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FPOREWORD

This handbook will eventually become a chapter in a larger volume which

probably include the following military handbooks dealing with composite
rials.
Nondestructive Testing Methods of Composite Materials -

Ultrasonics, MIL-HDBK~787

Radiography, MIL-HDBK-733

Acoustic Emission, MIL-HDBK-732

Thermography, MIL-~-HDBK-731
It is intended that the new volume serve as a reference in which answers
be found to the more general questions concerning the technical aspects

hniques emerge, they

applications of ultrasonics to composites. As new tec

will be incorporated in the volume.
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1. SCOPE

1.1 General. This document is intended to provide information on using
ultrasound to study several types of discontinuities found in various
composite materials. The fundamentals of ultrasonics are not included as this
type of information is available in MIL-HDBK-728/6.
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2.1 Government documents.

2.1.1 Specifications, standards, and handbooks. Unless otherwise
specified, the following specifications standards, and handbooks of the issue

listed in the issue of the Department of Defemse Index of Specifications and
Standards (DODISS) specified in the solicitation form a part of this stendard
to the extent specified herein.

STANDARDS

MILITARY
MIL-STD-%371 - Glossary of Terms and Definitions For Ultrasonic
Testing Procedures
HANDBOOKS
MIL-HDBK-728/6 - Nondestructive Testing

(Copies of specifications, standards, handbooks, drawings, publications, and
cther Government documents required by contractors in connection wih apecific
acquisition functions should be obtained from the contracting activity or as
directed by the contracting activity.)

2.2 Other publications. The following document(s) form a part of this
standard to the extent specified herein. The issues of the documenis which
are indicated as DOD adopted shall be the issue listed in the issue of the
DODISS specified in the solicitation. The issues of documents whick have not
been adopted shall be those in effect on the date of the cited DODISS.

2.2.1 Technical articles referenced in this handbook are listed at the end
of this handbook.

I'4 < o o adowmdowmda = s Ter mtrmt 1 abhTa Lac - o
(Non-Government standards are generally available for reference {rom
libraries. They are also distributed among technical groups and using Federal
agencies.)
agencies. )
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3. DEFINITIONS

nitions. Definitions given herein shall be as specifled in
ns F .

i
71, Glossary of Terms and Definitions
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4.1 Introduction to composite materials. The use of composite materials is
quite extemsive. Early military applications gemerated during World War II

have led to large scale commercial applications in such industries as
aircraft, aerospace, automotive, boating and sporting industries. The success
of fiber reinforced composites is derived from outstanding strengtl

'.'!‘
W
@
«
[]
=
[
[
@

the relative ease of fabrication. Perhaps the one unique characteristic that
distinguishes composites from other materials is that the manufacture of a
given composite structure and the synthesis of the material occur
simultaneously.

4.2 Nature of composites. Some introductory remarks on the nature of
composites may be helpful for those unfamiliar with the gemeral subject. 4

composlte material may be broadly aexln ed as one or m d
c o

n
ing m ial. The comblnatlon c Drov1de prop ertles not possessed by
th r of the conatituenta. For example, one can cite high strength and

stszness to weight ratios compared to more conventional engineering materials

such as steel and aluminum. See figure 1 which displays some of the current

possible composites. It can be seen that the combination of constituenis is
unlimited and can include both nonmetals and metals.

4.3, Fiber reinforcements. Reinforcements can be in the form of particles
and the composite behaves as an isotropic material. 1In this paragraph we will
discuss continuous fiber reinforcements. Such materials are inherently
unidirectional or anisotropic and as such there is a vast difference in
mechanical properties in the directions

3
- g

asured transverse to the flbers. However, bv
laminating layers of idirectional fiber-reinforced materials oriented at
appropriate angles one can control the enisotropy for a given design
requirement. For convenience uniaxial loadings are usually regarded as acting

A aa . ol - et o = thace 214 memad wsd -
to this axis. Thus, & [0, +45°) material has fibers aligned with the
loading direction as well as fibers at +459tc the load., The 0°0 fibers are
intended to carry most of the applied stress while the 45° oriented layers

contribute to the shear stiffness and off-axis load carrying capacity. The
layers of fibers called plies or laminates are arranged symmetrically about
the 0° direction to prevent warping. Each laminate must experience the same
strain, however the stresses in each layer can be substantially different due
to the fact that stiffness depends upon orientation. Thus, the O° plies are

highly stressed while the +45° laminates are comparatively lightly loaded.
Thus, failure is complex with each oriented layer having & characteristic
behavior to an applied stress; this is particularly the case for fatigue
failure.
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5. FIBER-REINFORCED, ORGANIC MATRIX COMPOSITES
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5-1 Use of various f e 01 lass i1 ] U
attractive because of the low cost involved. However, graphite, boron and
aramid polymer (Kevlar) fibers are highly desirable because of the high
strength and stiffness values. There are indications that the price of such
fibers will reduce as the demand and manufacturing expertise increase. For
example, the price of graphite and boron fibers have decreased during the
1970-1980 period by factors of 10 and 4, respectively.

i h Mha nwaa Af
4 U uo

5:2 Role of the continuous phase. The role of the continuous phase or
matrix is to bind the fibers together in a rigid shape, transmit atresses to
the fibers and protect them from environmental attack and damage from
handling. For the most part thermosetting polymers are used for matrices and

include eporxy, polyester, phenolic and polyimide resins.

5.3 Reliability of fiber-reinforced composites. The reliability of

fiber-reinforced composites is beset by within - and between-part variability
regsulting from both raw material variability and the difficulties associated
with the control of comparatively new and complex fabrication processes. High
atrength fibers are often difficult to make with a high degree of uniformity.

Alignment of fibers is not always assured; achievement of adhesive coupling

between the matrix and fibers can be arduous and many matrix materials evolve
gas &s an inherent part of the cure process. These variations exist in
addition to occasionsl human error, and one can expect to find anomslies due
to:
o Variations in fiber properties
0 Variations in fiber loading
Matrix variations - resin rich/poor areas
Variatians in Piher/matwiy handine
TQL 4QA LVLVUD LM L-LUUL/MI-L -LA UUM\AL%

Matrix cracking

Porosity (instrand and between layers)
Fiber misalignment

Gross cracking

Breaks in the fibers

Gross delaminations

Residusal stress

Foreign inclusions
Fabrication parameters - time, temperature, pressure

O 0O O0O0OO0OO0O0OO0OO O

5 4 Failure. Failure can occur due to any or a combination of the above as

a dis a
ty Unfertnnat-elyi the app1*c tion
of nondestructlve evaluatlon methods to compoelte materials is not well
established. Certainly, some of the more gross discrete anomalies involving
cracks, delaminations, voids, inclusions and resin variations can be detected
and monitored during the use period of a composite component. However, the
differentiation of the other more subtle anomalies has yet to be attained. 1In
addition, how most of these anomalies react in a multiple ply structure is not
totallv underatood 'thrnf‘nrn there ia an internretation p*eblem as well,

U VR aa) wawTawovwUws AsaTivawa vaiviw AL VU A PLC VA Yk VAl

This is an area where nondestructlve evaluation can play an important role in
advancing the understanding of composite material mechanics and analysis.

