

H.S. Stee l  

Maraging 
Al-base alloy 

- long- 

Ti-6Al-4V annealed 

- transv - 

Figure 7-Utilization Rate and Cost 

U.T.S. (R)  K I C  5p (+)-. 2 

hbar hb R 

180 285 1.60 2.5 

190 400 2.10 4.5 

50 120 2.4 6 
50 85 1.7 3 

100 280 2.8 7.5 

Titanium 1 

100 80 60 40 20 0 

Dsrcent Motwial Utilization 

2. TITANIUM ALZXlY SELECTION FOR A I W R A M E S  

In  airframe design, the main engineering properties which have t o  be considered, apart from actual 
mechanical strength are : 

- f rac ture  toughness - s t r e s s  corrosion resistance 
- fatigue strength - behaviour under the combined e f f ec t s  of creep and fatigue, ( l e s s  important 

i n  airframe than i n  j e t  engine design, where t h i s  problem w i l l  be examined 
i n  de t a i l ) .  

Two main concepts are considered i n  airframe design : 
- fa i l - sa fe  behaviour, where it is accepted tha t  a crack can develop uptoagiven l i m i t .  Fracture toughness 
is the decisive c r i te r ion .  

- safe- l i fe  behaviour, where a crack must not be in i t ia ted .  This i s  important in the case of helicopter 
parts. The fatigue strength, together with the crack in i t i a t ion  behaviour, is the decisive cri terion. 

The behaviour of titanium alloys with regard t o  these c r i t e r i a  and the reasons fo r  t h e i r  potential  
selection i n  airframe design w i l l  be reviewed l a t e r .  

2.1. Fracture toughness 
A s  regards fracture toughness, materials can, fo r  example, be characterized on the basis of the 

c r i t i c a l  s t r e s s  in tens i ty  factor,  K l c .  
with other airframe materials : 

In  the  following table,  the popular Ti-6A1-4V alloy is compared 

TABIE N 
Crack propagation resistance 

It is seen tha t  TI-6A1-4VV, i n  the annealed condition, has excellent K l c  and Klc/R values, which is of 
course a major advantage fo r  airframe applications. 
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Alloy 

Ti-6A1-4V 

Ti-6A1-6V-2Sn 

x-~i-6-6-2 

Beta type 

But, as you know, titanium producers are constantly trying, by modifying compositJons and heat-treatment 
combinations, to increase the strength of their alloys. Unfortunately, fracture toughness generally 
decreases as the strength increases, as shown in Fig. 1 and the table below. 

2 
Condition hbar ( R I  hb Klc +viz (+)" 

Annegled 100 280 2.8 7.5 

A+ed 105 260 2.5 6.3 

STA I 115 200 1.7 2.9 

STA I 125 140 1.1 1.2 
115 240 2.1 4.3 

Annealed 125 220 1.8 3.4 

125 300 2.4 5.7 

STA e I1 

STA I1 
+ 

TABIE Y 

Fracture toughness of various titanium alloys 

Alloy 

TI-JA1-13V-llCr 

Ti-6A1-4V 

Ti-5A1-2.5Sn 

Ti-8Al-lMo-lV 

KISCC 
KIC hb fi 

hb in distilled in sea 
(in air) water water 

Category 

B 350 285 250 

cy-@ 260 245 160 

ff 400 225 145 

super a 155 130 70 

structure design, since the longest permissible crack before catastrophic- rupture is proportional to 
(K~~/RF' - 
For security reasons, some designers do not accept, as we have already seen, a Klc/R of less than 
3/2 VTii i i .  Hence, to conserve the leading position of titanium alloy it is necessary to tailor, very 
carefully and precisely, compositions, heat-treatments and above all, microstructures. This is, from 
many points of view, the most difficult factor in the concept of new high-strength titanium alloys, for 
it would not be useful to obtain high Klc values if other important properties are impaired : for ins- 
tance, we have seen that some microstructures obtained after beta forging are generally good for impro- 
ving Klc but presumably unacceptable for good fatigue strength. 

2.2. Stress-corrosion susceptibilit~ 
The importance of this factor in airframe design does not need to be stressed. Up to recently, titanium 
and titanium alloyshave been considered as insensitive to stress corrosion ; but now this opinion has to 
be seriously revised and the environmental conditions in service must be examined very carefully. 
is particularly necessary where high strength titanium alloys are to be used. However, the problem here 
is less severe than for high strength steels. 

This 

2.2.1. Aqueous environments 
In salt water, for Ti-6Al-W alloy in the annealed condition, fatigue strength is not impaired and 
stress-corrosion resistance is remarkable in tests on smooth specimens. This becomes more sensitive 
when tests are made on pre-cracked specimens. 
protective natural oxide layer has been damaged, permitting initiation of a crack in the base metal. 
To characterize this behaviour, a stress intensity factor Klscc is designated, similar to Klc 
expressing the minim value of this factor below which no stress corrosion is observed in a given 
corrosive environment. 
of Klc, which is relatively good. 
ries of titanium alloys. 

