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The residual stresses in both thermosetting and thermoplastic single-fibre composites have
been experimentally evaluated by means of an original technique based on the continuous
monitoring of the fragmentation test performed at various temperatures. The difference
between the strain at the break of a single fibre in air and one embedded in a polymeric
matrix has been measured as a function of temperature. By considering the compressive
fibre modulus this strain difference has been converted into fibre compressive stresses
related to the matrix thermal shrinkage after curing of the samples. In fact, as the test
temperature increased, the thermal compressive stresses decreased until a zero value was
obtained, corresponding to a so called “stress free temperature”, equal to the curing
temperature for amorphous thermosetting matrix composites or equal to the matrix melting
temperature for semicrystalline-thermoplastic matrix composites. The experimental results
have been compared with data obtained from a theoretical model and a good agreement
was found especially if the temperature dependence of the matrix Young’s modulus and

matrix thermal expansion coefficient are accounted for in the computation.

1. Introduction

Processing methods currently used both for thermo-
setting and thermoplastic matrix composites involve
thermal treatments at elevated temperatures. Gener-
ally, the thermal expansion properties of the fibres and
the matrix are very different and so residual thermal
stresses will always build up after cooling of the com-
posite material. Over the years, various works have
focused on the issue of the residual stresses in com-
posite materials [ 1-5], nevertheless the study of the
effect of these stresses in microcomposites is a relat-
ively new task [6-8].

In general in a composite material the fibre is under
compression, both in axial and radial directions, with
higher stress values at smaller fibre volume fractions.
Such stresses are therefore especially large in single
fibre composites, which are the typical microcom-
posites used in the interfacial shear strength measure-
ment by means of the fragmentation test [8]. The
residual stresses exerted on the fibre in the axial direc-
tion may promote fibre breaks under compression
(such as in carbon/thermoplastic composites) or in-
duce fibre buckling as reported for carbon and
glass/thermosetting composites [8—13]. In addition,
pre-tension is often induced in the fibre during the
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sample preparation, which involves alignment of the
fibre in a mould and fixing with adhesives. In the
radial direction residual stresses may exert frictional
forces at the interface and therefore affect the inter-
facial shear strength [7, 14, 15].

As a result of the above considerations, residual
stresses may have a great influence on the mechanical
behaviour of microcomposites and therefore they
should be accounted for whenever the actual fibre
stresses or the actual interfacial stresses are under
imvestigation.

The aim of this work is to present a simple tech-
nique, based on the fibre fragmentation phenomenon,
by which it is possible to measure the fibre residual
stresses in both thermosetting and thermoplastic
matrix microcomposites.

2. Theory

2.1. Fragmentation test

The fragmentation method, proposed by Fraser et al.
[16], is widely used for measuring the interfacial shear
strength in polymeric matrix composites. In the frag-
mentation test a sample, consisting of a single fibre
embedded longitudinally in a matrix, is put under
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tension. As the applied strain increases, the fibre
breaks at any point where the stress equals the fibre
strength. A continuous increase of the strain induces
further breaks until the fragments are too short to
allow the transfer of stress equal to or greater than the
fibre tensile strength. Such a critical point is defined as
the saturation of the fragmentation process. The mean
length of the fragments at saturation is related to the
interfacial shear strength (t) by the Kelly-Tyson rela-
tionship [17]:

_ dGb(Lc)
- 2L,

(1

where d is the fibre diameter, L, the critical length
which is related to the mean fragments length at sat-
uration Lg (according to Ohsawa et al. [18] we as-
sumed L,=4/3L) and o,(L,) is the mean fibre
strength at the fibre critical length. Because critical
lengths are usually in the range 0.2-2 mm, oy (L)
cannot be directly measured. The fibre strength gener-
ally obeys a Weibull distribution [19] and therefore
oy (L) can be computed as:

1 1
ou(Ly) = o,L, —;I’(l + E) (2)

where o, is the Weibull scale parameter (i.e. the
strength at which the cumulative probability of failure
of a fibre 1 mm in length is about 63%), m is the
Weibull shape parameter, which is inversely related to
the spread of the strength distribution, and I is the
Gamma function. Also, the length L, used in this
equation is dimensionless [11]. Two techniques are
currently used to obtain the Weibull parameters of the
fibre strength: the single fibre test (SFT) [20, 217 and
the continuously monitored single filament composite
test (CMSFCT) [21, 22]. In the former a large number
of tensile tests (usually more than 20) are carried out in
air on single fibres in order to get the mean value of
fibre strength at a certain gauge length. The same
procedure is repeated at various gauge (usually 4 in
a range from 5-200 mm) and finally Weibull para-
meters are obtained by an extrapolation based on
Equation 2 rearranged as follows,