5
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6.1 General. For ease and speed of scanning most interrogations involving
flaw detection of composite materials are performed in the immersion mode and

the data is recorded as a C-Scan. The initial categorization of the scanning
tecnnlques is determined by the specimeﬁ thickness. If the thickness is
sufficient to resolve the successive back reflections, then a single
transducer can be used as indicated in figure 2(a). The resolution is also

influenced by the output frequency spectrum of the transducer and is optimized
for broadband transducers. If the specimen is thin, as in the general case,
then one must resort to a through transmission scanning technigue.
Utlllzat1on of the necessany two transducers 1s snown in Ilgur 2(0). Both

b

m
bt

)
l

Lo
governed of lens to transduc
frequency content of the transducer. One can questlon the effectiveness of
the scanning technique that uses a reflector under the specimen. It is
apparent that the sensitivity of the response is decreased due to the added
divergence of the beam inm its return patk back t¢ the transducer.

£§.3 Use of the ultrascnic stress wave factor. The use of the ultrasonic
streas wave factor as an interrogation parameter was first suggested by Vary

and Lark (l). As we shall see the factor is essentially a measure of
attenuation with the added advantage of only requiring single sided specimen
assessibility. Commercial equipment is available for the utiligation of this
technique, however it has not reached the stature of & routine interrogation

,,,.L\__g

meunoa.

ot

6.%2.1 Attenuation. PFor the initial interrogation it is convenient to
consider a scanning parameter that is a measure of the attenuation of the
specimen and is taken as the transmitted amplitude on reflection A of figure

2. Variations of the transmitted amplitude can be related to the existence of

delaminations between the plys of the composite, fiber loading, surface
irregularities, internal damage, matrix resin variations, void content as well
as scattering from various structural components of the composite.
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7. DETERMINATION OF FIBER ORIENTATION

7.1 General. The work of Stone and Clarke (2) typifies the ability of
transmitted ultrasound to indicate fiber orientation of a fiber reinforced

composite, See figure 3. The material is a carbon fiber reinforced composite
and Fha Arav er~rala FA_CAaan Aionlav af re aflankin A Af F‘an—a Y€M1-~) Alaaviv ahawue
Al AN Wiy [ ~ ey = A A TR P i A PN A A l n wva LAYULS o\ ) \'J.cﬂl.&: DlIIVWe
the alignment of the fibers. The high attenuation (clear regions) at the

borders of each display are due to the fabrication process used.

7.2 Technique for detection. Prakash and Owston (3) have suggested a means
of detecting fiber orientation. For the moment consider a unidirectional
fiber reinforced material. The basic premise of the techniques is that the
material acts as a collimator of ultrasound. When the ultrasonic wave is
propagated in a direction at some angle to the fiber direction, the material
behaves as a discrete lattice and acts as an attenuator because of processes
such as reflection, refraction, dispersion, and mode conversion. This is in
contrast to propagation along the fibers which provides ease of propagation
due to wave guide effects. PFigure 4(a) schematically depicts instrumentation

to take advantage of this effect. AsS the angle eX is varied the attenuation
is altered to dAisclose the fiber loading direction. This can be sianificant

- Sesvawew caarTes aVERay RasTL e .= ssaaa-Tie

2
information when multiple angled lay-ups are concerned. This is quite
noticeable for the [0°, 90°] orientations of figure 4. It can be noted
that minimum transmission is observed for a unidirectional fiber structure
whene = 90° or when transmission is in a direction transverse to the fiber
direction. ﬁowever, as the more transverse or 90° lay-ups are added, the

Q

7.3 Acoustic back scattering technique. Bar-Cohen and Crane (4) used an
acoustic back scattering technique to locate the orientation of the fibers in
a multiple angled lay-up composite. Pigure 5(a) indicates the apparatus
used. A 25 MHz, 6.35 mm diameter, wideband transducer focused at 12.7 mm
operating in the pulse-echo mode was employed to obtain the necessary high
resolution requirements. For a given fixed angle ®~ the transducer is rotated
such that 0°<’S < 180°. The maximum amnlitude is noted within a small

angular range of 9 with the added condition that the beam is normal to the
fiber axis. FPigures 5(b) and (c) display the results for a [0°, 3450,
90°]g and [0C, -159, -30°, +45°, -60°, +75°, 90°]g¢

laminates where the subscript indicates a symmetrical distribution of the

various plys involved. The materials for this study were a glass/epoxy
(Scotch 1002) and a aranhite/enayv (T300N Piher /5200 Ragin) All amacimens
VN ww wwee v wie Smiele = e mpirave; wpwag NS VY samvwa/  vVww MNeassj e Nese DT L
contained at least 2 to 14 plies depending upon the complexity of the lay

structure and were fabricated using standard autoclave processes.

7.3.1 Scattering differences between glass and graphite. It was noted that
the scattering from the glass/epoxy material was 3 to 5 dB higher than that

from the graphite/epoxy material. This is presumably due to the much larger
difference in acoustic impedance between the glass and epoxy as compared to
that between graphite and epoxy. The attendant acoustic impendances of
graphite, glass and epoxy are 6.89, 14.5 and 3.48 x 106 gm/cm2 sec.
respectively. Thus, the difference in impedance for glass/epoxy is
approximately three times that for graphite/epoxy. The latter along with the

fiber size and density were responsible for the added scattering from
mlana/lanAavi Auvay A-Lu\ mramhibanlanAavee Aaameasand b T mavomeam » O tin mhall
§i1a35/epPORY Ovel uiie glapliice/epOiy CONpisSice. 40l palfagrapna o, weé Shaad
roncider neina the avnarimaental anmnaratne af fianre 8§ far datactina narneitvu
.............. g The experimental apparatus ©OI Irigure o IQor getecCcting poresity.
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8. VOID CONTENT DETERMINATION

8.1 General. The void content in fiber reinforced composites can
essentially be relegated to two types: voids that are aligned along
individual fibers and voids that are located between the laminates of a

multiple ply composite. If the void content is less than 1. 54, the voids are

spherical and have diameters within 5-20 mm. For high void contents, the
voids are cylindrical and have a length which is an order of magnitude greater
than the diameter. Such voids are further characterized by the fact that thsy
are oriented parallel to the fibers.

8.2 Sources of voids. There appears to be two sources of voids: The first
is due to the entrapment of air during impregnation of the fiber reinforcement
with resin. It has been observed that a highly viscous resin will penetrate

with difficulty and this is further aggravated by poor wettability in that all
the air will not be replaced. If one adds to this the unique effects of the
resin system used along with the influence of the processing temperature,
pressure, and time, then it is possible to note the complexities involved in
the generation of voids. It is safe to state that a void-free composite is
not possible for all practical purposes.

8.3 Measurement of void content. There are a number of techniques for the
measurement of the void content. Ome cam list techmiques involving the
measurement of density by chemical processes (5) and water absorption (6).
Comparison with theoretical density will indicate the void content. The

micrographic cut-and-see technique is another method of determining void
content. All of the latter techniques are destructive in nature.
Nondestructive techniques using ultrasound and radiography are also
available. However, required semsitivity essentially eliminates the

radiographic technique except in those instances where impregnation of
absorbing fillers can be used for semsitivity enhancement (7). An estimate of
the error for all of the above techniques for determining void content is

8.3.1 Ultrasonic technique. Bar-Cohen and Crane (4) have proposed an
ultrasonic technique for determining void content based upon backscatter.

Voids were generated by sprinkling hollow glass microspheres between the {°
awmd OND wmliaa ~AF o nNo nno-l_ elnaa/anavy laminata Mo wAnaad +v
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gives rise to omnidirectionsl scattering which may be determined by the
experimental apparatus previously displayed in figure 5., The results for the

porosity experiments are shown in figure 6. The technique has distinct
possibilities of being used as a standard procedure.