Roughly speaking this is due to the fact that the 

For Ti-6A1-4V in sea water at room temperature this factor is about 60 $ 
The following table gives some Klscc values for various catego- 
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Beta I11 

Many theories have been proposed and much debated. It seems however, t ha t  t o  characterize the 
suscept ib i l i ty  of titanium alloys t o  s t r e s s  corrosion cracking i n  aqueous media, the following 
general laws are accepted : 

- the  hydrogen content of the alloy does not influence SCC, 

- the  e f fec t  of the presence of hydrogen ions i n  aqueous media is merely s l igh ty  t o  modify the 
basic phenomenon underlying titanium s t r e s s  corrosion, which i s  an electrochemical reaction 
occuring on a monomolecular layer of titanium halide adsorbed a t  the surface of the crack t i p ,  

- the a! structure is very sensit ive t o  SCC, 

- i n  the &B alloys, the suscept ib i l i ty  t o  SCC increases with aluminium ( a  s t ab i l i ze r )  content, 
once t h i s  exceeds 5 $. 
Ti-A1 alloys, but seems more l ike ly  t o  be related t o  the formation of planar groups of dislo- 
cation arrays, increasing i n  number with A 1  content, and having a lower resistance t o  trans- 
granular rupture, 

Increasing the beta 
s t ab i l i ze r s  (MO-V-Ta-Nb) would therefore decrease the SCC suscept ib i l i ty  of the &g alloys. 

This ef fec t  could be associated with ordering reactions i n  Al-rich 

- the @ o r  B transformed in to  a!' structures have good resistance t o  SCC. 

a o 0 c  430°C 

B 60 - 

2.2.2. Non-aqueous environments 
It is recognized tha t  titanium alloys can be SCC sensit ive i n  non-aqueous environments, e. g.freons, 
trichlorethylene, methanol, propane, carbon tetrachloride,  skydrol (hydraulic f lu id )  etc.  

Ti-5A1-2.5Sn 

Ti-8Al-lM0-1V 

The danger appears only : 

- above a given s t ress ,  
- above a given temperature, i. e. 

2o0C fo r  freons, 
150°C for  some hydrualic fluids,  

ca. 250°C f o r  sodium chloride, 

For a given medium, sens i t iv i ty  varies from alloy t o  alloy. Practical  laws are d i f f i c u l t  t o  
formulate. However, as  fo r  aqueous media, Q and super a! alloys are generally much more sensit ive 
than ff-p alloys (with l e s s  than 6 $ A l ) ,  and B alloys exhibit the best performance. This is 
i l l u s t r a t ed  i n  the following table, giving the threshold s t resses  fo r  hot-salt  cracking i n  
100 hours fo r  the d i f fe ren t  categories of titanium alloys. 

ff 21 14 
Super a! 18 U 

TABLE VI1 
Hot-Salt Stress-Corrosion Cracking 

I 1 Threshold s t r e s s  (hb) fo r  cracking 

59 
52 

34 
25 

Much fragmentary data has been obtained, but there are st i l l  no generalmles fo r  the acceptable 
leve l  of risk. Undoubtly there is a problem of SCC, but this is l e s s  acute than for  s tee ls .  

Findings so f e r  have led  titanium alloys users t o  exercise caution ; but many r e s t r i c t ive  regula- 
t ions  based on i so la ted  laboratory resu l t s ,  have been withdrawn when, i n  lang-term service, the 
risk has been shown t o  be quite non-existent. 
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2.3. FatiRue S t r e w t h  
Titanium alloys, and specially the widely used Ti-6A1-4V alloy, have a remarkly good fatigue resistance, 
as  shown i n  the  following tab le  : 

Alloy 

~ ~~ ~ 

Aluminium alloy 

Maraging 

H.S. Stee l  (180 hb) 

H.S. Stee l  (120 hb) 

Ti-6A1-4V 

TABLE V I 1 1  

Fatigue Strength 

f/R 

0.25 - 0.30 

0.35 

0.40 

0.45 

0.55 

- R0.2 $ 
R 

6 - 8  

5 - 7  

22 

20 

4 

f : fatigue strength 
R : ultimate t ens i l e  strength 

RD,2 : t ens i l e  yield strength (0.2 $ proof) 

The basic explanation of t h i s  excellent re la t ive  behaviour l i e s  i n  the titanium's consolidation ab i l i t y  
a t  the  t i p  of the  very f i r s t  fatigue crack in i t ia t ion .  For metals i n  kenera1 the consolidation a b i l i t y  
has been tentatively related t o  the r a t io  

c ia1  case and up t o  now t h i s  very good resistance of titanium t o  crack-propagation has received no 
rea l ly  valid explanation. 

On the other hand, titanium is no more sensit ive t o  notch e f fec t  than other metals and follows the 
general ru le  : 

f l&  : where f e  is the fatigue strength of a notched specimen with a s t r e s s  

R - %,2 
R 

; but, as  shown i n  tab le  VIII, titanium is  a spe- 

f e  = 
concentration fac tor  K t ,  and f e  i s  the fatigue strength of a smooth specimen. 

A s  f o r  other metals, surface condition plays a very important part  i n  the crack-init iation resistance of 
titanium. 