In(c,) = —%ln(L) + ln[col“<1 + %ﬂ 3)

The second method consists in the simultaneous
monitoring of the fibre stress (o) and the mean frag-
ment length (L) in a sample during a fragmentation
test. In fact as reported by Yavin et al. [21] the
interpolation of the data according to the following
equation:

In(L) = —mln(c) + mln[qj(l + %)} “

gives the in-situ Weibull parameters for the fibre
strength. The fibre stress o is usually obtained from
the stress o, applied to the sample and the fibre (Ey)
and matrix (E,) tensile moduli by the following re-
lationship: ¢ = 6 E;/E,,.

CMSFCT is less time consuming than SFT and
sometimes seems to provide more accurate data by
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overcoming the problem of the “wide” extrapolation
necessary in the SFT method. Nevertheless the
CMSFCT has an evident shortcoming. Residual (pre-
tension or thermal) stresses almost always exist in the
fibre and therefore they should be accounted for in the
evaluation of the fibre strength from experimental
data.

2.2. Evaluation of residual stresses through
the fragmentation test

The approach consists in focusing on the effect of
residual strain on the evolution of the fragmentation
process. In fact, as experimentally observed, a pre-
existing compressive strain in the fibre causes the
fragmentation process to be delayed (that is, the pro-
cess starts at apparently higher applied stresses). Con-
versely, a pre-existing tensile strain in the fibre causes
the fragmentation process to occur sooner [23] (that
is, the process starts at apparently lower applied
stresses), with respect to a hypothetical stress-free
situation. This is what we call the “strain shift” effect of
residual stresses in the fragmentation test.

An evaluation of this strain shift effect has been
already obtained by Vautey et al. [24] from the differ-
ence between the strain at which the fragmentation
starts (first fibre break) in carbon/PET samples and
the strain at break of the same fibre in air measured by
the standard SFT. However, because of the fibre
strength distribution, the strain associated with the
first break is rather variable, being associated to
a gross fibre defect. Therefore, to place confidence on
that value, a large number of tests should be per-
formed. Yavin er al. [21], Scherf and Wagner [23],
and Waterbury and Drzal [25] measured the mean
fragment length, L, as a function of the applied stress,
o, during the whole fragmentation process and they
plotted these values in a In(o) versus In(L) graph to
compare the fragmentation trend with the analogous
obtained from the standard single fibre tests. The
strain shift of the two curves was explained as a fibre
pre-tensioning.

Our method (see Fig. 1) is based on the measure of
the strain difference between the applied strain, g%,
which induces an arbitrary number of breaks along
a fibre embedded in a matrix (and consequently
a mean fragment length equal to L*) and the mean
strain at break, &, of a single fibre of length 2L* tested
in air (which produces a mean fragment length equal
to L*). In particular, for ¢* we considered the strain
necessary to obtain 5 breaks along a 25 mm long fibre
embedded in a matrix (and therefore we obtained
L* = 4.17 mm), and consequently for g, we considered
the strain at break of a single fibre in air, whose length
is equal to 8.34 mm. Therefore the residual strain in
the fibre, ¢,, is given by:

g, = & — g %
and the residual stress,
o, = Frg, (6)

Note that the number of fibre breaks has been limited
to 5 because, as will be shown later, the spread in the
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(a) Fibre embedded in a matrix (b) Fibre in air

Figure I Schematic illustration of the tensile testing procedure for
a single fibre embedded in a matrix (a) or a single fibre in air (b).

measured £* values does not strongly decrease by
taking a higher number of fibre breaks.

The method is affected by some approximations,
these are as follows:

(i) the strength distribution of the fibre fragments is
a truncated Weibull distribution, whereas the strength
distribution of independently tested fibres of the same
length is an untruncated Weibull distribution. In prac-
tice, this tends to give breaking strains that are slightly
higher than the actual ones;

(i) the sample strain may not be exactly equal to
the fibre strain, but as long as the matrix is stiff and the
interface is relatively strong, this is a good approxima-
tion.