)

8.4 Degradation of mechanical properties. Judd and Wright ( ) in their
excellent summary paper with 47 references on the general subject of the
influence of voids in composites, indicate & number of mechanical properties
that degrade as the result of the presence of voids. These properties include

interlaminar shear strength, longitudinal and transverse strength and modulus,
fatigue resistance and high temperature oxidation resistance. For example,
regardless of the resin, type of fiber, or fiber preparation, the interlaminar
shear strength decreases by approximately 7% for each 1% void content up to a

total void content of at least 4% beyond which the rate of decrease

A2t 2 el Nidlbcer s mmbder danwadad ama mma mad an avédanmadowra Td 2o
aiminisnes. viner properiLy usgliaualvliuvud alve vl ad CALSUDlIvT. 4V 4D
interesting to note that impact strength incresses with void content. This
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is attributed to the formation of an extensive yielding zone which produces
greater toughness. Williams et al (32) studied the influence of curing
temperature and pressure upon the void content of an 8-ply [O° +450, 00]

graphite/epoxy Hercules AS/3501-6 composite. (See paragraph 12.)

8.5 Detection of voids. It is obvious that the voids are much too small to
produce an appreciable coherent reflection and thereby cannot fall into the
realm of flaw detection. However, advantage can be taken of two monitorable
events caused by the presence of voids. First, the voids act as incoherent

scattering sites thereby detracting from the traversing ultrasound. This
should be observable as an increase in attenuation. The second event is that
the void content affects the modulus, hence this should be evident by a
decrease in the velocity of propagation. As we have noted in other such

instances the attenuation variations can be orders of magnitude greater than
the agsociated velocity differences

Vaiv Bmwwvvawmvww YwvaWVwa vy

8.6 Experimental data. Stone and Clarke (2) have provided the most
significant experimental data on the influence of the void content upon the
observed attenuation. They worked with a unidirectional carbon fiber material

erpen dicular to the fi

1g
frequencies is obvious. It was shown by 81mp1e impedance amplltude re
calculations that the indicated attenuation at zero void content may be
attributed to the reflection losses on either surface of the specimen.
Experimental observations provided evidence that small voids are due to
voletile elements present and ge previously mentioned such smell size void
(5-20 mm) are associated with void contents less than 1.5%. Above this

n

content, the voids are caused "hv air nh*anpmnat between e mina
flatter and significantly larzer than the volatile - induced voids. T u
nature of the void structure suggests two distinct relationships and prom pte

Stone and Clarke to replot their data as shown in figure 7(b).
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ti s also possible to generate displays of
at frequency with the v content as a parameter. The slope of
this display would be the exponential dependency of the relationshipel ~ fI,
This is shown in figure 8(a) where the data is taken from the Stone and Clarke
display of figure 7(a). The linear relationship on a log-log plot has the
added advantage of a predictable functionality, hence facilitates meaningfull
data as well as ease in plotting. In grain scattering in polycrystalline
materials the exponent n has been very helpful in defining the scatterlng

mechanism involved. The convergence and apparent common point

frequency may be interpreted as the attenuation of void free materiel and is
due to intrinsic attenuation and impedance reflection losses at both surfaces
of the specimen. A cross plot of this data generates figure 8(b) which
displays the frequency exponent (n) as a function of the void content. Again,

for the range of void content considered we have a linear relatlonahlp once
the intrinsic effect is eliminated by .simple extrapolation. It is reasonable
to state that the measure of the void content in termes of the frequency
exponent is a more averaging determination based upon a predictable linear

relationship.

1~ \
8.7.1 Explanation of data. Martin 'Y/ has attempted to generate an
explanation for the experimental data of Stone and Clarke. He assumed that
all voids are spherical, of the same size and are homogeneously dispersed

o)
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throughout the resin matrix. Considering only voids in the matrix greatly
simplified calculations of the affect of such voids upon the matrix elastic
constants. It was further assumed that each void scatters individualily, thus

mul'tiple scattering is not involved. For ka>> 1 the attenuation due to void
& y) becomes,
=s - 4 3 R
B(V' = —__2!_5 v = —9?’ v 8 - (lO)
- 8 w a’ 3 4
¥
where k is the wave number (21’b3 v is the void content, a is the void

radius, ¥ is the scattering cross sectlon and g is a function of the shear and
longitudinal wave velocities. He modified the scattering cross section {) as
proposed by Ying and Truell(10) by considering the sound velocities as a
function of the void content. It is interesting to note that the functional

dependency of the void diameter and wavelength are the same as for the
Rayleigh grain scattering (kD >> 1) in polycrystalline metals where the
average grain sige (D) has been replaced by the void radius.

8.7.1.1 Results. A comparison of Martin's calculated attenuation response
for the data display of figure 7 is shown in figure 9 where the attenuation
response at zero void content has been eliminated. It should be noted that
the 5 Mgz and 7 MHz curves are above and below the associated experimental
data, respectively. Martin attributes this to two possible sources of error:
void content and void size. The former under the best of conditions is +l/21

oAl LULLSTAaS KA S42T Net- ALl 4 cp

while the latter can be particularly significant.

8.8 Use of velocity. The use of velocity to monitor the influence of the
presence of voids or porosity upon strength related properties in homogeneous

materials is numerous. For example, tensile stra?§t? correlations have been
established by Ziegler and Geriner for cait iron (11); Lockyer (12) for a
particulate resin comp-gitE; Serabian (13 for concrete and Brockelman

(14) for sintered materials

8.8.1 Propagation directions. In utilizing the velocity as a means for
characteriging fiber reinforced composites, propagation directions

perpendicular and parallel to the fiber piane\SJ are used. Propagating
....... A wdidldim o Fihar nlana Aan mravrida andantrwanis aloatsns AnAanadand
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measurements, However, dispersive effects can hamper the measurement of

velocity and its subsequent interpretation. The propagation perpendicular to
the fibers is by far the most suitable for nondestructive interrogation
purposes and will be considered in this presentation.

.: by otatlnz a specimen in an immersion bath, and usin
a through-transmission measuring technique. Martin(16) and Reynolds and
Wilkinson (17) have proposed models for the velocity of propagation. The void
content is limited to the matrix. In any model it is necessary to account for
the effect of voids upon the elastic constants involved. For this purpose,
the 1or?er used the work of Hasin (18) while the latiter adopted the work of

h o PRSP Ty
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8.8.2 Velocity vs void content. The results of Martin's model is shown in
figure 10 for glass fiber {a) and carbon fider (b); the effect of the fiber
content is also considered. As to be expected, the longitudinal velocity

(V1) and the shear velocities with polarization perpendicular (Vgs) and
parallel (Vs',) to the fiber plane all decrease with void content. Also,
increasing the fiber content increases the velocity at any given void content
as well as producing a more pronounced velocity decrease. It must be
remembered that since it was assumed that the void content ie limited to the

___________ 14 ~d Tasmsd dha wrasd

matrix, &any increase in the fiber content would upy;uy;;auv.&y limit the void
content. Also, the elastic constants of the fiber are much larger than those
of the matrix. It is significant to note that from the standpoint of
sensitivity, the longitudinal wave velocity is desirable for measuring the
void content. There is very little velocity-void content data to confirm
Martin's model. For example, for a carbon reinforced material, Stone and
Clarke (2) indicate a 6% decrease in the velocity for a void content of 5%

Sl 2V o WMokl e ' 3 n) demdlamboe e TOF dawsennca
WNll& Ma&TVin 8 moOd€ed 1L71uicaves an J.OP UBDLGGBC.
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9., DETECTION OF DELAMINATIONS

