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ABSTRACT

Composite materials are found to lose mechanical on exposure to aircraft operating
environments. This is mainly due to absorption of moisture from humid air by the
matrix material. Composite materials are extensively used by the RAAF for both
major structural components on the F/ A-18 and for bonded repairs and doublers. The
performance of these materials under long-term environmental exposure is an
important aspect of both aircraft certification and in the understanding of how the
components will age. This report provides a broad overview of environmental effects
on composite materials and methods which may be used to predict their long-term
behaviour. The use of accelerated testing environments in the laboratory is an
“attractive proposition as it enables tests to be carried out in reduced time frames. A
number of accelerated testing methodologies and their implications are outlined here.
Accelerated testing can be carried out with confidence if the exposure conditions are
representative and the failure modes of the material during mechanical tests reflect
those seen in service,
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Accelerated Environmental Testing of
Composite Materials

Executive Summary

This document covers most of the important aspects of environmental exposure for
composite materials used by RAAF aircraft. These materials are subject to
environmental degradation under aircraft operating conditions over long periods of
time. Temperature, humidity, erosion and UV radiation all play a part in reducing the
integrity of composites. Composite materials absorb moisture from humid air.
Combined with elevated temperature this is known as a hot/wet condition. Hot/wet
conditions are known to significantly reduce composite mechanical properties. The
extent of this reduction is critical in aircraft design, certification and operation.
Hot/wet testing of composites involves conditioning the component under humid
conditions to allow the composite to absorb moisture. Mecharnical tests are then
performed at elevated temperatures. The conditioning of thick composite sections can
take many years under normal operating environments. This is impractical for the
laboratory evaluation of materials.

There is a need to develop accelerated testing techniques which can faithfully replicate
the effects of long-term operating conditions in a shorter time-frame. Careful choices
must be made to ensure that the accelerated test is fully representative of aircraft flight
and ground storage climates.

This document covers many aspects of accelerated testing as well as the effects of
temperature and moisture. Combined fatigue and environmental spectrum testing
(known as ENSTAFF) is also addressed. Candidate techruques are identified and
examples of their use given.
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1. Introduction

This report addresses material durability and strength issues for composite materials
in RAAF aircraft operating under Australian climatic conditions. The effects of the
natural environment during both flight and ground storage are assessed. Methods
which may be used to simulate these effects in the laboratory in shorter time frames
are outlined. Such information may be vital in formulating life-extension strategies and
anticipating material problems well in advance. This report does not address issues
related to corrosion or the effects of chemical action on materials such as fuels or
hydraulic fluids.

The environmental conditioning of composite materials is an important aspect of their
certification for use in aircraft structures. The mechanical properties of composite
materials such as boron/epoxy and graphite/epoxy degrade in the natural
environment and particularly under hot/wet conditions. It is important to understand
these effects in order to design confidently and certify composite structures. There are
numerous mechanisms which act to degrade the matrix and in some cases, the fibre
itself. Changes in material properties over time may also need to be quantified. This
can be difficult since real-time environmental testing of a composite in a natural
environment may take many years to complete.

Both graphite/epoxy and boron/epoxy materials are currently used by the RAAF on a
number of aircraft. Boron/epoxy material is primarily used in adhesively bonded
repairs or reinforcements such as on the F-111 upper wing-pivot fitting. Large
boron/ epoxy doublers were also fitted to the lower wing pivot fitting during original
manufacture. Graphite/epoxy material is used extensively on the surfaces of the F/ A-
18 aircraft such as the main wing skins, horizontal stabilator and vertical fins.
Understanding the way in which these materials will perform in the future is vital
knowledge for the supportability of the RAAF fleet.

Creating accelerated testing environments which replicate the effects of long-term
natural environmental exposure and flight mission profiles can significantly reduce
testing time and give advance warning of material problems which may arise in the
future. It must be stressed that such tests must be carried out carefully to avoid
exposing the material to conditions it may never see in service. It is therefore
important to accurately define the conditions the material will be exposed to in the first
place.

The accelerated conditioning of a material is not a trivial exercise if the results are to
faithfully represent real-time exposure. Many factors must be taken into account
before results can be considered conclusive. Validation of accelerated tests by
comparison to long-term exposure is desirable but may be impractical in many
situations.

The certification of composite materials and structures is also an important issue.
Accelerated testing is very desirable as decisions on materials to be used in structures
cannot wait for long-term trials to complete. Rapid, accurate and low-cost methods of
assessing materials are often desired.

There have been a number of reviews and publications on environmental effects on
composite materials. These are addressed throughout this paper and serve as a good
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basis for understanding environmental effects, accelerated testing procedures and
certification methods.
This report details the main types of composite materials used by the RAAF.

2. Material Operating Environment

The natural environmental conditions which act upon a material in service can change
it's mechanical properties. Although composites do not suffer from corrosion they
may degrade in the environment in other more subtle ways. If is important to
understand the material and the environment under which it will operate. Carefully
chosen composite materials have shown very good environmental durability in aircraft
components.
There are many environmental factors which can create changes in the properties of a
composite material which in turn affect the ultimate mechanical performance. These
need to be carefully identified and related to the type of service the material will see.
For example, the combination of humidity and temperature creates what is often
termed a hot/wet environment. This environment causes the composite matrix to
absorb moisture from humid air which combined with elevated temperature reduces
mechanical properties.
The definition of an environment must be carefully established before any test
program commences. For aircraft components this must include full details of the
conditions experienced both during flight and ground storage. The details which may
be required for ground storage include:
¢ Humidity
Temperature (of air and material surface)
Ultraviolet and Infrared radiation levels
Wind conditions
Rainfall
Thermal Shock
The different mission profiles that the aircraft experiences will affect the severity
and frequency of these conditions. The accurate simulation of the conditions the
material will experience on the aircraft is most important. The combination of these
effects may also prove to be important as shown in the hot/wet exposure case.
Specific details which may need to be defined for flight conditions include:
e Temperature at altitude
¢ Humidity at altitude
¢ Solar radiation at altitude
» Temperature the material sees during
* cruising, supersonic dash, acceleration, cimb and descent

* Rates of heating and cooling during flight manoeuvres
¢ Frequency and duration of each exposure

Materials on different parts of the aircraft will experience different environmental
conditions. A set of conditions or flight profiles must then be defined for each specific
part of the aircraft.
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3. The Composite Material

The composite material used in a particular aircraft structure must be carefully
quantified before testing and environmental exposure. This includes determining the
location and type of material used, it's layup configuration, thickness and physical
properties such as thermal conductivity, density and moisture diffusion characteristics.
Composite specimens for testing should also be manufactured as per the original
specification used for the aircraft manufacture.

Material type and the manufacturing method affect mechanical properties as well as
durability. Material thickness is important since thick composites may develop
temperature and moisture gradients. Thermal conductivity and density define the
flow of thermal energy through the material. Diffusion characteristics define the way
in which the matrix of a composite material will absorb moisture from humid air.
Aluminium honeycomb sandwich structures may suffer corrosion problems in
hygrothermal environments and are considered as a special case.

3.1 Matrix

The exact chemical composition of the matrix does not need to be known to determine
diffusion characteristics or to set up a representative accelerated test. It is, however,
vital to ensure that no variations between batches of material exist. It is desirable to
use material from the same batch for all tests. If material from more than one batch is
required it is necessary to perform mechanical tests to verify the material has identical
properties. It is also necessary to ensure that the same cure-cycle for all material of the
same type is employed. It is best to have a complete thermal history of the matrix
material prior to testing to ensure results are valid.  Variations in chemical
composition and processing can easily be the greatest influence on variability in
mechanical testing results. Tight control on manufacturing and selection of materials
for testing is required. Residual stresses may alsc be present in the cured material and
volume fractions of resin may vary. Voids and cracks in the matrix created during
processing may produce errant moisture diffusion results. A uniformly consolidated
laminate is also required.

Moisture uptake concentration is defined in this paper as a percentage uptake by
weight. This may be calculated using Equation 1.

Equation 1

Weight( final) — Weight (initial) | 100
Weight(initial)

The terms moisture uptake, moisture absorbed, moisture concentration and weight-
gain are used interchangeably in the literature. All terms refer to moisture uptake of
the resin or composite by weight.

Moisture content is an important property as it alters the resin mechanical properties.
The glass-transition temperature, Tg, is an important material property as it defines the
temperature at which material properties are drastically reduced. The matrix changes

Moisture Uptake Concentration % =
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from a glassy stiff state to a pliable one at temperatures greater than T;. Moisture has
the effect of lowering T in proportion to moisture concentration.

Differing types of resin will absorb varying amounts of moisture.

Table 1 lists a variety of high-performance resins and their maximum moisture uptake
when exposed to high humidity. Values of moisture uptake in composites will be
lower due to the presence of fibres.

Table 1 Maximum Moisture Uptake of Selected Resins in Composite Maferials

Name Maximum Moisture Uptake of resin in
% by weight

3501-6 Graphite/Epoxy (Hercules) [1] 45

FM-73 Epoxy Adhesive [2] (Cytec) 4

MR-45 Bismaleimide (Amoco) [3] 3.1

V398 Bismaleimide (US Polymeric) 3] 5.3

PMR-15 Polyimide (US Polymeric) [3] 4.0

PEEK Thermoplastic (ICI) [3] 0.7

3.2 Moisture Resistant Matrix Resins

It is often useful to evaluate the hot/wet performance of matrix materials prior to
choosing them for an application. Many new resin systems have come onto the market
which have a greater resistance to moisture uptake. These resins are undergoing
development and may appear in the short term. Thermoplastic resins are an example;
they have much lower moisture uptake when compared to epoxies. A thermoplastic
resin such as PEEK may be saturated with moisture at 0.1% whereas epoxies may take
up as much as 4% water by mass. Chemically modified resins designed to withstand
moisture uptake have been produced by the Dow Chemical Company [4]. Dow has
demonstrated the production of two toughened epoxy resins which have saturation
moisture values close to 1%. These new resins retain much of their dry glass-transition
temperature (Tg) and modulus values after reaching their saturation moisture content
levels.

3.3 Fibre

It has been found that both graphite and boron fibres do not absorb moisture to any
significant extent [5]. This makes it easier to assess the diffusion properties of a
composite employing these fibres since only the matrix needs to be considered. These
fibres are also found to be resistant to the hot/wet environment which degrades the
matrix of epoxy based composites.

3.4 Matrix Interface/Interphase

It must be noted that fibres may be coated or ‘sized’ prior to being coated by the matrix
resin to improve fibre to matrix adhesion. This sizing then forms an integral part of
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the fibre/matrix interface or interphase. The properties of the sizing may need to be
considered separately; especially for mechanical tests where the failure mode is by
fibre pull-out. Results of fibre pull-out tests [6][7] have shown that the fibre/matrix
interface or interphase is especially sensitive to hygrothermal conditioning and may be
a ‘weak link’ in composite performance . It may be important to consider that the
glass-transition temperature (Tg) and diffusion properties of this interface/interphase
may be different to the bulk matrix. The chemical composition of sizing is often
difficult to determine so the properties of this interface may not be known.

3.5 Honeycomb Sandwich Structures

The intrusion of free water into composite sandwich structures can cause several
serious problems. It is possible for free water to enter the cells of aluminium
honeycomb core and produce corrosion which may cause the skin to separate.

The effects of corrosion are not addressed here. Metallic honeycomb is the most
commonly used type in RAAF aircraft and is present in F/A-18 structure. Other types
of honeycomb core such as NOMEX are non-metallic and do not suffer from corrosion
but may have problems in hot/wet environments similar to composites.