2.3. Theoretical estimation of thermal
residual stresses

If pre-tension stresses are absent or reasonably negli-
gible, the residual stresses in the fibre should only be
thermal. The validity of the proposed method was tested
by comparing the measured residual stresses with those
evaluated by theoretical models. In this work the ap-
proximate model presented by Tsai and Hahn [26] for
the built in stresses was used. This approach which is
based on the classical “shrink-fit” elastic theory for con-
centric cylinders (for a review, see references [8] and
[12]) yields the following expression for the fibre residual
thermal stress, 6, in the axial direction:

Su = (on — (T = T —— i ()
(@)

Om/ \Enm
where o and E are the coefficient of thermal expansion
and the Young’s modulus respectively, ¢ is the volume
fraction, the subscripts m and f refer to the matrix and

the fibre respectively, T is the test temperature, and
T, 18 the stress free temperature.

3. Experimental procedure

3.1. Materials

The fibre used in this work was a carbon fibre Besfight
HTA-7-3000 from Toho Rayon Co. The thermosct-
ting matrix was an epoxy resin diglycidyl ether of

bisphenol-A (Eposir 7120, SIR S.p.A)), cured with
24 phr by weight of isophorone diamine (ID 01784,
SIR S.p.A.). The thermoplastic matrix was a nylon-6
film (SNIA S.p.A.) with a thickness equal to 100 pm.
The microcomposites were prepared according to
the following procedure: Thermosetting microcom-
posites: (i) single fibres were placed in dogbone
shaped cavities (4 x 1 mm? in cross-section and 25 mm
guage length) of a plasticine mould put on a polyethyl-
ene sheet; (ii) fibres were fixed using a quick-setting
adhesive and the mould was vacuum degassed; (iii) the
defoamed catalysed resin was poured into the mould;
(1v) the assembly was cured for 2 h at 60°C; v) the
samples were removed from the plasticine mould,
postcured at 140 °C for 2 h, cooled overnight to room
temperature, and surface polished with sand paper.
Thermoplastic microcomposites: (i) 15 parallel
fibres were placed between two nylon-6 films and fixed
using an adhesive tape; (ii} the assembly was placed in
a mould consisting of two flat aluminium plates
covered with a mould releasing agent (ili) the mould
was puf in a oven under vacuum at a temperature of
280°C and at a pressure of 7 KPa for 30 min; (iv) after
cooling overnight, samples were obtained by cutting
strips (50 x 55 x 0.190 mm?®) containing one single
fibre each, longitudinally aligned in the centreline.

3.2. Fibre properties

Scanning electron microscopy (SEM) observations re-
vealed that the carbon fibres had a circular cross-
section, whose diameter was measured by an optical
microscope and an image analyser system [15]. From
about 50 measurements a mean diameter equal to
7.0 + 0.7 pm was obtained. The fibre strength was
evaluated at room temperaturé by the single fibre test,
according to the ASTM D 3379-75 standard, by using
an Instron 4502 tensile tester a cross-head speed of
0.2 mmmin~!. At least 20 specimens were tested at
several gauge lengths (5, 10, 15, 20 mm) to obtain the
mean fibre strength. The Weibull parameters shown in
Table I were obtained from these data by using Equa-
tion 3. By taking the system compliance into account,
as recommended by the ASTM standard D 3379-75,
the resulting fibre tensile modulus was found to be
equal to 246 + 26 GPa.

TABLE 1 Thermomechanical properties for carbon fibre, epoxy,
and nylon-6

Carbonn Epoxy Nylon-6

fibre
Longitudinal tensile modulus 246 298 2.00
(GPa) (B)  (Ew) (Ew)
Longitudinal coefficient — 1% 52 104
of thermal expansion (107K 1) (o) (0tm) (0tm)
Weibull scale parameter 5949
(MPa) (5o} - -
Weibull shape parameter 4.8

(m) - -

(*)From technical data sheet.
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3.3. Matrix properties
Differential Scanning Calorimetry (DSC) measure-
ments were performed by using a Mettler DSC 30
apparatus. Scans ranged from —50 to +250°C, at
a heating rate of 10°Cmin ™!, under a nitrogen flux of
10mlmin~!. The epoxy resin showed a glass
transition temperature (7T,) of 152°C, whereas
moulded nylon-6 exhibited a T, of 53.5°C, a melting
temperature of 226°C and a crystallinity content
equal to 29.3% by weight. The tensile modulus data
reported in Table I were evaluated at room temper-
ature using the Instron machine on 5 specimens tested
at a strain rate equal to 0.008 min 1.
Dynamic-mechanical properties were measured in
the tensile mode under nitrogen by a dynamic mech-
anical thermal analyser (DMTA, model MKII, by
Polymer Laboratories Ltd, Loughborough, UK).
Both epoxy and nylon-6 matrices were tested at a fre-
quency of 5 Hz, in the temperature range 0-200 °C, at
a heating rate of 1°Cmin " !. From DMTA measure-
ments, the thermal expansion coefficients of the ma-
trices were evaluated from the slope of the displace-
ment curve as a function of temperature obtained by
applying to the sample a minimum constant load of
0.1 N. In Table I we report the mean value of the
measured thermal expansion coefficient between
20-180°C whereas in Table II we report both the
storage tensile modulus and the thermal expansion
coefficient evaluated at various temperatures. In our
experimental conditions a good agreement has been
found [27] between the dynamic storage tensile
modulus and the static tensile modulus.