9.1 General. Interply delaminations are perhaps the most straightforward
anomalies to detect. Using the scamning technique of figure 2.(a) an
indication would be noted between the first interface and first back

reflection while in figure 2(b) and (c) a delamination would mean total
reflection and hence gero transmission. By proper C-scan procedures one can
obaserve these events to map out the delamination. For example, figure 11

indicates the C~scan detection of a delaminate in a 16 ply carbon epoxy
reinforced material. The delamination was simulated by embedding a interply
square film petch. Of prime importance is the size of the beam at the

detection plane of interest. It is for this reason that highly focused beams

are used. According to Jones and Stone(20) this can be accomplished by
using & simple diameter stop such as a metal washer in front of a flat or
unfocused transducer. The increase in resolution is made at the expense of
interrogation power. In effect, this produces a smaller source with an

attendant highly divergent beam. Broadband focused transducers (sse figure
12), or better still, a conical transducer would be more advantageous.
Calibration of an interrogation system's ability to completely detail a given
size delamination can be made by the use of flat bottom holes drilled

perpendicular to the interrogation surface. For the through-transmission
immersion mode it is necessary to consider a taping procedure on the drilled
side such that the ultrasound encounters a material/air interface.

Q9 Thetocmanhia manom weo
9.2 Photographic recording system. Knollman et al (21) suggest the use of
g phologruphic recording system tc take advantage of the wide tonal range

- r.-v 'vo b H AN -3
available. Using the double focused transducers shown in figure 13(a), the

receiver modulates a light source to indicate the transmitted ultrasound. The
noted variations in the light source would then appropriately expose a
photographic emulsion. For example, a totally unbonded delamination would b

dark on the resulting pnotograpnlc mage while a totally bonded reglon wou
g Masa +hawm &0 shadan 1
-’
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the photographic process presented a . The delaminations were simu
1nterp1y Teflon film inserts in a 14-ply unidirectional graphite/epoxy
composite. A comparison reveals the substantial increased clarity of the
delamination of the photographic recording. Also, the various gray shades
suggest the presence of voids, thickness variations and fiber loading

Ta

-3

nce between conventional C-acs
la

Chang et al (22) developed a spectrographic technique to detect and locate
delaminations. Essentially, the technique is based upon the resonance effect
in that destructive interference occurs when the depth of the delamination is
an integral multiple of the half wavelength of the ultrasound. Figure 14
shows their apparatus and data where an area without delaminations is used as
a standard. Flat bottom holes of 6, 3 and 1.5 mm diameters were used to

mtmmrs T ada AaTams ma s omen
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The straight line relationship between the points of frequency minima and
the attendant order number is indicative of the existence of the interferences
phenomenon. As displayed in table 1, it was possible to calculate the depth
of the delamination. It is significant to note that the sensitivity of the

procedure is sufficient to depth locate a delamination of 1.5 mm in diameter.

With such sensitivities, it is possible to note crack-like defects as well.
my o ~n e AL e ok - PR, RPN P S e b NP Tar codacd e PR S
lne 8ize 0OI any daecvecieud asiaminavions can oe .Louuu DY s3ianaara scanning
nranadniraa far Aanmnnaitaa

}JLU\;U\AMLCE 4V VUlﬂyVDLVUuo

12



TECHNICALwLIBRARY
10. MEASUREMENT OF STRENGTH RELATED PROPERTIES

10.1 General. The ultrasonic stress wave factor proposed by Vary and Bowles
(23) lends itself to studying strength related properties. The crux of the
tpohninup is shown in fipnrn 15, The nn1nn from the 1““”lt_d-u_1 wav
transmitter reaches the receiver in a comnlex fashion involving teracti
phenomena of reflection, mode conversion at the fiber/matrix 1nterfaces and
diffraction of waves generated at anomaly sites such as produced by voids and
fiber and matrix microcracking. Typical transducer separation range is 1 to 4
inches. The transmitting transducer operates in the high kHz, to low MHz

an wmaddsemm Wle  wemos meosan deran o Lo Dl
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frequency range while the receiver is a medium KHz, resomant type transducer
normally used in acoustic emission work. The transducers are usually clamped
on; however, Rodgers (24) describes a commercially available, self-contained,

portable equipment line which incorporates & tandem set of free rolling
contact transducers that have no couplant requirements. Therefore, the stress
wave factor measurements take on the full implications of an interrogation
technique.

10.2 Stress wave factor (SWF). The stress wave factor (SWF) is taken as,
SWF = GRN (17.1)
where N is the number of cycles above a threshold amplitude, R is the pulse
repetition rate and G is the sampling time interval. A modified SWF has been
proposed by Williams and Lampert (25) which utilizes a single pulse (N = 1)
and sums all the amplltudes of the peaks above a threshold apmplitude, thus in

ettect G =+0, Rogers (24) worked with the HMS values of the voltage peaks and
states that this is insensitive to minor changesin waveform shape and
eliminates threshold level effects. The stress wave factor is a valid
propagation parameter as long as salient items such as transducer activation,

transducer characteristics, system gain and transducer separation are held
constant. In actuality, the stress wave factor is a measure of attenus

L2 L2 L SC VR aa vesT AV VUL G AuTasw Ve
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the ability of the materlal to propagate ultrasound. It represents a unique
attenuation scheme in that only a single specimen side is required The
latter is a particularly desirable feature for examining thin materials such
as composlte When the path of the ultrasound is hampered by anomalles then
ave factor to be :
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10.2.1 Application of SWF. Vary and Lark (1) describe a study using the
stress wave factor to investigate the influence of fiber/resin bonding and
fiber orientation. The composite consisted of type AS graphite and PR-288

mandn Piham cmniandodd e R An0  and
0¥, $ov g,

epoxy resin. Fiber orientations studied were LU',

(oo, +45°]S and [+45°]9. Two different fiber treatments were used:

with and without polyvinyl alcohol (PVA) coating. Tabs were attached to each
specimen to facilitate tensile loading. Each specimen was scanned by
conventional ultrasonic interrogation techniques to eliminate those specimens
with serious flaws. Stress wave factor measurements were made at 15 equally

spaced points within the gage length of the specimen. Figure 16 indicates the

results along with the points of fracture due to temsile loading. It can be
seen that fracture occurred at the point of the minimum stress wave factor.
The latter was noted regardless of the fiber orientation. It should be noted
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that in the case of multiple fractures there were corresponding stress wave
minima. Since such ultrasonic measurements were made prior to tensile
loading, it is obvious that the failures may be attributed to the initial
state of the microstructural anomaly content of the material. It is
noteworthy that such anomalies were undetectable by conventional ultrasonic

Ive e WwwA wirme Twwse S0 L=_JF A A =1 adildeleLLanie Uy cI1L 1Y

1nterrogat10n techniques.

10.2.2 sStress wave factor vs ultimate strength. Pigure 17(a) shows the
relationship of the stress wave factor and the ultimate strength (g3c). The
correlation appears to be valid regardiess of the fiber orientation and
preparation. As indicated in figure 17(b) there is also a correlation with

GTE/E where E is the modulus. The latter quantity is a measure of the strain
energy at the ultimate strength - i.e., if x is the gage length then & Le/EX
has the dimensions of energy per unit volume. The stress wave factor, N
is expressed in terms of the maximum value noted for SWF and is related to the
stress wave energy dissipated. Also note the fiber fractions (f¢) and
specimen thickness (t) have been incorporated in the stress wave factor. The
PVA coating, in effect, adds to the original diameter of the fiber (5%), thus
by considering the ultrasonic parameter as usw(c/zf) the influence of the
PVA coating can be separated.