Work by Jackson and O'Brien [8] assessed the possibility of water intrusion into thin-
skinned composite honeycomb sandwich structures. They found that impact and
fatigue could produce matrix cracks which would form a path for water to enter
honeycomb cells. An air-intrusion test devised by the researchers gave a clear
indication of the possibility of water intrusion where other NDI methods such as
optical examination failed. It is important to test honeycomb structures for the
possibility of water intrusion prior to conditioning in any humid or moist
environment.

Work by Dexter and Baker [9] showed that corrosion of honeycomb sandwich
structure led to a significant decrease in residual strength. Corrosion of honeycomb is
likely to reduce it's strength and create a disbond between the honeycomb and the
composite skin.

Water within honeycomb cells can generate pressures great enough to force the skin to
disbond from the honeycomb if heated to high temperatures. Figure 1 is a plot of
pressure within a honeycomb cell versus temperature. This plot assumes that there is
approximately one atmosphere of pressure within the cell to begin with as well as
sufficient water to vaporise to achieve the saturated vapour pressure at all
temperatures shown. Figure 1 therefore represents the maximum pressures that can
be generated at the given temperatures. Work by Garret at al. provides a more
rigorous treatment of the problem. [10].
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Figure 1 Plot of pressure within a honeycomb cell with water present

The effect of this pressure may be important in repair situations where elevated
temperatures are used to cure adhesively bonded repairs.

Work at DSTO-AMRL by Chester and Baker [11] employed novel techniques to
demonstrate the tropical environmental durability of honeycomb sandwich specimens
under mechanical loading. Excellent durability was found for these specimens even
after up to 9 years of exposure.

4. Diffusion of Moisture into Composites

Immediately after manufacture the matrix material in a composite material will begin
to absorb moisture from humid air. The manner in which this occurs and to what
extent, is crucial in assessing a materials performance. Models of the moisture
diffusion process are required to understand the nature of the material changes as well
as to optimise accelerated testing regimes for hot/wet testing.

This section covers scme of the elementary mathematics of diffusion relevant to
composites and the mathematical models which may be used to describe it. The
solution of these models may be conveniently performed using computer software.

4.1 Basic Moisture Diffusion

Moisture diffusion characteristics are often quoted in the literature as Fickian or non-
Fickian. Fickian behaviour is the simplest to deal with and represents the diffusion
behaviour of many aerospace thermoset matrix materials. Non-Fickian behaviour can
often be associated with chemical and/or physical changes occurring within the



DSTO-TR-0657
composite. Materials which do not absorb moisture according to Fick’s law are
difficult to model reliably. Most of the diffusion mathematics and discussion given
here are based around Fickian behaviour.

4.2 Fickian Diffusion:

In most cases we are considering common aerospace epoxy resins and fibres in
laminate form. This means that the diffusion will be primarily through the laminate
faces and only a small effect will be seen from edge diffusion. Fick’s first law states
that the flux of moisture in the through-thickness direction, x, will be dependent only
on the concentration gradient through the sample in that direction:

MoistureFlux = —D. % Equation 2

where D is the diffusivity or diffusion constant, c is the concentration of moisture.

Fick’s second law defines the differential equation for the diffusion process if
diffusivity, D, is independent of x:

x =D. éz—g— Equation 3

a 0%
The diffusion constant D will be independent of time and is constant through the
thickness of the sample. The diffusion constant, however, varies strongly with
temperature.
Fickian behaviour is characterised experimentally by an uptake of moisture which
reaches an asymptotic value after a period of time. If the mass-gain of a sample
exposed to constant humidity and temperature is plotted against the square root of
time there will be an initial linear region up to about 60% of the maximum moisture
uptake followed by a gradual approach towards an asymptotic value (Figure 2). This
asymptotic value is the boundary condition and is defined as the concentration of
moisture experienced at the surface layer of the material.

7 Moisture Absorbed

Jt

Figure 2 Moisture Uptake versus root time under constant humidity and temperature
conditions for Fickian Diffusion Behaviour
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The absorption of moisture through the thickness of the composite with time is
shown in Figure 3. After manufacture the composite is essentially completely dry
(). Exposure to humid air allows moisture to begin to diffuse through the outer
plies of the composite and through to the specimen centre after time (t1). After a
longer period of time under constant humidity conditions an even moisture
distribution arises (tx) (See Figure 3). It is important to note that at stages other than
the fully dry or fully saturated case a profile of moisture concentration will exist in
the matrix. Since moisture affects the mechanical properties of the matrix this also
implies that a profile of properties will also exist through the thickness. If the
humidity condifions are transient (as found in normal weather patterns) a complex
profile of moisture through the specimen thickness may result. Weitsman [12]
demonstrated a method to deduce the concentration profile of moisture within
composites from weight-gain data using a numerical approximation. This technique
may be used in place of finite difference methods such as those used in the W8GAIN
software (see page 13}).

The mathematics of diffusion are not within the scope of this report but it is outlined
in the book by Hoskin and Baker [13]and detailed in the work by Crank [14].

Figure 3 Diffusion of Moisture into Composite over Time

The moisture concentration profile which develops within the matrix is dependent
on the boundary condition, material type and the exposure temperature.
Diffusion behaviour is material specific. Each material must be examined
experimentally to define it's behaviour under environmental exposure. This may be
a costly and time-consuming process but is essential if a thorough understanding of
the effects of environment are required.
There are three main steps involved in modelling the diffusion of moisture in
composites:

¢ determine diffusion behaviour type (eg: Fickian, non-Fickian)

» establish boundary conditions (surface concentration value)

o establish the diffusion constant and it’s variation with temperature
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4.2.1 Diffusion Behaviour Type

It is advisable to first determine the diffusion behaviour type (ie: Fickian, non-
Fickian) by exposing a composite coupon to constant humidity and looking at the

resulting weight-gain with time. If the results are plotted against Vi the diffusion
type may be deduced. The diffusion type must also be defined for a particular
temperature range since it may change if high temperatures are reached.

C A -
. T
N o LF
f,-/
M) S ]
B
M) =2
05—
D
R 0 [ | | Ly
005 1.0 15 \ 2.0

Figure 4 Curves showing both Fickian and non-Fickian weight gain sorption data in
polymers and polymeric composites (from Weitsman [15])

A number of different moisture weight-gain sorption curves may result from
different types of polymers and polymeric composites. A report by Weitsman [15]
shows the results of numerous weight gain sorption data of both Fickian (shown as
LF in Figure 4) and non-Fickian (lines A, B, C D, S) type. Curve D shows a weight
loss over time which suggests that material is being leached from the polymer
matrix. This may be due to chemical reactions such as hydrolysis or other
mechanisms. The ratio M(t*)/M(wx) refers to values of moisture content normalised
by the maximum moisture content values.

The initial part of the weight sorption curve for the Fickian case (LF) is used for the
calculation of the diffusion constant D (see section 4.2.3). This is done from the
origin to where the weight sorption curve deviates more than 1% from a straight-
line.

The maximum temperature at which absorption still follows Fickian behaviour may
be a strict upper limit for accelerated testing conditions and service conditions. This
may be related to the material glass-transition temperature, T,. At the T, a large
change in specific volume occurs which allows a greater amount of moisture to be
absorbed into the matrix. In determining a maximum testing and service
temperature it must be noted that T; is reduced as moisture content increases. It is
advisable to test at temperatures which do not exceed the T, at maximum moisture
content.
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4.2.2 Boundary Conditions:

The boundary condition reflects the concentration of moisture at the surface of the
composite material. This concentration is proportional to the relative humidity of
the exposure environment. For a material exposed to a constant boundary condition
for a long period of time a constant moisture concentration profile will develop.
This is represented by an asymptotic weight-gain being achieved. In terms of
specimen weight this represents the maximum moisture uptake.

‘Rainfall and humidity are the main source of moisture at the composite material

outer layers. The greater the moisture concentration at the composite surface the
more moisture will be absorbed by the composite. The limiting boundary conditions
are dry air (zero humidity) and immersion in water. For a defined service
environment it is important to determine the boundary conditions accurately.
Typical service environments will include many variations in these boundary
conditions. High altitude flights resuit in low humidity while ground storage
during the tropical wet season brings very high humidities. The asymptotic value of
moisture concentration reached after a very long period of service at a particular
location or flight profile will represent an average humidity and diffusion exposure
for that aircraft.

An illustration of the effects of varying boundary conditions is shown in Figure 5.

~ Moisture Absorbed

i
- 95% RH
L e 85% RH
i /""/— 75% RH

Vi

Figure 5 Illustration of the effect of relative humidity on the amount of moisture absorbed
with time

It has been shown for many composite materials that the maximum moisture uptake
is related to humidity by Equation 4.

MaximumMoistureUptake = k. ¢" Equation 4

where ¢ is the relative humidity in %, k is a constant and » is close to unity for many
aerospace composite materials.

Experimental results produced at DSTO AMRL by Roger Vodicka on a Boron/Epoxy
composite system and fitted to this relation are shown in Figure 6. The value of n
here deviates from unity but the value of k is typical for many epoxy based systems.
It may be argued that the deviation from linear behaviour at humidities greater than
about 75% shows that a two-step diffusion process is responsible.
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Boron/Epoxy Material
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Figure 6 Maximum Moisture Uptake (weight %) for Boron/Epoxy Material

This relation needs to be established in order to model the boundary conditions of
the moisture diffusion problem. Shen and Springer show that Equation 4 is
independent of temperature for a number of graphite/epoxy composites [16]. The
value of # is close to unity for many materials as shown by Shen et. al. [17]. Work at
DSTO-AMRL on XAS-914C and AS4/3501-6 graphite/epoxy material also showed n
to be close to unity [1].

In general, most research indicates that over a fairly wide operating range the
boundary conditions are generally independent of the test temperature. Some work
however has identified a minor temperature dependence. This temperature
dependence termed “the reverse thermal effect” was observed and examined in
detail by Zheng and Morgan [18]. This effect refers to an increase in the equilibrium
moisture content on reduction of temperature. They observed that moisture
saturated samples of graphite/epoxy which had seen a temperature near the
material wet T, were able to absorb more moisture if the exposure temperature was
then Jowered. This effect was found to be fully reversible upon drying of the
samples. .

The difference between free-water and bound-water must be understood before a
boundary condition relation is established. Free-water trapped in voids and micro-
cracks within the matrix will not affect the matrix in the same way as absorbed
moisture. Permanent damage associated with processes such as thermal spiking
(section 5.3) will allow free-water to enter the micro-cracks formed. The boundary
conditions are not valid if the temperature of the test has been sufficient to cause
such irreversible damage to the material. The presence of free-water can be detected
by a change in diffusion behaviour or if the boundary condition relation changes
after cycling between low and high temperature and humidity exposure.

Note that some moisture will remain chemically bound within the matrix and may
not be removed after drying. The importance of fully drying the material before
testing to evaluate diffusion behaviour and diffusion constants is demonstrated in
the work by Edge [19]. Drying may be performed at a temperature at which Fickian
behaviour is observed and within an environment free of moisture such as a
vacuumn.

11
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423 Diffusion Constants and Temperature Relation(s)

The value of the diffusion constant, D, for a material must be determined to
understand the rate of moisture absorption with time.

Typical values of D for epoxy adhesives exposed at 40° C are:

D =102 mas?!

For graphite/epoxy composites (through-thickness diffusion)

D =104 mzst at 60% fibre volume fraction and 40°C.

The value of D varies strongly with temperature. An increase in temperature of 20°C
can double the value of D. Figure 7 shows the effect of increasing temperature on
the profile of weight-gain versus time data plot under a constant humidity level.

- Moisture Absorbed

JF

Figure 7 Effect of temperature on the weight-gain profile TI>T2>T3 (constant humidity)

The relationship between D and temperature has been found by [20] to take on an
Arrhenius form of the type:

D=Doexp(—F£:/ R.T] Equation 5
where D, is the material permeability, Ea is the activation energy, R is the universal
gas constant and T is the temperature in Kelvin. This was found to apply for both
neat 3501-5 resin and for unidirectional and bi-directional graphite composites.

