Residual Stresses and Failure Initiation in Angle Ply
Laminates

Svend Ib Andersen, Kirsten Nielsen®

Materials Department, Risg National Laboratory, 4000 Roskilde Denmark
*Danish Technological Institute, 8000 Aarhus C, Denmark

307



308

Abstract

Residual stresses are always present in polymer composite laminates due to the
manufacturing technique for this type of materials. Their influence on the load
level for initiation of failure in angle ply laminates are studied for two types of
polymer matrix composites: continuous carbon fibres in either a thermoset or
thermoplastic matrix. The strain level for crack initiation is temperature
dependent for both materials, and for a given temperature, the strain level for
crack initiation is much lower for the thermoplastic material than for the
thermoset matrix.

Introduction

Manufacturing residual stresses are present in continuous fibre polymer
composites due to the different thermal expansion characteristics of the fibre and
matrix materials. These residual stresses exist on a micromechanical level
between the individual fibres and the matrix, and on a macroscopic level due
to thermal expansion mismatch between the individual plies in a laminate.
Residual stresses are additional to any mechanical induced stress and should be
taken into account in design of components. Due to the anisotropic properties
of these materials, the residual stresses will be influenced also by the fibre-angles
between the individual plies and of the stacking sequence.

However, prediction of these macro residual stresses at a certain temperature
require a thorough knowledge of the thermal expansion characteristics of the
individual plies as well as of the corresponding mechanical properties (stiffness).
The present paper presents the measurement of thermal expansion coefficients
for this class of materials and the experiments performed to determine the
influence of the residual stresses on crack initiation in angle ply laminates.

1. Materials

The materials investigated are carbon fibres with either a thermoset matrix
(epoxy) or a thermoplastic matrix (PEEK). The materials are referred to as CFE
for the thermoset matrix material and CTP for the thermoplastic matrix. The
carbonfibres correspond to the T300 fibre for the CFE material and AS4 fibre for
the CTP material.

Both materials were delivered as prepreg tape, and plane plates have been
manufactured and processed according to the manufacturers specification. The
manufactured plates were ultrasonically inspected in order to identify possible
non-perfect regions, not suitable for specimens. Both materials were manufac-
tured as unidirectional lamina (6 plies) and as [0°/+©,], laminates with ©= 30,
45, 60 and 90° and n=1 or 2, giving a total of 6 or 10 plies respectively.
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2. Thermal expansion properties

2.1 Experimental technique

The measurements of the thermal expansion coefficients of composites require
measurement of expansion in two directions in the relevant temperature range.
Due to the large difference between the small thermal expansion in the fibre
direction and the large expansion in the transverse direction, the measuring
accuracy are critical for the determination of the values in the fibre direction.
Optical (interferometric) methods are often used for determination of the
expansion in the fibre direction /1/, / 2/, whereas the expansion transverse to
the fibre directions often are measured in classical push-rod dilatometers /2/.
Both techniques are absolute measurements.

In the present study, the strain gauge technique has been used /3/,/4/, taking
advantage of existing knowledge and equipment. The technique relies on a
comparison with a reference standard, in this case a Titanium Silicate specimen,
code 7971 ULE™, purchased from Micro-Measurement /4/. The advantage of
this method relative to the classical methods is that edge effects are avoided, as
the measurements are taken at the surface of the specimen. The main disadvan-
tage is that the method relies on a reference standard and on similarity between
strain gauges applied on the specimen and on the reference.

Square specimens 50x50 mm were used for these thermal expansion tests. Each
specimen was provided with two strain gauges for measuring strains in fibre
direction and in the transverse direction and with a temperature sensor, bonded
to the specimen as the strain gauges. The gauges were Micro-Measurement
gauges, either 350 or 1000 ohm gauges. The reference specimen was provided
with a similar strain gauge and a temperature sensor. The specimens were kept
in a desiccator and dried for 24 hours at 50 °C before testing. After drying, the
specimen and the reference specimen were placed in the test oven and the
temperature was changed in steps of 10-15 °C from room temperature to the
maximum temperature and back again. The temperature was kept constant for
at least 1 hour before measuring at each step.

The apparent strain signal due to the thermal output for the strain gauges was
deduced from the gauge on the reference specimen. When corrected for trans-
verse sensitivity effects for the gauges, the materials thermal strain can be
determined.

2.2 Results
The unidirectional specimens were subjected to 5-6 full temperature cycles, and
measurements were taken for all cycles. In all cases, hysteresis was observed

during the first couple of cycles, but the hysteresis almost vanished after 4-5
cycles except for the strains transverse to fibres for the CFE material.
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The measured thermal strains in the unidirectional laminae as function of
temperature are shown in fig 1 and 2 for the two directions in the two materials.

The thermal expansion coefficient is defined as a=_§_§.1 , and the curves show

that the expansion coefficients are temperature dependent. The curves are the
stabilised curves, obtained after 5-6 temperature cycles. A 2nd or 3rd order
polynomium is fitted to the data, and from these the following expansion
coefficients in fibre and transverse direction (oyand o) are deduced:

T [°C)k 20 120

CFE o, *10°* 1.1 14
a;*10* 30.9 47.7

CTP 0,*10°® 0.1 1.5
a*10° 25.9 355

In /2/, the expansion coefficient in the fibre direction is measured by interfer-
ometry for a material similar to the present CTP. The result quoted is shown in
fig 3 and compared to the present result for 1st measuring cycle (cooling part)
and 4th measuring cycle. There is an excellent agreement between the results
quoted in /2/ and the present initial results, but the present results show an
effect of repeated (few) thermal cycles in contrast to the results in /2/. The effect
may be due to microcracking or debonding, indicating differences in material
quality between the two test programs.