14
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11. DAMAGE DETECTION AND EVALUATION

ll 1 General This paragraph will consider the nondestructive detection
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11.2 Observing initial damage. The nondestructive observation of the
initiation of damage in a multiple layered fiber reinforced composite exposed
to a streas environment is beset by difficulties primarily due to the
anisotropy involved. Each layer of ply because of its orientation with

respect to the applied load will fail with its own unique stress level. In
general, both strong and weak directions exist and the wsakest pliss ars
responsible for the initiation of damage. It is this damage point that must

It is this point th
be noted to alert the engineer that failure has started. Needless to say, the
nondestructive evaluation method used must possess a significant sensitivity
to the damage mechanisms in effect in order to note the minute amounts of such
damage. Also, this is further complicated by the fact the damage is
volumetric in that it can be spread throughout the composite.

11.%3 Damage due to static and cyclic loading. Hayford and Henneke (26)
have used attenuation to study the damage resulting from static and cyclic
loading hlstorlea and have proposed a model to explein the origin. They

+45%, 900 ], and [0°, 900, +45]3. The specimens were nominally one

inch wide by seven inches long with bonded fiberglass end taps tor loa
introduction. During the loading, attenuation was continually monitored.
Also, the free edges were examined for damage by & microscope as well as by
replication techniques. Figure 18 indicates the results for the 100,

:450, 90°]s laminate loaded in simple tension; figure 19 displays the
crack formation and the acoustic emission results. The similarity of the
general shapes of crack formation and attenuation suggests that they are

related.

b} A Nemn nlrd o~ Ao 4+ ho ownoa~ndar’ + + A dhnd +ha -
ii.4 Lracking. A4S L0 De expecied 1T was iouna inav vae 3009 pliss failed
first by transverse cracking at load levels approximately one-third of the

ultimate strength of the lamlnate. The entire laminate does not fail
catastrophically, but additional transverse cracks continue to appear up to
load levels of approximately two-thirds of the ultimate load. At this load
level, the transverse cracks have reached an almost regular saturation

~n - ~

spaclng. (27) Spacings in the 90° layers of 0.024-0.059 inches

) ~od A NANZ b (N £ 1T 71 emem) cemeen Al Fawm +ha
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[00, +450, 90°]s and [0°, 90°, +45°]5 laminates, respectively.

It is proposed that the increasing attenuation with increasing load and
crack formation is due to the diffraction or beam spreading of the incident
ultrasound by the cracks. (28) 1n effect, the cracks form a regularly spaced
dlffractlon gratlng. It is 1mportant to note that the number of cracks and

~h fasl, + +h £ ¢ b}
approach the failure strength of the laminate the crac cing reaches a
: . X
characteristic spacing unigue to the laminsate.
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12. FATIGUE DAMAGE

12.1 General. When materials are subjected to cyclic or fatigue loading it
is well known that they can fail even though the ultimate static strength has
not been exceeded. This is true for metals, plastics and composite
materials. Within the service life of a structure such fatigue loads are
unavoidable, therefore all design criteria must include fatigue analysis as
well as static strength requirements. However, for composites the effects of
fatigue and the resulting damage are not as well understood as those
pertaining to metals. Well established design criteria are not available and
one must consider every new material/structure in its own light.

Salkind(29) indicates that the growth of fatigue damage in a metal can be
much more abrupt (also see figure 20). It is interesting to note that a
larger tolerant and inspection threshold damage size exists for the composite
material. It would appear that the propagation of damage is arrested by the
internal structure of a composite material (see figure 21). Thus, one would
expect more desirable fatigue characteristics for the composite material.

This is shown in figure 22 for a number of unidirectional composites and
affords a comparison with aluminum. The excellent fatigue characteristics of
Kevlar- and boron-epoxy as compared to glass-epoxy and aluminum are evident;
the graphite-epoxy composite characteristics are also comparable to Kevlar and
boron composites. The higher fatigue resistance of a unidirectional composite
may be attributed to the fact that the load is essentially supported by high
strength fibers. However, there is a general degradation of fatigue
characteristics once an off-angle multiple ply structure is conaidered. As
diagrammically shown in figure 23 in a [0O°, :A5°] stacking sequence much

less of the load is carried by 00 fibers and no fibers are aligned in the

load direction for the [90°0, +450] composite. (30)

12.2 Complexity. Due to the various constituent components the fatigue
damage in a composite is much more complex than say in a homogeneous material
such as a common metal. For example, damage is evident by failures due to
combination of fiber-matrix interface, matrix crazing or cracking, fiber
breaking and delaminations or separation of the plies. The failure modes are
further compounded by the presence of manufacturing defects such as scratches,
dents, pitting, porosity, voids and delaminations. Experimenters (31, 32
have also indicated that the heat generated during fatigue can significantly
degrade fatigue characteristics. Heat generation is both a consequence of and
a contributing factor to fatigue damage. Damage such as delaminations and
cracking resulte in significant local internal friction which generates heat.
The heat in turn raises the temperature of the material/structure and reduces
its resistance to fatigue. This indicates the feasibility of using
thermography as a nondestructive evaluation method to monitor fatigue damage.

12.3 Summary. The above failure modes coalesce to produce a degradation of
vital materialgstructure properties and eventually results in a catastrophic
failure. The complex interrelationships of these microscopic and macroscopic
failure modes present & challenge of major proportions for the nondestructive
mode of evaluation to be able to detect, characterize and monitor fatigue
damage. It becomes quite evident that no single physical process can totally
define damage; thus, no single nondestructive method can fully depict the
material/structure degradation due to fatigue damage. The reader is referred
to the literature for the activities in thermography, (33) acoustic emission

(34) and radiography. (35)
16
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13. USE OF ULTRASONIC C-SCANS

13.1 General. The ultrasonic C-scan continues to be & major means of
monitoring fatigue damage. There are inherent limitations primarily due to
surface imperfections which tend to 1ncoherent1y scatter the ultrasound

Perhaps, the greatesi limitation originaties from the relatively high inirimsic
mbtamisndinnm AP fiThhnw AnAamnAant ban Mhdsa Timita +ha Crmanitananryry wmanoa hanna +ha
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minimum detectable anomalv that can be observed. Also. as to be exmected the

transducer used can significantly influence the results. For example, figure
24 displays C-scans of a [90°, :450] graphite/epoxy composite containing a
through hole. The extreme left image was obtained by interrogating with a flat
transducer (10 mm - 6.7 MHz) prior to fatigue and shows details of surface
imperfections in the outer 45° layers; the lowest attenuation level recorded
as 11 dB in 1 4B steps. The next three images were obtained after fatiguing.
In the first one the plane transducer was used agsin with 2dB steps; the next
is the same transducer but collimated with a 5 mm washer placed at the end of
the transducer and the third scan used a long focal length, 6 mm - 10 MHz
transducer. The advantage of the long focal length transducer is evident. It

can be seen that considerable cracking occurs in the 90° plies. The final

rupture J.les across the hole anu is accompanleu Dy an extiensive a.mount OI
AnTominant+inn whitialh ahAaws 1vm e whida amana An +ha anan Mhawa 48 alan an
uc.l.u.m.n.uu LA -AIL\JI] SUuVeD uy ao Wiid VT QaLvaco Vid VS Ovaile MG IC a2 QALOV Add
overall lightening in shade of the C-scan after fatiguing which may be due to

progreesive damage within the whole body of the comp031te and may be the
result of matrix crazing or due to changes at the fiber/matrix interface.
Outside the region of extensive delamination each line on the scan in the
900plics may be aseigned tc 2 crack ae verified by sectioning. Occasionally
cracks can be seen in the 45° plies. The carbon fibers are approximately 7

to 8 microns in diameter, however diffraction causes & much wider trace on the

scan image.