The value of D can be deduced from weight-gain versus time data for a material
exposed at constant temperature and humidity. The initial slope of the weight-gain

when plotted against ‘ﬁ will be linear up to about 60% of the maximum value,
Equation 6 may then be applied fo this linear vegion to deduce the value of D.

= 7( " )Z(M: — Mz) Equation 6
4Mo” \ti =tz

where M is weight, M, is the maximum weight, h is specimen thickness and t is
time.

When testing composite coupons to determine D there will be a certain amount of
moisture diffusion through the specimen edges. This may be avoided if the
specimen edges are sealed with a non-permeable material or if the laminate area is




DSTO-TR-0657

very large compared to the thickness. If the thickness of the coupon is significant
compared to the total surface area the value of D generated may be corrected using
Equation 7 developed by Shen and Springer [16].

D.=D(1+ g + ?)_2 Equation 7

where Dy, is the diffusion for an infinite plate, D is the calculated diffusion from the
coupon sample, h is specimen thickness, b is breadth and 1is length.

4.3 Software to model the diffusion process - W8GAIN

Computer code to predict the moisture content of composite materials under
transient conditions was developed by the Mechanical Engineering Department of
the University of Michigan in the late 70s [21]. The computer code is written in
standard FORTRAN and may be used on a desktop computer. The software
requires details of the diffusion and thermal properties of the material as well as
information about the conditions under which it will be tested. The code will output
the concentration profile of moisture through the composite with time under
transient boundary conditions. Output is given in text format at user-specified time
and thickness intervals.

From the comments within the software itself W8GAIN is described by the authors:
“This program solves the parabolic, partial differential equation describing the concentration
distribution for transient, one-dimensional mass transfer in rectangular coordinates. It is
assumed that the left and the right faces become equal to a new temperature and humidity at
different times. The initial concentration must be known. An explicit, finite-difference
approximation is used to express the governing equation.’

The software allows for the following type of diffusion equations to be modelled.

For the boundary condition, which describes the maximum moisture concentration
for a particular humidity level, Equation 4 is used.

The relationship between diffusion and temperature is modelled using the
Arrhenius equation (Equation 5). The software allows the modelling of materials
where the constants in the Arrhenius relationship change at a particular
temperature. Such behaviour would suggest that the moisture uptake mechanism
has changed at this temperature. Two equations are given in the software to allow
for a material to have a different constants in the Arrhenius equation above and
below a temperature Time. Terminology in the software is such that:

DA1 and DBI refer to the material permeability Do

DA2 and DB2 refer to the activation energy Ea

D= DAl exp[-DA2/ R.T] for T < Tiimit Equation 8

D=DBl.exp[-DB2/R.T)] for T > Tiim Equation 9

Where D refers to the diffusion coefficient, R is the universal gas constant and T is
temperature in Kelvin.

The software models straight-line temperature and humidity ramp and hold
boundary conditions. The number of straight-line segments allowed is very large so
that curved inputs may be adequately represented by straight-line segments. The
output of the software shows the profile of moisture concentration at user-specified
thickness intervals. It is also possible to model the ingress of moisture from a
specimen where one face is insulated from moisture.

13
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Although the diffusion data and boundary conditions required to input to W8GAIN
are not easily gained it is worthwhile to determine them as it gives the ability to
model just about any type of temperature/humidity profile over time. Verification
of the usefulness of the software has been reported by Lundemo [22]. The author
found that the software was able to predict the moisture uptake of composites under
transient conditions provided the diffusion data for the material modelled was well
determined.

The software allows the modelling of many transient boundary condition scenarios
applicable to aircraft service. Inputs which represent the yearly climate as well as
flight profiles may be used and run through the software many times to represent
years or decades of service. The final moisture content and resulting moisture
profiles may then be used to understand the state of the material in the future. This
may be significant as it may allow these conditions to be replicated in the laboratory
and the mechanical properties of the material evaluated well in advance. No
damage mechanisms are modelled with this software nor are any other time-
dependent degradation mechanisms.

43.1 Selected Composite Diffusion Properties

Listed in Table 2 and Table 3 below are diffusion properties suitable for input to
WBGALIN for three composite materials as measured by Sprmger and others [28]. All
materials show Fickian diffusion behaviour.

Constants suitable for describing boundary Conditions, given earlier by Equation 4,
are listed in Table 2.

Table 2 Boundary Condition Constants

Material k n
AS/3501-5 0.019 1
T300/934 0.017 1
T300/5208 0.015 1

Constants suitable for describing the diffusion constant versus temperature are given
in Table 3. These constants may then be suitably applied to Equation 5.

Table 3 Arrhenius Relation Constants

Material Eq/R Do (m2/ s)
AS/3501-5 5720 6.5*10-
T300/934 5210 8.3*107
T300/5208 5170 5.8*107

4.4 Non-Fickian Diffusion

Deviations from ideal Fickian diffusion may arise for a number of composite
materials. In many cases the wuse of Fickian diffusion mathematics as an
approximation will suffice. In cases where gross deviations are found, alternative
equations may need to be developed. The modification of the boundary condition to
include a time-dependent component has been found to be useful in describing non-
Fickian behaviour in many composite systems. A detailed analysis of non-Fickian
behaviour is not given here since the actual boundary condition or equations used to
describe a particular moisture diffusion process will vary for a range of materials.
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Some of the literature references which deal with non-Fickian moisture uptake are
described below with the applicable boundary condition suggested. This is not a
complete list.

1.

Work by Zhou and Lucas [23] describes anomalies in moisture uptake behaviour
using a theory which accounts for non-Fickian behaviour through micro-cracks,
surface cracks, mass-loss and polymer dissolution. Findings are supported by
SEM micrographs which show micro-cracking in the composite.

Work by Wilde and Shopov [24] deals with a model which describes the
boundary condition as:

Casur () = Copsur (1-exp(-B 1)) Equation 10

Where Cyosur is the pseudo saturation moisture concentration and Casur (t) is the
surface concentration at time t. The parameter B is a relaxation constant which
reflects changes in the polymer matrix due to absorbed moisture. This model
explains the lack of asymptotic weight-gain data.

Work by Lee and Peppas [25] discusses a number of diffusion models based on
stress dependence, concentration dependence and a combined model of the two.
Both 1-D and 2-D models are considered.

Work by Tsotsis and Weitsman [26] describes a simple, useful method to fit data
to the boundary equation:

Cs = Co + (Ceq - Co) [1-eBY] Equation 11

In this case co refers to a pseudo saturation level and ce is the maximum
concentration recorded from weight-gain data. The relaxation parameter is
described by B.

Work by Cai and Weitsman {27], is an analysis of non-Fickian behaviour based on
visco-elastic boundary conditions. The boundary condition is given by the
relation:

Cit)y=Co (1—e-Bt) Equation 12

A full mathematical solution for this boundary condition is given as well as
equations to analyse weight-gain data to derive the constants Co and . The
constants Cy and B represent the surface concentration, Co, and the relaxation
parameter, B.

Work by Whitney and Browning, [20] is a useful reference on two-stage polymer
absorption processes.

The book edited by Springer [28] is an excellent resource on a whole range of
environmental effects issues.

. Work by Carter and Kibler, [29] offers yet another approach to model moisture

weight-gain data.

4.5 Measuring Moisture Concentration Profiles in Composites

The profile of moisture concentration within a composite is very important as it also
reflects the profile of properties through the thickness. While weight-gain data is
one of the most commonly used means of detecting the ingress of moisture into
composites, it tells us nothing about concentration profile. There are numerous

15
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experimental techniques which have been used to directly measure the moisture
content of polymeric composites. At the time of this report these techniques were
not widely used and do not represent a routine moisture evaluation technique.
e Dielectric

The change in dielectric response of polymer matrix materials with moisture has
been demonstrated [30]. The use of dielectric techniques on composites with
conducting fibres is mostly unsuccessful due to the elecfrical conductivity of the
fibre. A novel microwave dielectric technique developed by KDC Technology
Corporation [31] has been shown to be useful to profile moisture in Kevlar and
glass-fibre composites [32].
» Positron Lifetime Techniques

This is a technique to determine the amount of moisture in both composite
materials and neat resins. The technique uses the interaction of positrons with the
matrix to examine the amount of moisture. Preliminary work reported by Singh et
al. [33] has shown a correlation between the lifetime of positrons and moisture
content. This technique has not yet seen widespread use.
¢ Deuterium Conditioning

This involves the use of deuterium (D;O) rather than water to condition samples
and then using nuclear reaction analysis to determine the concentration of moisture.
Work by Delasi and Schulte [34] has demonstrated the effectiveness of this
technique for both composite laminates and adhesive joints. The analysis of
adhesive joints by this method was undertaken with much success. The technique
can only examine the surface of the sample. Therefore it is necessary to section the
sample to quantify the through-thickness moisture concentration profile.
» Sectioning
Collings and Copley [35] reported a method by which a composite coupon of 2mm
to 3mm thickness is physically sectioned after exposure to a humid environment to
allow the measurement of a moisture profile. The method is attractive since the total
time required to extract both the diffusion coefficient and the moisture equilibrium
level may be made in a relatively short period of time; about 30 days. Coupons are
physically split through-thickness and subsequently dried to evaluate the moisture
content by mass. The amount of moisture in the section is calculated and the
moisture profile may be determined using multiple sections. The authors claim the
method to be accurate.
This method seems sound but is limited by the ability to accurately section and
weigh the composite fragments.
o Analytical Techniques
Mathematical solutions may be used to determine concentration profiles. Moisture
concentration profiles may be extracted from weight-gain data [27] if the diffusion
properties of the material are well known. This also applies to using the W8GAIN
software if the boundary conditions and thermal/humidity history are also known.
o Conclusions
None of the techniques listed provide a viable method of measuring moisture
contents on in-service aircraft. The technique of most use in the laboratory is likely
to be sectioning. This technique is useful to verify the results of diffusion models
and constants. It would be especially useful for relatively thick composites (over
2mm thick). Damaged or out of service components may be destructively examined
by the technique to understand the state of materials of other aircraft which have
been exposed to the same operating conditions.
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5. Environmental Effects on Composites

This section deals with the specific types of environmental and service-related
exposure which aircraft composite components may see.

5.1 Moisture

The immediate effect of moisture on the mechanical properties of a composite is the
reduction of both modulus and glass-transition temperature, T;. Moisture will act to
plasticise the matrix and lead to changes in mechanical properties which can be
regained upon drying; assuming no permanent matrix damage such as micro-cracks
occurred during this exposure. The glass-transition temperature, T, is an important
material property as it defines the point at which material properties are drastically
reduced. The matrix changes from a glassy stiff state to a pliable one.

A direct correlation between Ty and moisture content needs to be established for any
material through experimental testing. This correlation may vary from batch to batch
50 a series of tests are desirable to evaluate any materia] variations. The T; of the
matrix may not be uniform through it's thickness if a profile of moisture
concentration exists. It is important to consider the possibility that the matrix/fibre
interface will also have a T different to the bulk matrix. This must be kept in mind
in order to preserve the integrity of the fibre/matrix interface. Details of the ‘sizing’
used on the fibre may be useful. Figure 8 shows a plot of T, versus moisture content
for neat 3501-5 resin. Data is reproduced from work by Browning et al. [36]
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Figure 8 Plot of Tg versus Temperature for neat 3501-5 Epoxy Resin cured at 177°C [36]

Before commencing a mechanical test of any description the concentration profile
must be known to make the results meaningful. It is probably best to establish a
uniform concentration profile through the sample prior to testing. The outer layers
of the composite readily change moisture concentration with changes in boundary

17
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conditions. It is therefore likely that the results of mechanical tests in which the
composite fails in the outer skin will be compromised. Testing samples which have
a constant moisture concenfration profile through the specimen thickness is
therefore desirable.