Strain*10**6

5 20 © 8 100 120 140 1% 180
: Temperature [ C]
Fig. 1 Measured thermal strain for unidirectional carbon fibre lamina, thermoset
matrix (CFE). Lower curves are the small strains in fibre direction, upper
curves are strains transverse to fibre direction.
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Fig. 2 Measured thermal strains for unidirectional carbon fibre lamina,
thermoplastic matrix (CTP). Lower curves are strains in fibre direction,
upper curves are strains transverse to fibre direction.
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Fig. 3 Measured thermal expansion coefficients in fibre direction for the

thermoplastic lamina. Solid lines are present measurements, dashed line
is from ref. 2
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3. Crack initiation and tensile failure behaviour

3.1 Experimental technique

The tensile testing of the laminates was performed on an Instron 1603 machine.
The 180x20 mm specimens were supplied with end tabs, resulting in a free
gaugelength of 100 mm and they were all stored in a desiccator prior to testing.
Strains were measured with extensometers, in some cases additionally with
strain gauges, and one Dunegan 500 kHz transducer (model D9202) was
attached to the specimen for monitoring acoustic emission activity due to
cracking.

The specimens were loaded in tension with 0.2 mm/min cross head movement,
and the strain, load and acoustic emission signals were recorded simultaneously
and stored on disk. The acoustic emission monitoring enabled the operator to
load the specimen to a level close to the ultimate failure load. The specimens
were later sectioned and examined in the optical microscope.

Testing were performed at four different temperature levels for all the
investigated laminates:

Thermoset matrix (CFE) 1 -40, 22, 50, 90 °C
Thermoplastic matrix (CTP) 1 -40, 22, 90, 120 °C
3.2 Results

Typical results for laminates of the two materials are shown in fig. 4 and 5, in
this case a [0°/(230°),].-laminate.

There is a marked difference between the acoustic emission activity for the two
materials. The CFE material shows the well known pattern of very low activity
until a certain strain level is reached, after which a steep rise in accumulated
events is observed /5/.

The results for the CTP material show much larger values for the accumulated
events, starting at low strains.

In both cases, the initiation value and the accumulated number of acoustic
events at a certain load level are temperature dependent. A higher temperature
means a larger load before initiation and a lower number of accumulated events
at the same load levels.

SIA 6



+90 degree C

9001 180
8004 160
704 140
—
& o 120
=
@ 500 100
@
o
= 4004 80
7
2004 €0
2004 40
100 20
oo 002 b o0dos 008 odw0 od2 odie adis
Strain
+50 degree C
200
0] 180
800 160
7004 140
E 600 120
=
@ 5004 100
@
£« teo
@
004 reo
200 [«
1004 20
4o oo obos  ode ode 060 odiz  ob4 00
Strain
-40 degree C
200
00 180
8004 Hieo
700 140
T
a o 120
=
o 504 100
g
= 4004
a Leo
3004 koo
2001 Fo
1004 20
oz 0l ods ode odw oz ol adie

Fig. 4 Stress-strain curves and acoustic emission for a [0°/(x 30°),),-laminate,

thermoset matrix.
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Fig. 5 Stress-strain curves and acoustic emission for a [0°/(x 30°),].-laminate,
thermoplastic matrix.
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3.3 Crack initiation strain

In /5/ it is shown, that there is a correlation between transverse matrix cracking
and acoustic emission events and that the strain for crack initiation can be
monitored with this technique. Depending on ply configuration, matrix cracks
or interlaminar shear failure or both are observed, and assuming that these
failures produce acoustic emission signals, we are able to use the present results
to plot the failure initiation strain for the laminate as function of the temperature
for the two laminates, fig. 6.
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0.008+ Thermoset matrix
0.0071
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0.004+

0.003 Thermoplastic matrix

Failure initiattion strain

0.002
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Fig. 6 Failure initiation strain as function of temperature for a [0°/(z 30°),).-
laminate with thermoset matrix and thermoplastic matrix.

For the thermoset material, CFE, the failure initiation strain at elevated
temperatures 50 and 90 °C correspond reasonably well to a first ply failure
criteria applied with classical laminate theory and relevant measured strength
data measured. The sharp drop in initiation strain at room temperature is caused
by the residual thermal stresses.

For the same temperature, the residual stresses are larger for the thermoplastic
material, CTP, than for the thermoset material, CFE, due to higher processing
temperature. Initial failure will occur at very low strains even at a temperature
as high as 90 °C, and only above this temperature, the initial failure strain will
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approach that of the thermoset material for this particular laminate configur-
ation.

4. Conclusion

The thermal expansion coefficients for the two materials are temperature depen-
dent for both fibre direction and transverse direction, and this has to be taken
into account for residual stress evaluation.

For the angle-ply laminate studied, both materials exhibit a temperature
dependence of strain for failure initiation, and the effect of the residual stresses
are observed at temperatures even above room temperature.

Although the ultimate failure strain is higher and the thermal expansion
coefficients lower for the thermoplastic material CTP than for the thermoset
material CFE, the crack initiation strain for the CTP material are much lower
than for the CFE material at temperatures below 90 °C. The reason for this is
supposed to be the higher residual stresses induced in the CTP laminate due to
the higher processing temperature.
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