13.2 Examples of C-scans to monitor fatigue damage. Another example where
?he C-scan can be used to monitor fatigue damage is given by Henneke et al

36 (see figure 25). The specimen consisted of a 0° center-notched ply
Annatmatnad he ONO n1sae anAd waas Avalar n+ 1INNg Af +hn natahald a+rwannth AF
vyudviaiucu UJ VvV y.a.;vo CAdiNA waw VwATGU @V ALVVN Vi AT MV VVMYM D VIR v vVa
the 0° ply unconstrained (unidirectional) laminate. The increase in the
damage area is clearly delineated.

13.3 Flaw growth during fatigue. Liber et al (37) investigated flaw growth
éuring fatigue in 16-ply graphite epoxy of two different stacking sequences:

”~ . AN ~~ - rl\ . AP [ o ) SRR - 2 A ___ 3
L{0%, +45°, 90°)gjo and 08, +45% jog. They considered
simulated flaws consisting of a circular through hole, an interply embedded

film patch, an intraply gap and surface scratches. The specimens complete
with these induced flaws are shown in figure 26. Each flaw presents a unique
localized stress riser. The circular hole produces & planar sharp stress
gradient; the interply embedded film patch produces a through-the-thickness
stress gradient; the ply gap produces a dispersed siress gradient; and the
surface scratch is responsible for a localized high stress concentration.

13.4 Conditions for fatiguing. The specimens were fatigue cycled in

tension-compression at a stress level which depended upon the flaw type and
represented from approximately 25 to 50% of the static tensile strength of the

17
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corresponding flawed specimens. The maximum load levels for the

[(00, +450, 900)g], and [00, +450],5 were 23.3 and 32.4 ksi,

respectively. A lifetime of exposure was taken as 127,500 cycles which at a
cycling frequency of 3Hz was accomplished in 12 hours.

ae a4 1 Y. JP U S, S RN maln memm st meamen serac 3s ] Ter Smdmnsmmamadad 9w
1>.4.1 UL=8cCcan iecunniqgue. Lacn specCimell wWads ulvrasonically iauverrogaveu iu
the (-scan/immersion mode after each half lifetime cycling up to a maximum of
four lifetimes. Broadband transducers with center frequencies of 5 and 15 MHz

were investigated. The final selection was the 5MHz transducer with a
diameter of 1 inch and a focal length of 2.5 inches. Figures 27 and 28
indicate the resulting flaw growth contour maps. There are a number of
salient observations that can be made. As to be expected the flaw growth is

14 i a an) 1 i _ 2 _ T
greater in the L\GO +45%, 50)gJo specimens that in the (08,
+450 ]5, specimens. The influence of the 90° lay up is the dominating
factor in this regard.

13.5 Results. PFor the drilled hole flawed specimen the initial fatigue
damage in the form of delaminations is highly localized at the hole within the

first two lifetimes then spreads out to the edges. A possible explanation for
this lies in the fact that disbonding of laminates can run along the off-zero
fibers to the specimen edges and geometrically reflecting across the specimen
again. See figure 29 for disbonding effects along the +45° aligned fibers.

It should be stated that most of the damage occurs within the number one band.

13.5.1 Results with film patch flaw. In the specimen with a film patch
flaw it is apparent that initial delaminations are present throughout the
specimen, others are formed wiih cycling Lo produce u geueral growih patiern.

Te +ha N0 24601- ansndimen wi b
LV~ 40> J28 specimen with the

internal ply g8p tune
ery much confined to the g rea, however with the
[(00, *450, 900 ]9 specimen the damage was throughout. Of the two
specimens that contalned the surface scratches, the [08, +450]5g
lay-up failed during the first half lifetime of loading. The other scratched
specimen showed a growth of delaminations clustered about the horizontal

scratch where the surface 0° aligned fibers had been broken.

*ha Aemama weaa

[~
@

13.5.2 Residual tensile strength. No significant reduction in residual
tensile strength (less than 10%) was observed for any of this group of

specimens. This may be due to the relatively low maximum fatigue load used
during cycling (from 25—50% of the static strength of the corresponding
initially flawed specimens) resulting mostly in noncritical delamination flaw
growth,
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14, USE OF ATTENUATION

14.1 Canaral The

-7 e a NV e wem & -—asw

uae

?f §atlgue damage in h?mogeneous ‘-materials may be traced to Truell and Hikata.

Touchert and Hsul39) in one of the initial papers of such activities
in composites indicated that the attenuation increased as a result of fatigue
cycling in a glass/epoxy composite (Scotchply type 1002) in both
unidirectional and 90° cross plied specimens. Their resuits are shown in
figure 30. Although only & small number of cycles were administered, it can
he maen that the attenustion decresses with the unloading of the specimen.

TVARMIA VA VAL MLV e WiwmEs W e See vesw e w e e—g) e s=2S20

however the attenuation gradually increased with the number of streas cycles
applied. The attenuation was taken as the ratio of the transmitted amplitude
with and without the applied stress, thus the indicated attentuation is
actually representative of the increase in attenuation rather than an absolute
measurement. It was concluded that attenuation can monitor and quantify the

accumulative effects of fatigue damage.

attenuation to monitor the accumulative effects

14.2 Correlation between attenuation and fatigue life. Williams and
Do11(40) have studied the ability of attenuation to note the fatigue life of
a 72-ply unidirectional fiber epoxy composite. They used
compression-compression strese cyucling (30 Hz) in a direction within the
plies and perpendicular to the fiber direction. The attenuation of tihe
ultrasound in a direction perpendicular to the laminate planes was measured at
a variety of frequencies (n 5-2.0 MHo) while subjecting the specimens to

“ Tewe av L 4L -1 —— 218

maximum stress levels of 0.2 T¢. 0.45¢, 0.60¢ and 0.86°¢ wherebf is

the prefatigue static compressive fracture stress. The initial attenuation
was found to be the significant attenuation parameter and 0.8¢"¢ - 2.0 MHz
fatigue data to be the most eenaitive. As shovn in figure 31 the higher

14.3 Void content on fatigue life. In a later study using the same
composite Williams et al '4l) gtudied the influence of the void content upon
the fatlgue life. Variations in the void content were obtained by altering
the cure bcmpexubuxc and pressure. See figure 32. The result;us void
content-initial attenuation is shown in figure 33; the correlation of the
initial attenuation-fatigue life is shown as figure 34. It is interesting to
note that the attenuation for each specimen remained essentially constant up

to approximately 104 cycles.
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15. IMPACT DAMAGE

15.1 Gemeral. Williams and Lampert used both through thickmess attenuation
and stress wave factor ?o %nvsstigate the ability of ultrasound to detect and
d 3 . 3
evaluate impact damage.!25) The material system was a 10-ply unidirectional

al P8 m
Herculee AS/3501-6 graphite fiber epoxy composite and has already been
described in paragraph 11. The damage was created by controlled free-falling
drop-weights whose impact may be characterized by an impact velocity of 4.0
m/sec and an impact momentum of 1.0kg. m/sec along with negligible rebound of

the drop weight.