The environmental fatigue behaviour of composites is as important as static tests.
The effect of moisture on both the static and fatigue response of a number of
composite systems was investigated by Jones et. al. [37). Matrix properties of the
resin in carbon-fibre reinforced plastics were not degraded after conditioning to a
moisture level of around 0.9%. In fact the authors note that the interlaminar shear
strength of the carbon fibre reinforced plastic material was modestly higher than dry
specimens attributing the effect to plasticisation of the matrix and a relaxation of
some residual thermal stress during processing. They also noted that +/-45°
laminates conditioned to 0.9% moisture content had a better fatigue resistance
compared to that of dry specimens.

It can be seen that conditioning specimens to levels of moisturise commonly found
during service (around 1%) may in fact have a beneficial effect. The use of boiling
water to condition specimens can often produce an unrealistic moisture level which
does not faithfully simulate a service related exposure. The use of boiling water can
roughly equate to a very severe form of thermal spiking (section 5.3) if used
indiscriminately.

5.2 Temperature Effects

Temperature acts to degrade the composite matrix in a number of ways. Both

reversible and irreversible effects may be observed when a composite matrix is

exposed to high temperature. If the temperature exceeds the glass-transiion

temperature, Ty, the material modulus will decrease markedly. The original

modulus will return upon cooling provided no thermal decomposition or other

permanent damage has occurred. Thermal decomposition is not an effect which is

likely to be important on aircraft except on exposure to fire or other high-

temperature sources {over 250°C). Irreversible damage effects will include leaching

of volatiles and plasticisers, advancement of the extent of cure of the matrix and

residual stresses induced through thermal cycling. Thermal cycling may cause

trapped volatiles to expand and create high pressures within matrix voids and

cracks. These stresses can lead to permanent mechanical damage and loss of

properties.

Service temperature values must be chosen such that:

(1) The material wet Tg value is not exceeded

(ii) No decomposition of the material occurs. This is unlikely for most 177°C curing
composites which decompose at temperatures over 250°C.

(1i1) The same mode of diffusion is retained

(iv) No damage is introduced into the sample (eg: thermal spiking, section 5.3).

5.3 Thermal Spiking

Thermal spiking refers to exposing a composite to rapid rises in temperature.
Thermal spiking is an effect which is investigated to determine the useful maximum
operating temperature of a composite. This is designed to simulate a supersonic
dash in flight. The literature differs in what it defines to be the maximum service
temperature experienced and the rate of heating and cooling during flights. It is
important to determine these conditions prior to testing. Thermal spiking tests are
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often performed when the material is at a moisture level equal to the equilibrium
ground exposure level. This is a reasonable approach as long as it is kept in mind
that the surface layers of composite change their moisture concentration much
quicker than the bulk. A hot and humid day may raise the moisture concentration of
the outer plies to greater than average levels and thus it may be worth considering
the effect of spiking the composite conditioned at the highest humidity experienced
at the exposure site. In any case the moisture profile of the material needs to be
established carefully in order to gain quantitative results from thermal spiking.
Spiking is thought to create matrix damage which allows greater levels of moisture
to absorb into the composite. A damage mechanism proposed by Clark et al. [1] , as
illustrated in Figure 9 , suggests that there is a critical moisture level M above
which thermal spiking will cause permanent damage to the composite matrix.
Matrix material which has been damaged by spiking will locally reach a moisture
level shown by M (spiked material). Material in the spiking damage zone will no
longer behave according to Fick’s law while the bulk of the composite will. Spiking
damage is most likely to occur at the surface since heat will affect this area first and
the surface plies are likely to have a higher moisture content since it is closer to the
environment. The level of moisture measured by weighing the sample will be Meq
which is a combination of moisture in the spiking damage zone and the bulk matrix.
Moisture will be trapped in the spiking damage zone which will change the
moisture profile from the lower black curve to the upper one.

Spiking damage zone
Fickian Behaviour |

.. Mg, (spiked material)

% MOISTURE

Trapped Moisture

Mot Critical M for thermal

Surface Ceml'eline
PLY NUMBER

Figure 9 The effects of thermal spikes on the moisture absorption behaviour of a graphite
epoxy laminate. Taken from Clark et al. {1]

Irreversible moisture uptake can be used as a measure of thermal spiking damage.
There will always be a certain amount of irreversible moisture absorption due to the
water chemically binding with the matrix. Large amounts of irreversible moisture

19
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uptake or cases where the maximum moisture level increases each time the material
is ‘spiked’ to a high temperature level indicates that the material is undergoing
physical damage or permanent changes. The spiked material will also show
different diffusion characteristics since the mode of moisture uptake for thermally
spiked damaged material may be via free water leaching into matrix cracks within
the composite.

Work by Clark et al. [1] shows that spiking creates the most amount of damage when
conducted during moisture uptake or at the peak moisture uptake level. Thermally
spiking material prior to moisture conditioning did not influence their resuits. It
may be possible to infer that the maximum safe thermal spiking temperature will be
equal to or greater than the material Ty.

It must be kept in mind that due to the fact that a concentration profile of absorbed
moisture may exist through the composite, spiking damage may occur in some
regions and not others. For this reason it may be appropriate to test for sensitivity to
thermal spiking at maximum moisture uptake (ie: 100% humidity boundary
condition and an evenly distributed moisture concentration through the composite).
Surface plies often reach a moisture level much higher than the rest of the laminate;
spiking may occur in these layers but the increase in moisture concentration after
spiking may not be obvious since only a small fraction of the total laminate is
concerned.

5.4 Osmosis

Osmotic pressure results from the passage of a solute across a semi-permeable
barrier. It has been suggested that epoxy resins behave as semi-permeable barriers
that allow the passage of water but not that of solutes and impurities in the resin.
Farrar and Ashbee [38] postulate that osmosis results in a pressure differential across
the semi-permeable barrier which can lead to the formation of pressure pockets
leading to internal fracture. Later work by Walter and Ashbee [39] attempts to
estimate the pressures generated by osmosis using simple calculations. Evidence of
interfacial pressure pockets due to osmosis are referred to and an attempt to quantify
the pressures required to produce the interfacial debonding that is experimentally
observed. They predict a dependence proportional to timel/¢ to inflate cracks by
osmotic pressure. Interfacial failure is a mechanism which needs to be addressed in
any composite system exposed to degrading environments.

Another reference addressing osmosis in composites is given by Ghotra and
Pritchard [40]. This looks at the identity of the solutes which may be responsible for
the generation of damaging osmotic pressures within composites. They examine the
effect of osmosis on paint and gelcoats applied to composites. The use of chemical
species and materials which are inert to water in resins is advised in order to reduce
osmotic effects.

5.5 Swelling Strains

The absorption of moisture by the composite matrix also causes it to swell and exert
a resulfant strain on the material. The coefficient of moisture expansion defines the
way a volume changes when taking up moisture. Volume changes in a composite
due to swelling may be represented by the empirical relation given by Delasi and
Whiteside [41]: '

4 =00lc+ oM

@ &

.d Equation 13
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Where V., and M, represent initial volume and mass and ¢ and d are swelling
constants. For 3501-6 resin, swelling constants are given by [41] as ¢=-0.61 and
d=0.87.

5.6 Cryogenic Exposure

Water trapped in voids or cracks within composite materials may freeze when
exposed to cold conditions at high altitude. Using the definition of a standard
atmosphere we can expect to see temperature decrease by 3°C for every 500m of
alitude. It can be seen that even moderately low altitudes can produce freezing
conditions. The property of water is such that it expands by 8.3% in volume upon
freezing and has a bulk modulus that is three to four times that of epoxy resin.
Water trapped within cavities will create pressure on the surrounding material
which may result in permanent matrix damage. Such material degradation was
reported by Nicholas and Ashbee [42]. They concluded that non-spherical disc-
shaped cavities would propagate cracks if water froze within them. It is therefore
important to consider the potential problems associated with free water entering
voids and micro-cracks in composites.

5.7 Ultraviolet Damage

Ultraviolet damage in composites is usually characterised by erosion exposed layers
of the matrix material. Such damage can be minimised by the application of U.V
resistant coatings. High quality paints are equipped to deal with high U.V levels
and prevent the matrix from being affected. U.V damage is restricted to the topmost
layers of the composite and is unlikely to affect the bulk properties of a composite
laminate.

5.8 Erosion

The effects of erosion on composites is similar to that of ultraviolet damage. Material
is removed from the exposed layer of the composite which may lead to fibres being
exposed and potentially reduced mechanical properties. Erosion can be minimised
by the application of protective coatings in the form of paint or other resins. Erosion
effects are often a problem in helicopter blades if the composite is left exposed. The
addition of a simple metallic cover eliminates erosion effectively in most cases.

5.9 Stress Effects

The effect of stress superimposed onto a hot/wet condition can produce a greater
detriment to composite mechanical properties than each of these factors alone, This
was noticed by Gillat and Broutman [43]. They found that the level of moisture
uptake increased with increasing stress level and that the behaviour could be
modelled using Fick's law. The greatest effect was on the value of diffusivity which
increased with applied stress. The equilibrium moisture content value was also
found to be proportional to the applied stress level.

The consideration of mechanical pre-loading a composite prior to exposure to
hot/wet conditions should be considered. Work by Jones et al. [37] showed that pre-
loading the composite material up to 80% of it's failure load before conditioning took
place did not affect moisture uptake levels. This may indicate that a more realistic
approach would be to load the specimen during and after hot/wet exposure.

21



DSTO-TR-0657

22

A mathematical treatment of stress assisted diffusion is provided by Weitsman [44].
Stress assisted damage in the form of micro-cracks will increase the equilibrium
moisture uptake level. Moisture present within these micro-cracks will have a
significantly different effect than moisture absorbed by the matrix. Stressing the
composite during exposure may be an important test to carry out. Viscoelastic
relaxations within the resin may occur at sustained stress levels which may alter the
diffusion properties. In any case it is important to identify the difference between
induced damage and changes in the viscoelastic nature of the matrix due to stress.

5.10 Processing Effects

The processing and manufacturing conditions under which a composite is made
affects the residual stress state of the material. Cooling a composite laminate at a fast
rate after curing can induce warping and cracking due to differential cooling
between the surface and inner plies. It is important to consider the viscoelastic
response of the material and take this into account to ensure residual stresses are not
induced. This is even more critical for composite repairs and doublers adhesively
bonded to metallic structure where thermal coefficient mismatch between materials
is quite large.

5.11 Chemical Reactions

Time may have an effect on the matrix due to chemical reactions which may occur
on a long-term basis. The matrix may leach volatile chemical components which
will affect it's T and mechanical properties. The reaction of moisture with some of
the matrix chemical components may also need to be considered.

These reactions are likely to be hastened by increased temperature. The long-term
chemical stability of most aerospace resins is excellent and generally does not need
to be determined unless the suitability of the matrix for a particular environment is
in doubt.

Galvanic corrosion may also play a factor in degrading a structure. The bonding of
composites with electrically conducting fibres such as graphite to some metallic
structures may cause corrosion. This will be a time-dependent process and will be
accelerated by the presence of moisture.

5.12 Effects of Voids

The effect of voids on the moisture uptake behaviour of composites was examined
by Harper et al. [45]. They found that greater void content produced a higher
equilibrium moisture content level. Low void laminates (about 1%) had an
equilibrium moisture content level of about 1% while high void contents (about 5%)
increased this to over 1.4%.