It is surprising t o  note tha t  surface grinding of titanium is not a t  a l l  beneficial  t o  fatigue resistance 
(unless t h i s  surface finishing operation is performed under very special  conditions not yet precisely 
ascertained), but may dras t ica l ly  lower fatigue strength. The surface condition of titanium par t s  i s  a 
problem t o  be considered with care and every titanium user must know which dangerous operations he has 
t o  watch out for.  Fortunately the  various shot-peening surface conditioning processes of fe r  a re l iab le  
remedy which i s  even more effective f o r  titanium than fo r  other metals. 

The basic guiding principles are summarized i n  Fig. 8. 

It must be pointed out t ha t  surface treatments which modify the nature o r  the structure of the surface 
layer are t o  be used with caution and only a f t e r  a thorough evaluation of t h e i r  influence, since they 
have generally a detrimental e f fec t  on fatigue strength. 

The major factor i n  titanium alloy fatigue strength i s  the s t ruc tura l  condition, i t s e l f  determined by 
heat treatments and fabrication procedures (temperature, amount of deformation). 
ble structures and, which the unacceptable ones ? One tendency is t o  prefer a fine equiaxed structure 
containing a t  l ea s t  50 $ of the primary alpha phase. This could be obtained by fabrication a t  rather 
low temperature within the (2-p f ie ld ,  but t h i s  i s  very often not easy i n  forging o r  close die forging. 
Beta forging has given fatigue strengths which can be e i ther  good o r  bad. One has t o  assume tha t  the 
f i n a l  microstructure of a titanium alloy depends on every d e t a i l  of its fabrication history ; it appears 
therefore tha t  complete knowledge of the influence of the structure on fatigue strength (as  well as on 
other important properties) w i l l  be attained only when structures have been understood i n  much greatar 
d e t a i l  than hitherto. 

Which are the  accepta- 
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2.4. Present and Mure msit ion 
TRe respama of titanlum d l o y s  t o  the main seleot im ori ter ia  is more than acceptable and improves 
continuously as a better understanding of this oategory of alloys is attained. 
It is therefore quite logical that the oontribution of titanium t o  airframe weight should have inoreased 
from yeer t o  mer as shown in Big. 9. 

100 

r 
E60 

m 

40 

30 

20 

10 

Figurs-Contributions of 
Materials to Airframe weight 

U Y I N I  U U l Y  

Taking only well-known airerafts, the t i t a n i u m  weights in the i r  airerarms are given below. 

Airoraft 

Military 

Comnercial 

F4B 
F111 
F14 
B15 

C5A 

Y F l 2 A  

Subsonic 
B 707 
B 737 
B 727 
B 747 
D3 10 
L 1011 

Supersonic 
Gonoorde 
m 144 
B 2707 

11 0.65 
15.5 
18 -qj 5.5 4.5 

1.2 
70 
85 

d F"cener weight not lnaluded 

Verg good proof of the interest  of titanium i s i s h e d  bs the weight used in modern oonmeroial planes, 
where the fight bs titanim against its main competitors is not only tecbnloally but also eoonomically 
based (B 2707 or s9T is a speoial oase, the airframe heats up - over 230% - due t o  speed,thus excluding 
the use of a l u i n l u m  alloy). what 1s knm about the commercial prototypes d e r  oomtruotion or design 
for the future, shows a steadJ trend tonards an increasing pementage oontribution W tltsnium. 
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~ 

Blade weight Disk weight Total weight 
kg kg kg 

A l l  s t e e l  18 30 48 
Titanium blades - Stee l  disk 10 23 33 
A l l  titanium 10 13 23 

Solution 

3. TITANIUM A D Y  SELECTION FOR JET-ENGINES 

I n  Jet-engines, the lower density, which is  one of the main advantages of titanium, plays a s t i l l  more 
important ro l e  than i n  airframes. Many calculations f o r  rotating par t s  use density t o  the power + 2 or 
+ 3, thus improving titanium’s position. 
b a l l  e f fec t  : the forces on the disks are decreased, enabling t h e i r  section t o  be reduced, and hence 
t h e i r  weight ; the sameis t rue  f o r  shafts, then fo r  bearings, etc. I n  the case of one compressor stage 
the weights are : 

Lowering the  weight of parts such as  hlades implies a snow- 

TABIE X 

Weight of one compressor stage 

The t o t a l  weight is divided by 2.08 when titanium is used instead of s tee l ,  although the density r a t io  
i s  only 1.73. 
Another determining fac tor  (which w i l l  be detailed l a t e r )  is mechanical resistance a t  elevated temperature. 
If one considers the high melting point of titanium, its behaviour a t  elevated temperature is rather 
disappointing. But special  titanium alloys have been progressively 
50O-55O0C, which is  qui te  suf f ic ien t  fo r  the bulk of the compressor. It i s  therefore not surprising tha t  
titanium alloys have, from the outset, been used i n  large quantit ies i n  jet-engine compressors, with two 
important consequences, 1. e. : 

- the  titanium industry has been able t o  s t a r t  up on a r e a l i s t i c  and sound basis, thanks t o  this demand, 
- the specific power of the jet-engines has been considerably increased thanks t o  the use of compressors 

The selection c r i t e r i a  of titanium alloys i n  t h i s  case are basically the same as  fo r  airframes, but, of 
course, many others must be included t o  take account of the special  conditions of use. Among them, three 
must be pointed out, 1. e. : 

developed t o  allow use up t o  

made from titanium. 