15.2 Test par
10, 20, 40 or 100 times after which the residual static 00 tensile strength
was determined. The through thickness attenutation and stress wave factor at
these same intervals were determined up to the point of the tensile test. For
example, for specimens impacted a total of 40 times, the ultrasonic parameters

were measured after 5, 10, 20 and 40 impacts.

ameters. Each specimen was drop-weight impacted a total of 5,

15.3 Results. Visual damage, in the form of a slight chalking asppearance,
was first observed at 20 impacts and after 40 impacts fine matrix cracking

began to be noted. Figure 35 gives an indication of the extent of the damage
created in terms of the residual temsile strength as a percentage of the 0°
virgin tensile strength.

15.4 Typical pulses. Figure 36 displays the (a) input pulse and the
received pulses for the (1) virgin matcrial and the {¢) 100 impact masteriel es
noted during the stress wave factor measurements. It can be noted that the

impact damage influences the propagation of the ultrasound between the
transducers.

15.5 Determination of impact damage. The ability of the through thickness
add i dd fs mend b semera Landace ba Aabdnesmmtna Amenndt Aamama 1a saharen <
arvenuailion &and siress wave 1aCiir W Gevermiile dupaCi Qauage 48 padwad ad
figure 37. The stress wave factor technique utiligzing single pulse activation
with an infinite sampling pulse sampling time was used. The stress wave

factor was determined by summing the pulse peaks above a threshold amplitude.
Figure 38 confirms the fact that through thickness attenuation and the stress
wave factor are related in that they both assess the ability of a given
material to propagate ultrasound.
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16. ELASTIC

16.1 General. Accurate determinations of the elastic constants of fiber
reinforced materials are necessary to facilitate the determination of their
mechanical properties for design purposes. Also, such determinations are
indispensible for the evaluation of theoretical micromechanical models for
predicting the macroscopic properties of fiber reinforced laminates given the
widely diversified properties of the fibers and the supporting matrix.
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the structural complex1t1es of the laminated fiber reinforced composltes often
produce uncertainties in interpretations and magnify inaccuracies. An
alternate to these classical techniques is the use of the ultrasonic method in

which Veloc1fy measurements are emplioyed. The method has been used
Avwdkaneaswral P +ho Aotawminadinn AP +ha alaatin con +an+a ~nf a'nn‘lo mat+alllin
CaAVOUD .I. A~ & W VUT UT VOl UuLMG VAVL VI CUT TiOaD vd o ATA 2 oY vadld vo Vi us.&c wmwo valLdidiw
crystals(42) and to describe the various forms of crystalline anisotropy.

The ultrasonic method is now being applied to composite materials with a
number of decided advantages. For example, the experimental difficulties
associated with load introduction during the classical, destructive techniques
is avoided; the same specimen can be used for all determinations and the
method requires minimum specimen preparation. In addition, the method is

nondestructive; hence is applicable for in situ measurements indicative of
material characterization or quality.

16,3 Unidirectional fiber reinforced composites. It becomes quite apparent
that the bulk of the work on elastic constant determinations has been confined
to unidirectional fiber reinforced composites.

Admdemd hizdad 4o dhn nlomz mownsn 3 melme da dho Lo s mmmeand bo da mmdAd A
aisiripiuted io vae p;uuc pe rpeuu culil’ VW Luilv 1L IrS wie umpu:u. e 4D Jalu Lo
be orthotropic and nine elastic constantes are reguired to fullv cheractarice

vACLICPLC NG DiNe €.8871C Coniianie are requlred 0 Iu.l.ly caaracierize
the composite. It the fibers are randomly distributed in the plane

perpendicular to the fibers the composite exhibits a tramsverse isotropic
structure and five elastic constants are necessary to describe the anisotropy
(see figure 39).
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: 17. ELASTIC CONSTANTS FROM VELOCITY MEASUREMENTS

17.1 General. We shall primarily be concerned with the transverse isotropic
structure illustrated in figure 40. By measuring the longitudinal velocity
! along the 1 and 3 directions one can determine the Cj; and C;3 elastic
‘ constants of the stiffness matrix. The velocity measurement essentially
consists of determining the transit time through a known specimen thickness. A

velocity measurement of shear waves polarized perpendicular to the fiber axis
while traversing along and tranverse to the fiber axes, respectively will yield
C44 and Cgg. From the latter, one can also determine C;; (see figure

39(b)). The propagation and attendant polarization directions for these
determinations are indicated in table 2. Other combinations of propagation and
polarization directions can be used. Care must be taken to avoid those
combinations that are prone to velocity dispersion. For example Zimmer and
cost (43) indicate that they encountered a doubling of the Cgq4 constant

when using the 1/3 as compared to the /l ptopagation/polarizat1on direction
combination. It was established that the 1/3 combination produced substantial
velocity dispersion, thus exaggerating the transit time through the specimen,

17.2 Dpetermination of Cj3. The determination of Cj3 necessitates
propagating at an angle to the fiber direction. The sensitivity of Cj3 is at
1 a maximum when an angle of 45° is used. It 1is prudent to consider a variety

i of such angles in the vicinity of 450 and to select the value at precisely
| 45°, Multiple angle determinations can also aid in the evaluation of the
i inherent accuracies of the measurement scheme.

\ :

|

l

17.3 Difficulties associated with angled propagation directions. The
; difficulties associated with angled propagation directions is that fiber
| stiffness constants enter the calculations. The reason for this is due to the

fact that the direction of the refracted components do not have particle
motions that are either parallel or perpendicular to the propagation
direction. Any energy that travels down the fibers is spread transverely as a

shear wave because of the strong fiber/matrix bond. See figure 41. 1In
general, these waves are not purely longitudinal or purely shear, but have
quasi-longitudinal or quasi-shear forms.(43:44) ocThe velocities for three

| different possible modes are given by: (45)

!

‘ v

i 4 ﬁ(.e\, =) [(C33 + C4q) 5in20 4 (C1) + Cyq) cos26+ €(6) )

% 2 Vlzl(g\’ :% [(Caq + C44) n2@+ (Cy1 + Caa) 00529"‘0(9) ]

! szlLO) -i (C33 + Cz3) sin2 @+ C44 cos? © (1)
where Vi,

i is the longitudinal wave velocity and V,, and V, are the shear wave
velocities polarized in and normal to the plane of the fibers and the
propagation direction; € is the angle between the fiber axis and the
propagation direction. ° The functiongis given by

? Q‘.L/.‘}i { (C33 - C44)2 81in 45? (Cl] - C44)2 co 4@
+ 2 5in2©@cos2 gl (C33 - Cas) - (Cay - C11) (2)
+ 2 (Cy3 + Cy4)2 ) ?- 1/2
22
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17.4 Relationship of elastic constants to conventional constant

s. Once the
elastic constants have been determined, one can then relate these to the
conventional engineering comstants. For example, for the transverse isotropic
structure we have,

E = Czz(Cyy *+ Cy0) - 2 C33
11 * L12
By = (33 - C12) (C11 C33 * C12 C33 - 2C2)3)
. _ ~ - ~7
G = Cy4 Ci11 C33 - C%3 (3)

Gt = Cé6 = 1 (C11 - Cy2)
2

Where E and G are Young's (axial) and shear modulii, respectively; Ey and
G. are the tranaverse Igggg'g and shear modulii, respectively; and V33 is

17.5 Summary. §imilar\results for the orthotropic structure are available
. . _ - AL AT . o - cenVmmlder —mancatiwmamanda
in the literature.\4%6, 47/) A greater number of velocity muusurcmvuto
involving a more extensive combination of propagation and polarization

directions are necessary.
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18. AVAILABLE ULTRASONIC TECHNIQUES

18.1 General. All the proposed necessary velocity measuremenis can be made
by the direct contact method of transducer application. (43,46) Tne

transducers for both the longitudinel end sheer generated ulirasound are

usually bonded by way of a hard bond such as obtained by phenyl salicilate
(salol) or a relatively soft bond as produced by a highly viscous oil or
grease. For the angled determinations the specimen cuts must be ground and
this limits each specimen to a particular angle measurement. Also, for

accurate measurements the effect of the bond must be taken into consideration.