5.13 Influence of Layup Configuration

The long-term moisture absorption behaviour of angle-ply laminates was
investigated by Blikstad et al. [46]. They found that the layup angle influenced the
moisture diffusion behaviour due to the residual stresses in these laminates. They
noticed that residual compressive stresses had the effect of retarding diffusion and
lowering the maximum moisture content. The issue of layup configuration is likely
to be closely related to the residual stresses in the matrix.
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5.14 Conclusions

It is chiefly the effect of hot/wet conditions that will significantly degrade the
mechanical performance of most composite materials. Forms of environmental
damage such as erosion and U.V damage can be simply avoided. If other damage
mechanisms such as thermal spiking are evident this indicates that the material is
unsuitable for the required task or it is being used outside it's design limits.

The effects of the hot/wet environment should be reversible to a significant extent
with mechanical properties recovered in the dry state. Moisture diffusion should
follow a well-defined diffusion behaviour type for the entire service operating
envelope.

6. Composites in Service

Composite materials have been flown in a variety of service conditions on
commercial aircraft for over 20 years. Their service performance has been
impressive and they remain an attractive structural material for future commercial
and military aircraft. Initial concerns about environmental durability by NASA
Langley and the U.S Army in the early 1970s led them to investigate their suitability
as replacements for metallic structure. These concerns included the effects of
moisture absorption, ultraviolet damage, temperature cycling, lightning strikes and
long-term sustained stress.

The performance of most graphite/epoxy composite structures has been very good.
The greatest environmental problem for composite structures may not even involve
temperature and moisture effects over time but more random events such as
lightning strikes and foreign object damage.

The flight service environmental effects on composite materials and structures was
closely examined by the NASA Langley Research Centre and summarised in the
paper by Dexter and Baker [9]. Results of long term exposure for a number of
material systems are reported including glass fibre, Kevlar and graphite composites.

6.1 NASA Langley Research Centre Experience

The results of the NASA Langley environmental flight test assessment involved a
range of materials on a number of aircraft including helicopters. Below is a
sumimary of a subset of the report focussing on graphite/epoxy and boron/epoxy
structures. The report on which these observations are based was completed in 1992
and reported by Dexter and Baker {9].

6.1.1 B737 Graphite/Epoxy Spoilers:

These spoilers used aluminium honeycomb sandwich structure using T300/5209,
T300/2544 and AS/3501 graphite/epoxy composite. Damage to this structure was
primarily through physical contact followed by corrosion of the honeycomb core.
Corrosion was manifest in sandwich structures in which debonding of the skin
occurred or in which other damage had taken place. Undamaged spoilers showed
no loss of strength even after 15 years of service. Spoilers with significant corrosion
damage still retained at least 75% of their original strength even after 15 years of
service. This reflects the excellent environmental durability of these structures but
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stresses the importance of detecting disbonds in honeycomb structures as early as
possible. The work by Jackson et al. [8] highlights a method to detect water
intrusion in thin-skinned sandwich structures based on an apparatus which
quantifies the rate of water entering a damaged or debonded composite skin. NASA
Langley Research Centre ufilised x-rays to detect water in honeycomb cells in a DC-
10 Graphite/Epoxy Vertical Stabiliser.

6.1.2 B727 Graphite/Epoxy Elevators

Damage to this component occurred during ground handling and lightning strike.
No other environmental damage was found to affect the service of the component.

6.1.3 DC-10 Graphite/Epoxy Rudder and Vertical Stabiliser

After over 5 years of aircraft service a DC-10 rudder was removed from service and
tested. It's mechanical response showed no evidence of degradation. Lightning
strike was the only type of damage recorded for this part. The vertical stabiliser was
inspected regularly and no damage was found using ultrasonic and X-ray NDE
techniques.

6.1.4 L-1011 Graphite/Epoxy Ailerons

During a 9 year evaluation period of this component no major problems were noted.
Loose fibres around a fastener on one component were repaired using a simple
procedure and the part was retumed to service.

6.1.5 C-130 Boron/Epoxy Reinforced Wing Box

Boron/epoxy wing boxes were manufactured and put into service on two C-130
aircraft in 1974. No damage or degradation has been observed. Testing of this
boron/epoxy wing-box showed it to have a greater fatigue life compared to
equivalent metallic structures.

6.1.6 Ground Exposure

Coupons were produced for a ground based exposure trial at a number of locations
worldwide. After a 10 year period most graphite/epoxy coupons had absorbed
between 0.7% and 1.0% moisture. Coupons were also placed on a 737 aircraft and
the moisture content determined regularly. It was found that the painted flight
service coupons absorbed less moisture than the unpainted ground exposure
coupons. Matrix-dominant properties were reduced by around 20% after a 10 year
exposure period compared to baseline testing data. The researchers also conclude
that the ground-based exposure was sufficient to assess the degradation and that the
effect of solar radiation produced no discernible difference in results. Mechanical
testing of coupons of AS1/6350 at Sikorsky [9] provided a close correlation between
a 9 year environmental exposure and an accelerated laboratory environmental test.
The accelerated testing scheme utilised 88°C and 87% R.H.
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6.2 Other Results

Results from the service experiences of some NATO group military operators can be
found in [47]. These results show that composite materials are highly suited to
aviation environments with little or no degradation observed. The examination of
composite parts for physical damage and water intrusion was found to be important
in order to keep components serviceable and without loss of properties. The brittle
nature of many graphite/epoxy composites makes them subject to damage from
mishandling and foreign object damage. Aluminium honeycomb sandwich
structures may be particularly sensitive to corrosion and water intrusion after this
type of damage.

7. Simulating Environmental Conditions
Experienced in Aircraft Service

The service environment which a material sees may be reproduced in the laboratory
in a number of ways. Since hot/wet conditions are of most concern in certification
and performance a number of hygrothermal conditioning schemes to simulate the
effects of long term exposure are sought.

The hygrothermal conditioning of composites involves essentially three variables
which interact to determine the final outcome. These are temperature, moisture
conditions (humidity or immersion in water) and time. It is a combination of these
three which act to define the final hot/wet performance of the composite. An
accurate model of the diffusion process as discussed earlier is essential in defining a
laboratory-based environmental conditioning scheme.

The most common approach taken to determine environmentally induced changes
in materials is to expose the material to a particular environment and then compare
the mechanical properties before and after. Mechanical tests used to qualify or
certify the material for service are the logical choice. More discriminating
mechanical tests which may detect much more subtle changes in the matrix material
are also very useful in predicting long-term effects.

A number of approaches are possible. These are:

(1) Intensify the exposure levels:

This technique uses increased levels of exposure to indicate long-term
degradation. This will also increase the severity of the degradation and may cause
the mode of degradation to alter. The variables that may be intensified include the
temperature, moisture levels, UV radiation levels and any other conditions present
in the operating environment. In many instances it is the temperature that is
intensified. In any case it will probably be necessary to identify the relationship
between the increase in exposure intensity and the property that is to be measured.
This makes it difficult to determine the results of an accelerated test without first
making a comparison to other long-term exposure data. The relation between
temperature and a property such as failure lifetime is often non-linear and may need
to be established prior to using such results in a design situation. '

(2) Increase the frequency of exposure to degrading conditions:

This scheme attempts to replicate the conditions of real conditions and then increase
the frequency of exposure to the most damaging conditions. Thus the conditions of
a very hot and humid day which may occur for only a part of a yearly seasonal cycle
may be increased to a year long exposure. The decision must also be made whether

25



DSTO-TR-0657

26

to cycle between two extreme climatic conditions or to expose materials to long
periods of each.
(3) Simulation of environmental conditions by load enhancement:

This involves using load enhancement factors or intensifying another material
testing parameter. For example the effects of a hot/wet environment may be
simulated by testing a dry structure at higher loads. This is covered later in more
detail (section 10). The mode of failure is important in this case and must be
identical for the load enhanced test and the hot/wet test in order for the results to
remain valid.

7.1 Conditioning Levels

Conditioning levels must be accurately defined in order to reflect the service
environment.

7.1.1 Temperature Conditioning Level

As outlined previously, the conditioning temperature must be chosen such that the
mode of diffusion is unchanged and that the damage mechanisms introduced
through the use of higher temperatures are not different from those experienced
during real-time exposure.

7.1.2 Moisture Conditioning Level

It has been shown that the moisture uptake rate is related to the moisture level at the
boundary and the temperature of exposure. The upper limits of the moisture level
and temperature need to be chosen such as to produce the fastest rate of moisture
diffusion yet retain the same type of diffusion mechanism. That is, if the diffusion
rate is determined by Fick’s law at conditions similar to the real environment then it
must be ensured that greater temperatures and moisture levels retain this mode of
diffusion.

The target moisture level must also relate to a value given by either the level found
under real environmental exposure conditions or that derived from an average
humidity level of the exposure site. The final saturation moisture level will largely
depend on the material type used so it is not representative to saturate composites of
differing types to an identical moisture level. It is better to establish an average
humidity level for a particular site which relates to the equilibrium moisture level
found in a long-term exposure moisture coupon. For example if a final equilibrium
moisture level of a composite is found to be 1.2%, the humidity which will produce
this saturation level can be calculated if the boundary conditons are known
(Equation 4). This way all materials may be conditioned to a saturation moisture
level corresponding to this average humidity value. '

It must be kept in mind that other forms of irreversible matrix degradation may
occur which may not be represented accurately by the maximum moisture uptake
relation (Equation 4). Free water may pool in cracks in the composite matrix and
give the false impression of an enhanced diffusion of moisture.

Moisture uptake trials from coupons under ground based exposure may take many
years. Work by Chester and Baker at DSTO-AMRL [11] has shown that exposing
3mm thick AS4/3501-6 graphite/epoxy material took over 9 years under both
temperate and tropical conditions to reach saturation levels.
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7.2 MIL-STD-810

This U.S military standard defines a large number of operating environments under
which to test both materials and equipment. A number of sections in the standard
are applicable to defining environmental parameters for materials testing. These are

shown in Table 4:

Table 4 Some Environmental Exposure Types in MIL-STD-810

Test Type MIL-STD-810 Comments relevant to  Australian
Reference conditions

Humidity Method 507.3 Daily temperature/humidity cycles defined
using RH between 95% and 100%.

Rain Method 506.3 Tests for rain erosion and water penetration
into components

Solar Radiation Method 505.3 Effects of solar heating over and above
ambient air temperature. Test for UV, LR
and Visible radiation effects

High Temperature Method 501.3 Australian hot ambient condition are given
as 30°C to 43°C

Low Temperature Method 502.3 Australian cold ambient are defined as
-6°C to -19°C

Temperature Shock | Method 503.3 Aircraft flight exposure from high ground
temperatures to cold air

Detail is given of the exact conditioning procedure which replicates the daily
weather changes in the given category. The possible effects of the given
environment on materials, electronics and other devices is briefly outlined.
Although these standards are not based exclusively for an aerospace operating
environment they are a very useful to define conditions to simulate ground exposure
in a mumber of world climate locations.

7.3 Types of Environmental Exposure

The aircraft operating environment may be reproduced using a number of different
techniques.

7.3.1 Ground-Based Exposure

This method of conditioning exposes coupons of material to conditions
representative of the environment at ground level. Since most of an aircraft’s life is
spent on the ground this provides a useful guide to determine the effects of different
locations on aircraft material and the effects of storing aircraft under differing
conditions. It will not give an indication of the effects of flight cycles. This must be
determined by flight exposure coupons, if necessary. Ground-based exposure is still
very suitable in defining the levels of moisture present in a sample. It can take many
years for a composite coupon to become fully saturated with moisture from humid
air.

Subsequent exposure of these ground-based exposure coupons to flights alters the
moisture level in only a very thin layer at the composite surface. This is due to the
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fact that flights are short in comparison to time spent on the ground and diffusion
rates are quite slow for composites. Therefore the bulk moisture content comes to an
equilibrium after a long period of time and does not alter much after that. This
limiting value is of great importance as it defines the moisture level to which
accelerated moisture coupons should be pre-conditioned.