- mechanical resistance a t  elevated temperature, 
- low-cycle fatigue strength, 
- s t a b i l i t y  i n  service. 

3.1. Mechanical resistance a t  elevated temperature 
I n  Fig. 10 the average specific tens i le  strength of various possible compressor materials is plotted 
against temperature, roughly showing the excellent position of titanium alloys. However competitors are 
appearing on both sides : 

35 I I I I 

30 

20 

10 

Figure 10- 
Specific Strength 
of various Materials 

1 100 200 300 400 500 
Temperature ‘C. 
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- on the lower temperature side, competitors are beryllium (for which many very severe problems still 
remain to be solved) and fiber reinforced plastics (the reliability of which does not yet seem to be 
completely guaranteed) - 

- on the higher temperature side, competitors are nickel-base alloys, which could assume increasing im- 
portance since, in the final high pressure stages of modern Jet engines compressors, temperatures are 
climbing steadily (700-800"~ and even 900-1000°C). 

In the low and medium pressure stages, Ti-6A1-4V alloy is of general use. For high pressure stages 
titanium producers have made and are continuing to make tremendous efforts to formulate titanium alloys 
with ever better properties at higher temperatures. 
A first observation was that the old a-type alloys, such as Ti-5A1-2.5SnJ lost very little of their ten- 
sile strength with increasing temperature, which was not true for the Cl+ type. 
A first generation of heat-resisting alloys, termed "super a alloys" was besed upon this fact and is 
characterized by high levels of a-stabilizers, especially aluminium. For instance, the most popular 
were : Ti-5A1-5Sn-5Zr, Ti-TAl-l2Zr, Ti-7A1-4M0, Ti-8Al-lMo-lV, Ti-6A1-2Sn-4Zr-2Mo. Considering the 
major characterization criteria in this area, 1. e. creep resistance, all performed well. But this 
rather over-high aluminium content gives serious trouble from the microstructural point of view (as 
considered in the preceeding chapter) as well as from the point of view of long term service life (as 
will be seen later). Only one of them, Ti-6A1-2Sn-4Zr-2Mo alloy, is really acceptable and is still 
largely used in the U.S. 

To improve the picture and to try to achieve better creep resistance than offered by Ti-6A1-2Sn-hZr-2Mo 
in the temperature range 480-550"C or higher, titaniq producers have proposed a second generation of 
creep-resistant alloys the stage at which we now findioursilus based on the folbwing principles : 
- not to overdo things as regards solid solution strengthening through &stabilizers, 
- to compensate by means of eutectoYd precipitation strengthening. In this respect, the most active 

- to promote, to the utmost, eutectoYd dispersion via therm-mechanical working in the beta field, 

The second generation of creep resistant alloys is therefore based on a compositions : (5-6 $) Al, 
(2-6) Sn, (2-5) Zr, (1-2) MO with additions of 0.2 to 1 $ of silicon or tungsten or both. 
Fig. 11 summarizes, in a Larson-Miller diagram, the creep properties of the various categories of alloys, 
from which the successive improvements will be seen. 

alloying elements are silicon and tungsten, 

including solution treating above the beta transus before quenching and aging. 
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FiRure 11 - 
Titanium Alloys - 0,2 $ Creep 
Deformation 

3.2. Law-cycle fatigue strength 
During service, some areas of the compressor and more especially some sections of the disks are submitted 
t o  a complex fatigue phenomenon, characterized by the superposition of two types of stresses, 1. e. : - creep stresses, giving rise to plastic deformation, - fatigue stresses, with rather long periods, mechanically or thermally generated, due to changes in the 

operation rate and mainly to the "stop-start" cycles of the jet-engine. 
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I n  practice it is observed tha t  rupture occurs by fatigue a f t e r  a l imited number of cycles, sometimes 
l e s s  than 20 000. 

Already, i n  s t r a igh t  fatigue,  a l loy  l i f e  i s  generally: l e s s  a t  lower frequencies. This adverse e f f ec t  of 
low-cycle s t resses  becomes more .marked when creep and sometimes oxidation phenomena are superposed, a s  
it is the  case i n  a compressor. 

Therefore it appears very important t o  characterize the  behaviour of alloys, and among them titanium 
alloys, i n  t he  case of such s t resses ,  known as low-cycle fatigue, and t h i s  i s  more and more a major 
selection c r i t e r ion  f o r  the designer, Fig. 12 reports some of the  r e su l t s  obtained i n  France by SNECMA 
i n  low-cycle fatigue investigations. The spec i f ic  resistance t o  low-cycle fatigue (with a notch coeffi-  
c ien t  $ = 2.9) a f t e r  lo4 cycles is plotted against temperature, for  Ti-6A1-4V, Ti-6A1-5Zr-lW-0.2Si 
( a  eutectord-type titanium a l loy  more spec i f ica l ly  designed f o r  creep resistance a t  elevated temperature) 
and the  be t t e r  special  s t e e l s  used i n  compressors. 
i s  the  low-cycle fa t igue  strength and no longer the  creep strength which is the l imiting c r i t e r ion  fo r  
safe design. 
about 300°C and t h a t  the special  heat-resistant titanium alloy ranks f i r s t  up t o  about 520'C. 