18.,1.1 Immersion technigue, "n1nn the immersion technigue circumvents a
A ARBAM NS -3

n
ARse & L A e S —————— & s ¥ W mae— = clrellilvellysd &4

great deal of the problems assoclated with direct bonded transducers from the
contact method. Also, as we shall see one can generate both shear and
longitudinal waves at a wide spectrum of propagation directions without having
to cut the specimens normal to these propagation directionms. (The immersion
technique for longitudinal waves was proposed by Assay et al.\%/ They
essentially noted the time interval difference between propagation through

4+
water and through a specimen interpcsed between the transmitting and receiving

transducers. The ultrasound always impinged normal to the specimen, thus only

longitudinal wave velocity could be measured. The velocity is given by

VL = l

1 at

. . @ - VRPN

vLig 7 d (4)
where Vi jg is the longituginal wave velocity in the liquid, d is the specimen
4l alrmana amd Ad da +ha Ahaawirad A3 FFPomanna in +hae Aalayry +ima nanea’d hvy +ha
VIIACALUTDD 8l &4 U 1O LUT UUDTILI VOU ULl LITITULTS 4d vuT usaay VAUT vausevtu vy Viic
specimen being insarted in the path of the ultrasound.

18.1. % Immersion technique to measure longitudinal and shear velocities.
Markham(49) extended the above described method tc oblique incidence
suchthat both longltudlnal and shear velocities could be measured. As

2_ 32 _ _ L _ 213 2 n . DR W .2 AL 2 FS "y —— e o D e PUpES RN N A 223 _ A4
inaicavea 1in Ilgu re QC, reiraCcuiion wiivain uvoe specimel sBplivs vue diuaclaeldn
longitudinal wave intoc longitudinel and shear wave compornents. It must be
stated that enough degrees of motion must be available in the specimen support

system such that the plane formed by the incident wave and the specimen normal
may be oriented perpendicular to the specimen face. This means that the
particle motion of the refracted waves are also in the same plane ~ i.e.,
within the plane of figure 42. The refracted angies of the longitudinal (r)
and shear (r') waves are given by Snell's law as,

8in i . 8in r . ain

1 Y 1 T
= e

Lig VL Vs (5)

where i is the incident angle of the ultrasound and Vr and V. are the

8 =% Lii

longitudinal and shear wave velocities within the specimen, respectively.

The difference in the delay time for the longitudinal wave with and wlthout
the specimen in place for an incident angle i is,
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where the refracted angle r may be expresses as,
r = tan-1 [ sin i 1 (7)
ldt VL;g + cos i J
d

Relationships comparable to Equations 6. and 7. may be generated for the
refracted shear wave where V] and r are replaced by Vg and r'.
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uation 7
efracted angles and finally the velocities within the specimen from Equation

=]

P
predicated from the beam diameter and the specimen attenuatlon. It is obvious
that due to attenuation the lower frequencies would be mandatory for the shear
wave velocity determinations. It must be mentioned that finite beams rather
than rays exist in the experiment indicated in figure 42. This means that the
receiving transducer would note the existence of a transmitted beam over an

extended area

. Therefore, to select the position representative of the true
transmitted component, it would be advantageous to limit the sampling or
receiving area. Usually this can be done by using s small receiving

im

receiving 1
tranaducer and/or by 1
receiving transducer. Attempta of the latter method include placing small
diameter metallic washers on the transducer face or by taping the outer
extremes of the transducers by a felt like material.
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19. TYPICAL RESULTS
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line curves are based upon a theorv proposed bv Hashin and Rosen.(sl)
The theory predicts the dependence of composite properties on the individual
‘ properties and concentrations of the constituents. The proposed model

i considers a composite made up of parallel cylindrical units which are composed
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| of a fiber surrounded by a coaxial matrix column. 1In order to fill all space,

\ the units are allowed to vary in diameter but are assumed to have a constant

‘ fiber fraction equal to that of the composite. 1In this way, the model
approximates the random packing arrangement of the transverse isotropic

structure. It is obvious that reasonable accuracy was attained for the
constants of flgure 43(a). However, the 013 determxnatxons of figure 43(b)

measurements and other stiffness components. Kriz and Stinchcomb(52)
transformed the elastic constant data of figure 43 into engineering
parameters. See figure 44 for typical results. The solid 11nes _represent the
upper and lower bounds of a modified theory suggested by Hashin(33)

19.2 aAnother study. Gieske and Allred{47) also present data similar to
Dean's and Turner's of fiqure 43 while working with boron fjlament reinforced
aluminum with three mutually perpendicular planes of two fold symmetry. Such

symmetry is termed orthotropic and requ1res nine constants.

19.3 Measurement of modulus at any angle to fiber axis. Reynolds and
k

e
r in a transmit-rece
e, ) displays the longitudinal irements for a
dlrectlonal f1ber structure. F1gure 45(b) glves the results for a (0°
90°) structure with two different types of loading. In the sandwich type of

loading all the layers of a given fiber direction are laid down together. 1In

the interleaved structure each different fiber direction layers are
P N w | e . 2 A a3 Al mmadhlanY maAada ta Aunn kA Una~rauas (15) -a 3
aiternacea. ine 1naicacted cwnedreciCal moael 1S Gue LU musgrave,. =~/ dC 18
apparent that such displays can verify the existence of properly oriented
symmetries within a structure.

20. NOTES

20.1 Subject term (key word) listing.
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Composite testing
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anualysis results on graphite/epoxy

TABLE I. Ultrasonic spectral
specimens in figure l4. After Chang et al.\<<¢/
[V PN 2 Nalrnislomdad
rreasureu vailcvuiavcu
e Yo Prannanecyv Ctanda rd Qnanimaen Velpeitv of
1) LT llb\iucll\o [P ITRR AV A= g A L LA 2 TeAVva vy ~
viameter Thickness Pericod Deviation Thickness Sound
(mm) (mm) (MHz) (9%) (mm) (in km s-')
0O(Sound areca) 5.26 0.321 2 5.26 3.38
6 2.62 0.630 6 2.64 3.38
3 3.05 0.730 1 2.41 3.38
1.5 2.837 0.794 3 2.695 3.38
TABLE 1I. Elastic constant merasurement for transverse isotropy.
Propapation Polarization Constant
N vwantian MAnda N3 mandtiAn Natarmine
/11 TN LavIl iJuc WAL VAV MU VG AINALLY
L L Cia
2 L Y] C13
1 5 3 Caq
3 3 L Ca4
o 3 ) L 3 _ ’ Cb()
* See figure 40 -
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i Strength and stiffness of advanced composite materials.
After Jones(D%)

MIl wSNillmMMYR

27



TECHNICAL LIBRARY

Bt Sed LR T,
‘54?1 :Eﬁufull ~ Fndmdka
JI\ My )

=
p
——

;.?‘""‘
,—-

L=l

f"‘""C:
P—\ e
AL

-
L~
o~
PE o
ND o
: -

———TL
—-—
~

¢
B
\ { @LO y ~<§3 (?)
! R | O ) )
/ 7 : VP42

Figure 2. Various immersion scanni
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The experimental apparatus
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