Work conducted by NASA [9] found that ground exposure produced higher levels of
moisture uptake compared to coupons placed on aircraft. Ground exposure is
therefore a more severe evaluation of the ‘wet’ condition.

Material surface temperatures at ground level will depend on the ambient
temperature, the solar absorptivity of the material, the incident solar radiation and
the movement of air. The ENSTAFF specification (see section 9.1) defines an upper
surface temperature of 85°C based on the sun being at the zenith, still air, ambient
temperature of 49°C and a solar absorptivity of 0.5 (equal to light green or light
yellow paint). At this temperature thermal spiking (section 5.3) is unlikely to occur
for ground-based exposure coupons.

7.3.2 Flight Exposure

Flight exposure coupons are similar to ground-based exposure tests except that the
coupons are attached to aircraft and therefore see the entire exposure environment of
the aircraft. This gives a realistic guide to the actual absorption of the aircraft
structure as the coupons may be placed at various locations and subjected to varied
flight patterns. Work by Dexter and Baker [9] showed that good correlation between
the mechanical properties of ground-based exposure and flight exposure coupons
could be made. This led them to conclude that ground-based exposure was
sufficient to predict the long-term behaviour of the material. This reduces the
complexity and cost of a long-term exposure test.

7.3.3 Environmental Chamber Exposure

Here the material is exposed to a temperature and moisture level defined by an
artificial environment in the laboratory. The moisture level may be a set humidity or
the sample may be fully immersed in water. This type of environment is necessary
to define diffusion properties of materials as exacting conditions need to be
maintained. For accelerated testing an environmental testing chamber is desirable to
produce controlled conditioning.

Coupons or structures which require conditioning using transient environmental
exposure will require the use of a complex and expensive environmental chamber. If
the exposure requiremenis only dictate to moisturise to a particular humidity or
moisture level at constant temperature then the use of a much simpler and cheaper
conditioning apparatus may be used. Humid air above saturated salt solutions
provide a constant and well-defined humidity level. For example, a closed container
half-filled with a saturated solution of sodium chloride and distilled water will
provide a constant humidity level of around 75% at 25°C. There are a number of
different saturated salt solutions which give a variety of constant humidity levels
from 5% to 95%. The limiting cases are vacuum {0%) and pure water (100%). The
procedure is detailed in ASTM E104. The ASTM simply requires the use of a closed
container in which the amount of air-space above the salt solution is kept to a
minimum (Figure 10).
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Figure 10 Experimental setup as per ASTM E104 for maintaining constant humidity
environments for coupon conditioning

The closed environment must be kept at constant temperature as some solutions
produce different humidities according to temperature. A complete survey of a
wide range of saturated salt solutions is given by Greenspan [48]. Figure 11 shows
the relative humidity produced by a saturated solution of Lithium Chloride at a
range of temperatures (x-axis) from 5°C to 70°C
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Figure 11 Relative humidity produced over a saturated solution of Lithium Chloride over
temperatures between 5 and 70°C

The use of such environments to condition composite coupons has been examined
by R. Vodicka at DSTO, AMRL using five different salt solutions. It was found that
for containers where the headspace volume (volume above the salt solution) to the
surface area of salt solution ratio was kept to less than 10, the target humidity level
would be reached in about 30 minutes after closing the container. This was verified
using a calibrated humidity probe. Figure 12 shows the result of a test on a
humidity environment using pure water (100% RH). The x-axis shows the time after
closing the container.

29



DSTO-TR-0657

30

100% RH at 21°C

100 .F—_HBQEELWSM@GE Area = 10:1

90 |-

80 L
Initial Room Humidity = 449
70 |-

60

Humidity RH%

50

40

1 2 1

10 20

O — g1

30

Time (Minutes)

Figure 12 Establishing a constant humidity environment (100%} in a closed container using
pure water

7.3.4 Simulating Supersonic Flight

Although supersonic flight constitutes only a small fraction of the total service time,
it exposes a material to many environmental extremes. Supersonic flight may
involve high temperatures, high heat-up and cool-down rates as well as large
temperature differentials. The effect of supersonic service on diffusion was
examined by McKague, Halkias and Reynolds [49]. The authors found that subsonic
service had hardly any drying effect on the composite while supersonic speeds in
which the temperatures rose up to 149°C caused noticeable drying. Low pressures
and cold temperatures experienced at high altitude (30,000 feet) did not cause rapid
drying. The major effect of supersonic flight was due to thermal spiking (see section
5.3). Sub-zero temperature exposure did not alter the diffusion behaviour of the
laminate.

The results of this study indicate that the effects of supersonic flight may be
demonstrated in the laboratory using thermal spikes as discussed in section 5.3. The
re-absorption behaviour of the composite after thermal spiking may give a good
indication of any damage introduced. Significantly larger amounts of moisture may
be diffused into materials after thermal spiking. It is best to define a thermal spiking
test in which the heating rate, cooling rate and maximum temperature experienced
during flight is faithfully reproduced.

8. Accelerated Moisture Conditioning

Accelerated moisture conditioning is a useful tool in composite testing. If used
correctly it can provide valuable answers on the suitability of materials for a given
environment in a relatively short period of time. The method of accelerated testing
must be chosen wisely with a complete knowledge of the material properties,
diffusion properties and the service environment.

Most accelerated testing techniques are concerned with getting moisture to diffuse
rapidly through the composite to simulate the moisture concentration found after
many years of service. Much work has been reported on the use of a constant high
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humidity environment while others have utilised high humidity at the initial stage
and then switch to a lower level commensurate with the final target moisture uptake
level. While immersion of samples in boiling or hot water seems to be an attractive
proposition for accelerated conditioning it is unlikely to represent service conditions
faithfully and may in fact lead to unrealistic results. Work by Edge [50] has shown
that immersion in water is not fully representative of a composite which will spend
most of it's time at average humidity (about 65%). It was also shown to produce
much more severe irreversible degradation of properties than naturally exposed
specimens.

The use of severe environments which do not represent real exposure may give the
wrong impression of a material’s suitability to the task. Many cost-effective
materials may be found unsuitable by such methods where in fact they are quite
adequate.

Below are described a number of methods from the literature which show much
promise for accelerated testing. The particular method to be chosen will depend on
the environmental conditions to be simulated and the type of item that will be
exposed.

It is important to keep in mind that many of these methods are suitable for material
coupons or structures in which the material type and thickness do not vary. In
complex structures with multiple thicknesses of material, different parts of the
structure may reach equilibrium moisture levels at different times. The accelerated
testing method must be optimised for the entire structure in order to faithfully
represent moisture levels seen in service.

8.1 Two-Step Method:

This method was published by Ciriscioli, Lee and Peterson [51] and describes a
method for the accelerated testing of graphite/epoxy composite coupons which has
been validated using mechanical testing. Tests were performed on Fiberite T300/976
material coupons 2mm and 2.8mm thick. The method accelerates moisture
conditioning by varying the humidity only. The target moisture level is determined
and related to a humidity level as per Equation 4. Conditioning begins at 100% R.H
and is maintained until a change-over time is reached. The change-over time is
determined using a simple calculation and an easy to use nomogram given in [51].
At this change-over time the humidity is reduced to the target level. By utilising the
100% R.H humidity level at the start the conditioning process is accelerated as
greater concentrations of moisture are allowed to diffuse deep into the specimen
centre. The time taken to reach target moisture level at 68% R.H is illustrated for the
case of a 6.4mm graphite/epoxy composite laminate. The accelerated scheme
achieves the target level in 170 days while the regular method of holding humidity
at 68% R.H requires 800 days. This is a factor of 4 time saving.

The authors conducted tensile, compressive and short beam shear strength tests as
per ASTM standards and found that the accelerated conditioning regime did not
affect these mechanical properties compared with conditioning in a stable humidity
environment. It is important to verify accelerated testing techniques in this way but
it may not be practical to do so since a comparison with coupons exposed for long
periods may not be available or such tests may not be feasible due to time
constraints.

This method is quite straightforward as it does not introduce the complication of
temperature. It must be noted that the diffusion characteristics, particularly the
boundary conditions (Equation 4} of the material must be pre-determined. Also, it
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may not always be possible to use 100% R.H in a situation where conditioning at this
level changes the mode of diffusion markedly. An upper limit for humidity would
be the point where the boundary condition equation is no longer linear or where the
material shows non-reversible diffusion behaviour at high humidity levels.

This technique produces a uniform distribution of moisture through the sample
thickness. This is representative of a composite which has had long term exposure.

8.1.1 Two-Step Conditioning For Composite Materials Using Traveller
Coupons

The use of traveller coupons to monitor the moisture uptake of a structure is useful if
the structure and coupon are made using identical materials under identical
conditions. The two-step method (section 8.1) requires conditioning for a certain
period at 100% R.H before switching to the target humidity defined by the material
boundary conditions (Figure 13).
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Figure 13 Two-step humidity conditioning example

The change-over time may be deduced from traveller coupons using the
dimensionless change-over moisture content described in [51]. The traveller is
exposed to 100% R.H with the component to be conditioned until the change-over
moisture content is reached. The materials are then transferred to the target
humidity environment and the weight of the traveller monitored until it reaches
equilibrium. The change-over moisture content may be calculated from Figure 14.

Dimensionless parameters are defined as follows:

MoistureContent _
M = ; : Equation 14
MaximumMoistureContent

MoistureConcentration

™

Cq

= - - - Equation 15
MaximumMoistureConcentration
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Figure 14 The dimensionless change-over moisture content versus the dimensionless
moisture concentration from [51]

The resulting weight-gain curve from this two-step conditioning scheme will appear
as shown in Figure 15 for a typical epoxy-based composite with Fickian diffusion
behaviour.
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Figure 15 Weight-gain curve for two-step conditioning
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Example: Conditioning a specimen to 1% moisture content.

A traveller is produced using identical material, layup and cure conditions. Both the
traveller and component are exposed to 100% R.H until the change-over moisture
content is reached. For 5521 F/4 Boron Epoxy laminate a 50% humidity level will
produce an equilibrium moisture concentration of about 1%. The maximum
moisture content possible at 100% R.H is 22%. The target dimensionless

concentration level is therefore ——or about 0.45. From Figure 14 this gives a

dimensionless change-over moisture content of about 0.55. This equates to a weight-
gain concentration of 0.552.2 =1.21%.

The traveller weight is then monitored when exposed to 100% R.H until it reaches
1.21% weight gain. The traveller and component are then transferred to the target
humidity (ie: 50% R.H} until the weight of the traveller equilibrates.

8.2 Three-Stage Method

Collings and Copley [35] demonstrate a three-stage moisture conditioning method

which may be used to provide a moisturised composite coupon with an even

moisture concentration throughout it's thickness. The method uses the fact that the

centre of the laminate takes up moisture slowly and reaches saturation after a long

period of time whereas the exposed surfaces changes moisture content in relatively

short times.

The three stages used to condition the specimens are:

1. Accelerated ageing stage: This stage utilises high temperatures and humidities to
put as much moisture deep into the laminate as possible. The temperatures and
humidities chosen should be those at which Fickian behaviour still applies.

2. Drying Stage: The first step provides more moisture to the laminate surface than

the centre. To address this imbalance the surface of the laminate is dried in
vacuum at 35°C.

3. Equilibrium stage: This stage uses a lower temperature and humidity than Stage
1 such as to produce a constant moisture concentration through the laminate
thickness. The final humidity should represent the average moisture content of
the real environment that is to be simulated.

The moisture profile produced by the temperatures and humidities chosen for each
stage are estimated using a computer model called DIFF 4. This is most likely
similar to the W8GAIN software mentioned in section 4.3 since it also uses a finite
difference calculation method. Material diffusion parameters must therefore be
determined beforehand. The authors stress that the temperature range over which
the diffusion parameters are valid must be clearly defined before conditions for all
three stages are chosen.