This low-cycle fatigue c r i t e r ion  therefore appears very important fo r  characterization a t  low and mediuni 
temperatures. More and more, 
main one t o  be taken in to  account i n  the  case of compressors. 
chance of being accepted i f  i ts low-cycle fatigue properties are infer ior  t o  these shown i n  Fig. 12. 

It can be seen that, below a certaintemperature, it 

Also, it is  shown tha t  the  current Ti-6Al-h' i s  superior t o  the  be t t e r  s t e e l s  up t o  

Jet-engine designers are considering t h i s  mechanical c r i t e r ion  a s  the  
It i s  l i ke ly  tha t  any new a l loy  had no 
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Figure 12 - 
Low-Cycle Fatigue Strength 
(104 Cycles) 

3.3.  Stab i l i t y  i n  service 
When used a t  elevated temperature f o r  long periods, the  alloy absorbs a high quantity of energy, which 
tends t o  induce s t ruc tu ra l  changes ; a t  the  same time, more o r  l e s s  evident reactions w i l l  take place 
with the  environment. A new selection c r i t e r ion  i s  appearing, 1. e. s t a b i l i t y  with respect t o  service 
time and temperature. Among many others, two fac tors  merit special  a t ten t ion  : 

3.3.1. S tab i l i t y  of mechanical properties 
Under the e f f ec t  of temperature and, much more, the combined ef fec t  of temperature and s t ress ,  
titanium alloys can be unstable and show a tendency t o  embrittle. This 
insignificant f o r  Ti-6A1-4V o r  Ti-6A1-2Sn-kZrc240, but can have a major detrimental e f f ec t  on the  
use of some heat-resist ing titanium alloys, f o r  the following reasons : 

- i f  the  aluminium content of the  alloy is too high, we have already seen tha t  i n s t ab i l i t y  proceeds 

embrittlement is however 

under s t r e s s  e i the r  through ordered s t ruc ture  formation or through dislocation formation in to  
planar groups. The temperature e f fec t  accelerates these reactions and the  alloy very rapidly 

loses a l l  of i ts  p las t ic i ty .  
- i f  eutectord prec ip i ta tes  a re  present, the  alloy i s  a l so  non-stable, since t h i s  s t ruc ture  obtained 

This phenomenon is of course non-reversible, 

v i a  an, aging treatment i s  basically not thermal3.y s tab le  and, i n  service, w i l l  continue i t s  thermal 
development and generally give r i s e  t o  w - type extremely b r i t t l e  phases. 

It can be concluded t h a t  both the  solutions presented h i ther to  with a view t o  improving the  creep 
strength of titanium alloys are, unfortunately, the worst a s  regards keeping the alloy thermally 
stable.  
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It is therefore understandable that designers want a very careful evaluation of the thermal stability 
of anyawp-resistant titanium alloy. Many alloys have been formulated with enhanced creep properties 
but have been rejected becauseof p o t e m  high embrittlement in service. The eutectoYds based upon 
W or W-Si seem to be the worst from this point of view ; although less troublesome, eutectoids based 
on MO or MO-Sipose still serious problems for jet-engine designers. 
Another limitation on the eutectoxd-type alloys is related to the fact that, if the temperature 
increases further, (above 550°C for instance), the precipitates (basically unstable) will be modified 
sufficiently to dissolve progressively into the matrix. At this point there is no longer any streng- 
thening effect and creep resistance in drastically reduced. To push titanium alloys possible use 
towards higher temperature and replace nickel base alloys in the high pressure stages, it is necgssary 
to arrive at other solutions. Titanium producers are following two researoh routes : 
- strengthening by dispersion of compounds which are insoluble and thermally stable even at high tem- 
perature. 
homogeneoudy dispersed. 

(if possible) before an industrial and reliable solution is achieved. 

The problem is to introduce them into the titanium matrix while keeping them finely and 

- strengthening by fiber reinforcement. We will not stress the many practical problems to be solved 

To gain 100°C of service temperature above 550°C is, for titanium alloy, a much more difficult pro- 
blem than gaining 100°C above 450°C. 