Validation of the moisture uptake data of the three-stage method using software is a

good way to create an optimised moisture conditioning procedure and also enables

the software model to be further refined. Software such as W8GAIN (section 4.3)

can aid to determine condjtioning regimes for composite components of non-

uniform thickness or those made up of multiple layers of different material types.

The authors use software to point out that typical composites approximately 10 mm

thick reach a constant through-thickness moisture profile in about 25 years of service

life if exposed on both sides. Table 5 taken from [35] shows the effectiveness of the
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three-stage accelerated conditioning scheme. The columns show the time in days
taken for the composite {exposed on both sides) to reach a moisture concentration
level of 1.06%. From the boundary conditions of the problem this moisture content
represents exposure at 59% RH for the material in question. This is the moisture
content which was found to be absorbed after a long service period (25 years). It
must be noted that laminates less than 10 mm will reach a constant moisture profile
well before 25 years of exposure. For exposure at a constant 60°C 96%RH the
material reaches the final moisture content quicker than the three-stage method but
the moisture distribution is not even and does not reproduce long-term exposure
results.

It is valid, however, to compare the three-stage method to the 60°C 59%RH exposure
since this exposure produces the correct moisture concentration through the
specimen thickness when the specimen weight comes to equilibrium. It can be seen
that the three-stage method conditions specimens up to 4 to 5 times quicker.
Comparison to real-time exposure given by the 20°C and 59%RH column shows that
the time saving here appears to be closer to 20 times.

Table 5 Part of a table reproduced from [35] showing the time taken (days) to condition
carbon fibre composite to a moisture content of 1.06%

Thickness 20°C 60°C 60°C 60°C 3-Stage
(man) 59%RH 59%RH 70%RKH 96%RH method

2 736 144 39 17.5 29

5 4580 896 240 109 187

7 8960 1760 470 213 344

This method was later utilised by Westlands Helicopters Ltd. [52] in their evaluation
of Fiberdux 913 epoxy reinforced with graphite fibres,

The three-stage method seems most appropriate for thick laminates or laminates
where the final moisture content through the thickness is quite low (around 60%).

9. Accelerated Environmental Testing

The combined mechanical and environmental testing of composite materials is of
prime importance. A number of methods are identified in this section which
address the issues related to mechanical strength degradation and the accurate
simulation of combined mechanical and environmental effects. Aircraft certification
issues relate to these testing methods and are addressed in section 10.

9.1 ENSTAFF (ENvironmental FalSTAFF)

The ENSTAFF method of accelerated testing works on a similar principle to
FALSTAFF (Fighter Aircraft Loading Standard for Fatigue evaluation); the
mechanical equivalent. ENSTAFF combines mission profiles, cyclic loads,
environment and associated temperature excursions during typical combat aircraft
usage. A service condition including loads and environment is defined for each
aircraft component and these conditions are then applied in a reduced time-frame.
This allows many ‘flights’ to be performed within a relatively short time-frame and
allows the prediction of the part performance over an extended period. The standard
is designed specifically for testing of composite materials for the wing structure of
combat aircraft operating under European conditions. ENSTAFF has been
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acknowledged by European aircraft manufacturers to cover the design criteria for
composite structure in new fighter aircraft. It is applicable for tests performed at
both coupon and structural level. The standard was developed by West Germany,
the Netherlands and the Royal Aircraft Establishment U.K.

Temperature changes due to ambient temperature, aerodynamic heating,
temperature variation with altitude and solar radiation are all included and
superimposed onto the load which may be experienced at these stages. A moisture
level in the sample representing exposure to a humidity of 85% RH is maintained at
all times. This is achieved by pre-conditioning the sample before testing and re-
conditioning when moisture is lost,

ENSTAFF is conservative in its approach in that all loads and temperature cycles are
carried out at the maximum moisture content produced at 85% RH. During service
actual moisture content may fall below this level. However, testing at this level the
material is more prone to thermal spiking damage (section 5.3) which can potentially
produce greater reductions in mechanical properties.

Although ENSTAFF represents the most ‘realistic’ way of accelerated testing it must
be noted that long-term degradation mechanisms (if present) may not be adequately
represented by this method. This includes mechanisms such as U.V exposure,
erosion or chemical reactions which may change the material properties.

A report on the ENSTAFF procedure is compiled in [53]. This report details the
mission profiles defined for ENSTAFF, the management and testing of samples as
well as the ground-based environments experienced.

9.1.1 ENSTAFF Flights

The flight sequences are defined from load/environment data gathered during real
flights. The definition of the environment now also extends to include temperature
rises and falls at specified rates. Supersonic elements of flights may also be included
if the testing environment can be changed fast enough. Seasonal variations may also
be included which reflect the extremes of summer and winter exposure. The given
ENSTAFF ‘flight’ sequence will be unique for a particular aircraft component at a
defined geographical location. It is assumed that all parts of the aircraft see the same
humidity level.

9.1.2 ENSTAFF Ground Storage

Most moisture picked up by the composite material will occur during aircraft
ground storage. Ground storage simulation must therefore be included since it
allows the material to take up moisture to an equilibrium level. A relative humidity
of 85% is chosen by ENSTAFF to represent a global average. ENSTAFF recommends
that flight testing {load / temperature) should occur during the day with the moisture
recovery period performed overnight. Humidity exposure levels during this period
may be increased to 95% in order to restore as much moisture as possible. Although
this will produce a moisture gradient within the surface layers this is acceptable to
the ENSTAFF test regime.

Ambient temperatures will define the surface temperature during different times of
the year. Material surface temperatures due to solar heating at ground level are
assumed to rise to no more than 83°C.
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9,13 ENSTAFF Traveller Coupon and Specimen Management

The ENSTAFF specification defines the requirements for traveller coupons, pre-

conditioning and levels of temperature and humidity.

ENSTAFF recommends that:

¢ Traveller coupons are to be cut from adjacent material to that tested.

e Pre-conditioning is to be done to equilibrium weight-gain on exposure to 85%
relative humidity.

¢ Multi-stage conditioning (sections 8.1 and 8.2) may be used in this case to
accelerate moisture uptake provided the final stage is carried out to 85% RH to
produce a constant moisture distribution.

e Theoretical modelling of the material diffusion properties is conducted prior to
testing,.

. Dryin%g temperatures are to be less than 70°C for 180°C cure thermoset materials
and 45°C for 120°C curing thermosets unless proven otherwise by experiment.

¢ All weights are to be measured on a balance capable of measuring 0.0001g.

9.1.4 ENSTAFF Applicability to Australian Conditions

The definiion of conditions for the ENSTAFF test is critical if it is to be
representative. It may also be possible to single-out a particular environment which
causes the most degradation and combine this with the associated mechanical
Ioading. The hot/wet test condition is a good example of this. The combination of
high temperature and a fully moisturised test article will be a severe test of material
durability.

The ENSTAFF specification is certainly representative of the type of aircraft and
mission profiles that are experienced by the RAAF. Both the average humidity level
of 85% and maximum surface temperature of 85°C appear to be representative of
Australian operating environments. Low temperature excursions experienced on the
ground in parts of Europe are unlikely to be seen in most parts of Australia. The
section on Cryogenic Exposure (section 5.6) examined low temperature excursions
and found that they are not particularly damaging unless water is trapped in
damaged structure.

MIL STD B810E (section 7.2) has definitions for many world climate zones. These are
useful for defining conditions suitable for determining ground exposure. Flight
profiles and exposure conditions are likely to be very similar worldwide and may be
defined using the international standard atmosphere definition. Itis therefore likely
that ENSTAFF flight profiles would be applicable to Australian conditions.

9.2 National Research Council of Canada - National Aeronautical
Establishment Testing Facility

The design considerations for an environmental test facility for composite materials
and structures proposed by the National Aeronautical Establishment, Canada is
outlined in the Technical Report by Komorowski and Simpson [54]. The facility
allows the use of varying load and hygrothermal loading spectra. This allows the
simulation of real-life exposure or the use of accelerated testing regimes,
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9.3 Predictive Models Based on Accelerated Testing Results

A review of a number of techniques which may be used to predict the durability of

materials under accelerated testing conditions is given in [55]. The techniques use a

series of functions to extrapolate long-term behaviour from accelerated tests. The

author points out the limitations of such tests:

¢ Statistical uncertainty due to quantity and number of test results

» Quality of accelerated data in terms of test conditions being sufficiently valid to
relate to service conditions

o Validity of extrapolation procedure

Life-time prediction may also be assessed using cumulative-damage theory. Work

by Shah and Patni [56] uses a mathematical treatment of damage accumulation

within a material to predict its final service life. It requires careful selection of

accelerated conditions and careful monitoring of the damage that is being

introduced. This method seems best suited to the accelerated testing of materials in

which multiple-damage modes are likely to be introduced during service operation.

Since a combination of environmental effects lead to the mechanical degradation of

composites such an approach is well suited although it requires a large study into

each damage mode and it's effects.

9.4 Recommendations from MIL Handbook 17

The MIL-Handbook 17 (MIL-HDBK-17-1D Change Notice 1 1995) document
contains information on determining the effects of moisture and gives guidelines on
the conditioning of samples for environmental testing.

The bulk of the information on moisture effects is given in Volume 1, Chapter 2. The
document points out that moisture effects are limited to the matrix except in the case
of aramid fibres which are degraded by moisture themselves. Thus it is only
necessary to look at the properties of the matrix in the operating environment. The
reduction in matrix properties with moisture uptake is represented by the term
Maximum Operational Limit (MOL). The MOL is the limit where a “drastic
reduction in properties” takes place. This is likely to be close to the T, of the material
where the matrix loses much of if's stiffness. Since T; is reduced by moisture uptake
MOL must be determined experimentally for matrices which are saturated with
moisture to a level representative of the operating environment. One technique to
determine MOL uses the value of the wet glass transition temperature with some
safety factor built in. A value of MOL 28°C less than the wet T, is proposed for
epoxy based composites.

The handbook also proposes a conditioning humidity of 85% to represent thé world-
wide average service environment. This value is the same as that used by the
ENSTAFF conditioning procedure (section 9.1). A maximum conditioning
temperature of 77°C is recommended for 177°C curing epoxies and 68°C for 121°C
curing epoxies. An even distribution of moisture through the sample is required
prior to mechanical testing. It recommendeds that exact conditioning times are not
specified as the time should be based on a constant sample weight being achieved. It
is stressed that although temperature may be used to accelerate the ingress of
moisture the mode of diffusion must not significantly deviate from Fickian
behaviour. Two-step conditioning schemes such as the one detailed earlier (section
8.1} are acceptable provided the maximum humidity used is 95%. Traveller coupons
may be used provided the length to thickness ratio is at least 10:1 or that the edges of
the samples are shielded from moisture. Drying temperature for specimens is
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recommended not to exceed 121°C for 177°C curing epoxies and 93°C for 121°C
curing epoxies.

9.5 Accelerated Conditioning Research - Grumman Aerospace

This work was done for the US Air Force in 1983 under a contract to Grumman
Aerospace Corporation and examines a particular method of accelerated testing.
The difference in conditioning during a long-term fiight loading test versus pre-
conditioning the sample before testing is primarily examined. There is an obvious
advantage in not having to pre-condition samples, especially large structures, due to
the long time involved.
The approach to accelerated testing carried out by Demuts and Shyprykevich [57] is
made with an emphasis on limiting the severities of the test variables; in particular
the test temperature. The authors begin by determining an average operating
climate. They determined this as 14°C and 67% R.H for a temperate climate and
32°C and 85% R.H for a tropical climate. From these average climates they deduced
the final equilibrium moisture level using one-dimensional Fickian diffusion theory.
These moisture levels became the end of test moisture goals (EOTM). Two types of
environmental conditioning were conducted.
a) Precondition the samples to EOTM and test with flight loading. Lost moisture is
replaced between tests at 100% R.H exposure.
b) Reach the desired EOTM by conditioning at periods between mechanical tests.
Moisture conditioning was performed overnight and on weekends only.
The authors correctly note the importance of exposing samples to temperatures
below their “wet’ Tg; that is the T, at the EOTM level. Matrix dominated compressive
strength tests were used to determine the unfavourable effects of the conditioning
environment.
Thermal spiking was also performed at 127°C; which is 6°C above the ‘wet’ Tg of
121°C.
The authors found no statistically significant difference between conditioning
methods a) or b). It was also found that there is no synergistic effect of environment
and loading which may allow the determination of suitable knock-down factors
from ambient mechanical tests to predict the effect of the environment.

9.6 Simulating the Effects of Hot/Wet Environment on Strength

There are a number of approaches which may be taken to examine the hot/wet
behaviour of composites. At the coupon level tests may be performed to determine
the diffusion behaviour and matrix mechanical properties under varied hot/wet
environments. In order to reproduce this in a structure for the structural
substantiation of components and sub-components there are a number of options. In
all cases the failure modes of specimens or components subjected to simulated
conditions must faithfully reproduce those seen in long-term service.

B Condition the structure using accelerated moisture uptake schemes and test at
elevated temperature.

This type of testing is currently used for much of the structural certification
performed for environmental durability. This is currently the most conservative and
representative way of ensuring service conditions are reproduced accurately. An
example of this is the ENSTAFF scheme. Accelerated moisture absorption schemes
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may be used to bring the structure to a moisture level consistent with it's service
environment after long-term exposure. This type of test was performed recently by
DSTO-AMRL under contract to Hawker de Havilland in the structural
substantiation testing of the C130J flap [58]. There may be problems in the
accelerated conditioning of structures if they contain sections of different
thicknesses. Different parts of the structure would come to equilibrium at different
times. Sufficient time must be allowed to develop an even moisture distribution
throughout the component such that the entire structure is seeing a representative
moisture content.

B Apply a load enhancement factor to the structure to represent the degradation
of matrix mechanical properties under hot/wet conditions at the coupon level.

This is suggested in the certification procedure described by Rouchon [62]. This
would involve determining the reduction in matrix mechanical properties under
hot/wet environments at the coupon level and then increasing the load on a
dry/room temperature test to reflect this loss. It is vital to ensure that the mode of
failure is reproduced in the load-enhanced test article to ensure no other failure
modes are present which may invalidate this type of approach. It must be kept in
mind that moisture will tend to plasticise the matrix of the composite which may
improve it's toughness and could cause a change in failure mode. Analysis of the
failure mode is therefore a very important part of the testing procedure. Changes in
failure mode may indicate that this sort of approach may be unsuitable. In this case
a more conservative approach such as testing under representative hot/wet
conditions is preferred.

B Apply a test which replicates the increased strain experienced by the matrix
under testing- equivalent strain approach.

The strain experienced by the coupons under hot/wet environments are made
equivalent to the load experienced by a dry composite to produce an equivalent
strain. Again the failure modes must be equivalent also.

B Apply a elevated temperature testing scheme to reflect the behaviour of a
matrix plasticised by the absorption of moeisture.

This seems to be a logical approach since moisture decreases the Tg of the matrix.
Elevated temperature could then be utilised to reflect this change. This method also
eliminates the need to moisture condition the structure yet the test includes
temperature effects. Work by Collings et al. [59] utilises this approach. The authors
argue that the temperature enhancement required should be equal to the decrease in
Tg seen after moisture conditioning. For many 180°C curing epoxy matrices a
depression in Tg of about 30°C-40°C is found when moisture of a level
representative of typical service is present. The authors examined the wet and dry
mechanical performance of a series of composite materials for a range of
temperatures. They utilised Interlaminar Shear Strength, 0° Compression strength
and +/- 45° tension tests. Results comparing the wet and dry mechanical properties
showed that the mechanical properties of the wet specimen were similar to that of
the dry material at a higher test temperature. This supports the theory that a simple
increase in temperature for a dry specimen will predict the behaviour of a wet
specimen. Resin T, values decreased by an average value of 33.5°C after moisture
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conditioning. The temperature increase required to simulate moisture in the
specimen was found to be an average of 36.75°C.

This is an important result as it shows a close link between the T; of the material and
the temperature increase required to simulate the same effect in a dry specimen.
The authors point out the shortcomings of this method as being:

B Time dependent effects such as U.V surface degradation are not simulated

B In mult-thickness structures thermal gradients may develop giving an
unrepresentative result

B Structure masked by bolts or metal components will be represented as fully
degraded. This may not be the case in service.

This method would require enough mechanical tests to establish

M the decrease in T of the moisture conditioned matrix

B a relation, at the coupon level, between the wet and dry mechanical properties
over a range of representative service temperatures

B a careful examination of the failure modes to ensure they are the same for both
the wet and dry cases.

This approach may be performed at the coupon level and then transferred to
structures provided all the above points are satisfied.

9.7 Airforce Wright Aeronautical Laboratories Research

This work took place in the late 1970s and examines the environmental sensitivity of
advanced composites during both ground exposure and flight service. The material
examined is AS/3501-5A. The three volume reference [60] gives excellent details on
weather conditions at a number of US Airforce Bases including the minimum,
maximum and average conditions experienced. Detailed flight profiles and skin
temperatures observed during the operation of a B-1 aircraft are also provided. The
report also encompasses a whole series of mechanical tests examining the effects of
hot/wet environment and exposure time on mechanical properties. The program
represents a large volume of work which is indispensable when considering
environmental effects on composites.

Some important conclusions are made in this report which are relevant here:

¢ Aircraft flights reduce the average moisture content of composite materials - more
frequent flights give further reduced moisture levels
Exposure to solar radiation produced a lower overall moisture content
The effects of thermal spiking (section 5.3) were observed to be reflected in the
number of T, exceedances the material had encountered. Thermal spiking
increased the diffusivity and moisture content and degraded mechanical
properties

e Microscopic examination revealed laminate cracks when specimens were exposed
to high humidity levels for a period of 15 months. This was also evident in the
lower compression strengths observed

¢ Moisture content is a good indicator of compressive strength regardless of
previous moisture content history

¢ Residual tension and compression strengths after real flight profiles applied over
long pericds were identical if the samples were pre-conditioned to a particular
moisture level or if they were conditioned during testing.

¢ No synergistic effects of fatigue-loading and environment were observed.
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10. Certification Issues

Information for this section comes from the workshop held in Canberra, Australia in
1996 [61]. The presenter was J. Rouchon from DGA (Delegation Generale pour
I’ Armement - Centre D'Essais Aeronautique De Toulouse), France.

This section briefly outlines some issues which are relevant to the certification of
aircraft structures for environmental durability. The certification requirements
presented here as those as defined by DGA (Centre D'Essais Aeronautique De
Toulouse, France) and presented by Jean Rouchon at the “Improved Certification of
Composite Aircraft Structures - Trends and Prospects” workshop held by the ‘Co-
operative Research Centre - Aircraft Structures” and the ‘Civil Aviation Safety
Authority’ in Canberra August 89t 1996,

The requirements with respect to environment (corrosion) were described as:

Humidity effect of moisture uptake is assumed to be reversible and asymptotic:
This implies that the composite material has clearly defined boundary conditions
(Equation 4) which are applicable throughout the operating temperature range of the
aircraft. The need for asymptotic behaviour implies that the material must follow
Fickian behaviour.

Since most aerospace composites use carbon fibres only matrix governed
properties are under concern:

This involves establishing that the fibre used is not degraded by moisture and
temperature. This is the case for carbon fibre but may not be for glass or aramid
(Kevlar). Matrix-governed properties such as compression and shear strengths as
well as the reduction of T; with moisture uptake need to be shown for the dry, semi-
saturated and fully saturated case.

Combined Effects of Fatigue and Environment:

This effect is quoted as:

“Assuming that the fatigue resistance can be expressed by the residual static

strength existing at the end of the application of a representative combination of

fatigue loads and environment:

B no significant effect of fatigue combined with thermo-hygrometric mission profile
has been found

W the residual static strength level depends on the moisture level absorbed by the
composites only”

The mission profiles used by DGA have a maximum temperature of 50°C for civilian

mission profiles and 100°C for fighter mission profiles. Humidity exposure is

elevated to 90-95% R.H at certain parts of the profiles as shown in Figure 16 and

Figure 17
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Humid ageing is accounted for in structural substantiation by assuming:

o There is a relationship between moisture content and residual mechanical
properties

¢ Mechanical property degradation depends only on the moisture content of the
sample and not the previous temperature/ humidity history

» Static strength may be demonstrated by accelerated conditioning or by using a
load enhancement factor to account for mechanical property degradation

s Itis assumed that there is no combined effect with fatigue. Fatigue is carried out
with samples moisture conditioned to a moisture level 60% of that which will be
experienced in service,

s Temperature extremes for subsonic aircraft are a maximum of 55°C according to
Airbus and 51°C recommended by the FAA.

¢ In structural substantiation a humidity value of 85% RH is assumed to represent
the average global environment.
In the philosophy used by DGA it is necessary to verify that materials certified by

this method behave in the manner that is assumed. That is:

» Material undergoes Fickian diffusion behaviour (asymptotic) under all conditions
in the mission profile

» The boundary conditions (Equation 4) of the diffusion process are shown to exist
over the temperature profile that the material will experience in service. The
boundary conditions must not change if temperature and humidity are cycled
within the mission profile

s The fibres undergo no environmenta] degradation
The environmental profiles chosen accurately represent service conditions

¢ Mechanical properties do not decrease with exposure time during humid ageing

All these assumptions need to be confirmed with experimental tests to ensure that

the certification approach taken is valid ie: accelerated ageing or load enhancement.
Materials which do not comply with these assumptions may be very difficult to deal
with as there will be time-dependent degradation mechanisms which may be
extremely difficult to simulate in reduced time frames without a long-term test to
substantiate the accelerated testing regime.
Further details on the fatigue and damage tolerance aspects for composite aircraft
structures are given in the reference by Rouchon [62]. This work suggests that for
hot/wet conditions the properties of composites are reduced by 10% for tensile loads
and 20% for compressive loads. Rouchon points out that certification of Airbus
components for fatigue required the part to maintain a moisture level of 60% to 100%
of the maximum value expected at the end of lifetime.

11. Conclusions

The testing of composite materials to ensure their suitability for their intended
operating environment is crucial. This testing must include the effects of long-term
exposure to both flights and ground storage. Accelerated testing is required to
simulate these long-term effects in order to predict their behaviour in a practical
time-frame.
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There is a wealth of data on the environmental behaviour of a wide range of
composite materials. A number of factors can influence the mechanical integrity of
the material under environmental exposure. These include temperature, moisture
content, thermal spiking, erosion and UV exposure.

There are however some common elements which must be addressed for all
composite materials before their environmental durability can be accurately
assessed. A summary of these is listed below:

1.
2

3.

The environment to be simulated by accelerated testing must be carefully defined

An understanding of the impact of environment on composite performance must
be assessed

Temperature and moisture produces a combined effect which significantly
reduces matrix dominated composite properties. They are the most significant
factors in environmental testing in most cases.

An understanding of the diffusion behaviour of the composite matrix must be
first established.

Simulation of environmental effects on mechanical properties must be carried out
such that the failure modes are consistent

Accelerated environmental testing and moisture conditoning methods are
available which replicate the moisture uptake of composites over their operating
life. These can greatly reduce the amount of time taken to pre-condition samples
with moisture prior to mechanical testing.

Guidelines given by ENSTAFF, French DGA, MIL-HDBK-17 and MIL-STD-810
are available to help define ground-storage, flight conditions and acceptable
testing parameters for laboratory evaluation of composite coupons.
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