3.3.2. Reactions with the environment 
a) Oxidation - In the presence of oxygen or air, titanium alloy surfaces reacttkrough oxidation or 

nitridation, the more strongly as the temperature increases. 
estimated to be negligible. 
account ; the rate of which is linear, giving rise to a brittle surface layer and inducing important 

Up to 450°C however the reaction is 
Upwards of this,oxidation phenomenon undoubtedly has to be taken into 

and harmful changes in the microstructure via oxygen diffusion into the substrate. Above 550°C, 
this phenomenon can in no event be neglected. 
Up to the present, no serious investigations on alloying elements capable of drastically impro- 
ving oxidation resistance have been carried out. Do such elements exist in fact ? The trend 
is towards applying protective coatings (either metallic or of the oxide, nitride or carbide type). 
This is a very broad new research field for the future, since the requirements for a reliable 
protective coating are extremely severe. 

off or landing, corrosive fluids, such as sea-water, leaving sodium chloride deposits on the 
parts. 
For this reason, the stress-corrosion behaviour due to salts, with respect to time, temperature 
and stress, is being thoroughly evaluated for Jet-engine designing. Fig. 13 shows the acceptable 
position of the annealed Ti-6A1-4V. 
This is not true of super-01 and 01-eutectoYd alloys. 

b) Corrosion - The first stages of the compressor are especially well placed to absorb, during take- 
As already seen, temperature plays a very important role in the SCC of titanium alloy. 

Beta alloys also have good resistance to hot-salt SCC. 

Figure 13 - 
Annealed Ti-6A1-4V. 
Stress-Time-Temperature 
Relationship 

I 
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Aircraft 

B 707 
C 5 A  
B 747-E 10 

SST 

3.4. Present and future position 
Jet-engine producers were the first real customers of the titanium industry, with an initial consumption 
of about 80 $ of total titanium mill-products production. &is percentage has fallen (since other appli- 
cations have been developed, mainly airframes), but the tonnages themselves have been continuously in- 
creasing as, in all modern Jet-engines,the bulk of the compressor I s  built from titanium alloys. 
In general, the use of titanium instead of steel increases costs ; but it has been estimated that, over 
the lifetime of a Jet-engine, each kilogram of weight saved In construction I s  worth 220 to 450 ,d in 
operating costs. The importance of weight-reduction is emphasized by the extent to which titanium is used. 
Fig. 14 shows trends in the use of materials for construction of Jet-engines, with increased use of 
titanium and nickel-alloys at the expense of aluminium and steels. 
also illustrated in the table below. 

The important role of titanium is 

Jet-engine 

JT 3 D 
TF 39 
JT. 9 D 

m4 

TAEXE XI 

Thrust 

Titanium in modern Jet-engines 

Weight titanium 
Total weight In compressor 

I i 

~~~ ~ 

8.1 1.9 
18.5 3- 2 

22 3.7 
27 5 

~ ~ ~ 

0.7 90 
1.1 90 
1.2 80 
0.7 60 

t I t  I $  I 

In the future, the percentage weight of titanium in modern Jet-engines will decrease since advanced . 
technology engines will have higher operating temperatures in the final compressor stages and use more 
nickel-base alloys. 
resisting titanium alloys (most probably of the dispersion-strengthened type) will be developed and a 
new stride will be made in titanium alloy applications. 

But one can hope that, within the next ten years, a new generation of heat- 

1950 1955 1960 1965 1970 1971 Year 

Figure 14 - Trends in the use of Materials for Engines 
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4. SPECIAt APPLLCATIONS 

Although particular emphasis has been l a i d  on the use of titanium i n  airframes or engines, it should not 
be overlooked that titanium is important t o  and used in, many other vehicle components, 

Lanairig gear construction has some special  requirements, but these are not too different from airframe 
requirements. There, it mary simply be pointed out that the la rges t  titanium par t  ever forged is  the main 
beam of the B 747 main landing gear, with a rough weight of 1800 kilograms. 

Among many applications, two merit special  attention,namely : - fasteners, and - hydraulic tubing 

4.1. Fasteners 

4.1.1. Bolts - In te res t  i n  titanium alloysfor airframe bol t s  was shown i n  the very early stages of 
titanium alloy developments. 
fatigue strength (the bol t  i s  threaded) and a high Rc/R 
Bolt performance has improved with airframe alloys, 1. e. annealed Ti-6Al-4V, STA Ti-6A1-4V 
(Rc = 70 hbar), annealed Ti-6A1-6V-2Sn and'STA Ti-6A1-6V-2Sn (Rc = 80 hbar). 
Present trends follow twb main routes, namely : 

- the use of beta heat-treated Ti-6A1-4V fasteners. Compared t o  those given the normal s'olution 

A s  well as  t h e i r  specific strength, titanium alloys have good notched 
r a t i o  of about 0.8. 

treatment i n  the a+ f ie ld ,  bo l t s  heat-treated i n  the beta f i e l d  have superior t ens i l e  strength, 
be t te r  notch rupture properties (the beta treated bolt  has a l i f e  of 20 h before rupture under a 
constant s t r e s s  of 150 hbar ; l i f e  i n  only 15 h under 130 hbar s t r e s s  fo r  the CY& t rea ted  bo l t )  
and be t t e r  fatigue resistance. 

solution-treated condition (the a-f3 alloys must be hot-headed) ; and potentially high shear 
strength (90 t o  130 hbar) a f t e r  subsequent aging. 

- the use of beta alloys, which has two advantages, 1. e. the poss ib i l i ty  of cold-heading i n  the 

Two minors disadvantages should be mentioned : - the  well-known tendency of titanium t o  galling. The remedy is  i n  the surface treatment and signi- 
However the titanium bolt  + titanium nut combination f icant  improvements are currently on the way. 

i s  s t i l l  ra re  and s t e e l  or monel nuts are normallay coupled with titanium bolts.  
- possible electrochemical corrosion between titanium and aluminium i n  service jo in ts .  There are 

divergences of view regarding t h i s  problem. Some designers do not use any protection ; others, 
more cautiously, employ anodizing (the oxide layer can a t  the same time act as  a support fo r  a 
lubricant t o  avoid ga l l ing)  o r  cadmium plating, or ,  more recently, aluminium plating (since 
very rapid stress-corrosion cracking has i n  some cases been observed on cadmium plated Ti-6A1-4V). 

Bolts i n  modern a i r c ra f t  are, for  the most part, made from titanium alloys. For instance, i n  the 
C5A, there are 1.5 million titanium fasteners out of a t o t a l  of 2 million fasteners, giving a weight 
saving of 4.5 tons. More than 5 tons of titanium fasteners w i l l  be used i n  the construction of the 
American SST. 

To derive the full advantage of titanium fasteners, the design of the structure must be completely 
reconsidered. A s  i n  the case of engines, the i n i t i a l  weight saving has a snow-ball e f fec t  (Fig.l4), 
1. e. (1) basic ueight saving result ing from the difference i n  fastener weights by replacing alumi- 
nium or s t e e l  fasteners by smaller-diameter titanium fasteners (weight saving of 1 ton i n  the C 5 A ) ,  
( 2 )  l e s s  edge material due t o  smaller-diameter fasteners (weight saving 0.2 t. i n  the C5-A) and (3) 
special  fastener designs providing extra jo in t  fatigue l i f e  (25 $), thus permitting thinner (and 
therefore l i gh te r )  gauge components t o  perform with equivalent fatigue l i f e  t o  much heavier struc- 
t u r a l  designs. (weight saving of 3 tons i n  the C5A) .  

4.1.2. Rivets - A variety of solutions have been proposed as  regards the design of titanium r ive ts .  
But, putting fancy aside, bulk r ive t  w i l l  continue t o  be the major type i n  use, the f i r s t  head being 
formed by the producer and the r ive t  being ins ta l led  by cold heading (generally gun driving) i n  
s i t u .  
with very good p las t ic i ty ,  allowing the head t o  be formed a t  room temperature without cracks or  
defects. ,  This i s  a very d i f f i c u l t  problem, and for.  a long time no re l iab ly  durable r ive t  alloy 
has been proposed, despite substantial  research e f for t s .  

Therefore, a suitable r ive t  alloy must have as high a shear strength as  possible combined 

tb Rc = shear strength - R : ultimate t ens i l e  strength 
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LESS EDOE MATER1 

STRUCTURAI. EFFECTS 

Fisure 15 - Weight Saving on C-5A Structure due t o  Fastener System used 

A f i r s t  approach haa been that used for the Conoords,where one way of w e i g h t  savbg W a s  t o  rePlMe 
Konel rivets. w i t h 3 8  hhar shear strength, by titanium r ivets  t o  rivet a l u "  alloy structures. 
The problem w a 8  solved Jointly by a French titanlum producer supplying a special quality Wire and 
the aircraft  builder designing a rivet shape adjusted t o  titanium reactions during driving. 
From this f i r s t  successful example, the use of titanium r ivets  is l lkely t o  be extended t o  other 
aircraft. since weight reduotion is of constant aoncem t o  the airoraft bsigner. 
A seoond generation of r ivet  alloys hks t o  be developed for  riveting titanium structures. In this 
oase. Bhearstrengwa of 50 t o  70 hbar are requirsb, still with good plasticity and formabilitg. at 
mom temperature. It seem that a solution is offered by soma beta alloys in the solution-treated 
or solution-tmated and overwed conditions. However cold-workability is a t  the l imit  for  fixing 
the r ivet  by conventional grm driving techniques ; i f  theae tecWques could be slWtlY modified, 
more opaings w i l l  be available for  hi& strength titanium rivets. 

4.2. draullc tubing 
For t& kind of application it seems a t  first sight easy t o  r e p h e  steel by titanium. MDderate Stmngth 
alloys (VI? of 60 t o  80 mu) with good plastiaity, of the w3 category (for instance Ti-jAl-2.5V or 
ri-xu) (w w e l l  suited t o  this application. 
However it is only MW that some developxent is foreseeable (end, as  for  rivets, use could grols subetan- 
t i a l l y )  since the characteriaation or i ter ia  are extremely severe,. and include : 
- very good plasticity : the tubing has t o  accept very advanced foFmins requiremnte : - very good fatigue resistance, when subjeoted t o  cyclic internal pressure. Suah tubing has rather low 

w a l l  Waknesa (1 t o  0.4 m) and it is necessary t o  supply a material exhibiting perfeat internal 
soundness and mfaoe condition. 
reliable fabrication tedmlpues; 

trMsus during the brazing operations and its properties nust not subsequently he tw greatly altered. 

Tne tubing producer mst themfom develop highly accurate and 

- very good etruatural s tabi l i ty  a t  high temperature : the tubing is subject t o  heating to  near the B 

Despite all these difflaulties. a gFolping market for  titanium tubing is seen in the airoraft induatriee . 
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5. TITANIUM CASTINGS 

When considering titanium applications i n  airframes or Jet-engines, the problem of titanium castings 
cannot be overlooked. This kind of par t  i s  very a t t rac t ive ,  specially i n  the case of titanium, since 
there would be no intermediate operation between the molten metal and the part  ready fo r  use i n  the 
airframe, hence avoiding a l l  the costly losses i n  metal and working time encountered throughout the 
c lass ica l  fabrication procedures, from the rough cast  ingot down t o  the machined part. 

References i n  the l i t e r a tu re  t o  the production of castings of about one hundred tonsper year In  the U.S.and 
the Soviet Union wight suggest that the  problem is, or is very nearly, solved. In  fac t ,  the majority 
of t h i s  production is fo r  chemical process applications. 
i n  t h i s  f i e l d  i n  the U.S. and the Soviet Union, titanium castings are not yet ready t o  meet the various 
severe characterization c r i t e r i a  f o r  s t ruc tura l  components. 

The cost per pound of titanium castings is sti l l  rather high (they are produced by complex processes 
which are st i l l  a t  the p i lo t  stage) ; therefore, it would be highly desirable t o  use the part  as  - cast ,  
and i n  any event without machining. 
castings have a surface condition unacceptable t o  the a i r c ra f t  builder. 
"hot" ( i f  he can) with a view t o  having the l iqu id  titanium f i l l  the mold d e t a i l  ; t h i s  enables the  
titanium t o  react w i t h  the mold material ; the par t s  exhibit a deeply contaminated surface layer which 
is metallurgically undesirable and too costly t o  eliminate by a chemical or electrochemical milling 
process. Or, the founder has cast  "cold", j u s t  a t  the freezing temperature, ( the  general case) and the 
surface shows severe defects such as  cold drops, tears,  shrinkage, etc. 

It uight be supposed tha t  it would be possible by some method t o  machine out the unwanted surface layer ; 
but what is the metallurgical worth of cast  titanium per se ?. 
d e t a i l  except for  the simple cases of t ens i l e  or fatigue t e s t s .  
properties are not too bad, although duc t i l i t y  i s  somewhat lowered. 
are used, the picture is l e s s  encouraging. Casting producers have confined themselves t o  using the 
c lass ica l  wrought alloy compositions (mainly Ti-6A1-4V and Ti-5A1-2.5Sn), not looking fo r  special  
compositions specially ta i lored  t o  the casting procedure. This is probably a mistake. However, the 
problem of general r e l i ab i l i t y ,  inherent t o  every kind of cas t  metal, has t o  be faced and too few data 
are available t o  give a va l id  answer. 
and its abvious economic advantages s t i l l  warrartthe large-scale research investments made everywhere. 
But enthusiasm i s  waning as  the years pass. 

Despite major research and development e f fo r t s  

From the  dimensional tolerances point of view, l o s t  wax precision 
Either the  founder has cas t  

It has not been characterized i n  great 
Compared with wrought material, these 

But when more sophisticated c r i t e r i a  

Titanium casting fo r  s t ruc tura l  use has not yet been rejected, 

6. GENERAL CONCLUSIONS 

Titanium, one of the l a t e s t  entrants in to  the f i e l d  of metals fo r  aeronautical applications, must 
without f a i l  meet severe selection c r i t e r i a  t o  acquire and keep i ts  position. However, the body of 
data tha t  has been accumulated i n  a short time 
more and more complex is  being used t o  advantage i n  the case of titanium. 

Aeronautical structures and engines account fo r  the bulk of titanium applications. Mill-product 
shipnmts i n  the U.S. are shown i n  Fig. 16, increasing on average by 10 $ per year and mainly re la t ing  
t o  aeronautical applications. 

The s i tua t ion  is  slighty d i f fe ren t  i n  Europe, as  regards both tonnages and t h e i r  d i s t r ibu t ion  (Fig. 17). 
These successful developments are linked t o  the newly-acquired capabi l i t i es  of the titanium industry 
t o  meet more stringent quali ty requirements i n  response t o  the more sophisticated u t i l i za t ions  being 
imposed by airframe and engine producers, as  well as  outstanding r e l i ab i l i t y .  

Another feature i n  characterization i s  the dras t ic  influence of the microstructure on engineering 
properties. A very detailed understanding of these structures i n  being obtained i n  the U.S. and 
very f ine  analysis procedures are i n  hand for  t h e i r  accurate definit ion.  
of composition has been 
microstructures w i l l  be possible, it is  reported tha t  t h i s  w i l l  enable microstructures t o  be specified 
t o  f u l f i l  property requirements. 

i n  response t o  materials selection which i s  becoming 

I n  the  recent past, choice 
Since more r i g i d  control of chief c r i t e r ion  for  controlling properties. 
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