3.4. Residual stresses

Fragmentation measurements were performed at vari-
ous temperatures by using a custom-made apparatus
[15] consisting of a small tensile tester (Minimat, by
Polymer Laboratories), equipped with a thermostatic
chamber, and put under a polarized optical stereo-
microscope (Leica-Wild M3Z). Events were recorded
during the test using a Sony B/W video camera moun-
ted on the microscope and a video-recorder. This
apparatus allowed us to apply a constant strain rate
(fixed at 0.008 min 1) and to record the stress—strain

TABLE Il Dynamic moduli (E}) and thermal expansion coeffi-
cients (o) for the epoxy and nylon-6 matrices at various temper-
atures

Temperature Epoxy Nylon-6
O
E., o E;, o
(MPa) (107¢°K~%) (MPa) 107%°K™")
20 3000 27.9 1950 83.1
40 2830 35.8 - —
60 2750 43.7 1020 91.9
80 2560 51.6 - -
100 2450 59.5 780 43.1
120 2280 67.4 - -
140 1950 75.3 500 117.2
160 50 83.2 - -
180 - - 250 1284
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behaviour of the sample. The strain at the fifth fibre
break was evaluated by recording the applied strain
which induces five breaks within a fibre probe zone
25 mm long. At least 3 samples were tested for each
experimental point. To avoid errors due to the system
compliance, actual sample strain was measured by
monitoring, by means of the calibrated eyepiece of the
microscope, the relative displacement between two
transversal fiducial marks.

The mean strain at break of a single fibre in air
was computed by dividing its strength, evaluated by
using Equation 2, by the fibre tensile modulus (246 +
26 GPa).

4. Results and discussion

4.1. The strain shift effect on fragmentation
The number of fibre breaks for the epoxy—carbon
microcomposite is reported in Fig. 2 for various test
temperatures as a function of the applied strain. For
the samples tested at high temperatures (higher than
120°C) the whole fragmentation process has been
monitored, while at lower temperature, due to the
faster evolution of the fibre fragmentation, counting
was limited to the first 15 breaks and therefore those
data represent only the initial part of the whole stand-
ard S-shape curve. The shift in the data in Fig.2
clearly reveals that residual stresses are present in the
samples. A slope change occurs at temperatures higher
than 120 °C (experimentally observed as a slackening
of the fragmentation process), which can be explained
as a consequence of the strong stiffness decrease near
the matrix T,

The coefficient of variation (C.V.) of the strain &*
measurements performed on three specimens was
found to decrease exponentially (dotted line), as the
number of fragments increased (Fig. 3). In particular
the C.V. value at the first break is about 25% while the
C.V. value at the fifth break lowers to about 10%
which is a reasonable value for the spreading of the
experimental data. !
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Figure 2 Number of fibre breaks versus the applied strain at various
temperatures for carbon/epoxy microcomposites. The temperatures
are; (H) 20 °C, (@) 40°C, (A) 60°C, (V) 80°C, (#) 100°C, (1) 120°C
and (x) 160°C.
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Figure 3 Coefficient of variation (C.V.) of the strain measurements
as a function of the number of fibre breaks in carbon/epoxy samples.

TABLE III Strain (¢*) to induce 5 fibre breaks in carbon/epoxy
and in carbon/nylon-6 microcomposites as a function of test tem-

perature i

Temperature £* (mmmm )
0
Epoxy Nylon-6
20 0.0220 0.0292
40 0.0200 -
60 0.0210 0.0272
80 0.0200 -
100 0.0170 0.0244
120 0.0160 -
140 0.0147 0.0220
160 0.0140 -
180 - 0.0208

4.2. Experimental measurement of the
residual stresses
The amount of residual stresses in carbon/epoxy and
in carbon/nylon-6 composites has been evaluated by
using Equations 5 and 6, together with the data listed
in Table III and the strain at break of the carbon fibre
in air evaluated from SFT. For the computation of
the residual stress the fibre compressive modulus
(167 MPa) was used rather than the tensile one
(246 MPa) because during the thermal shrinkage the
fibre is gradually put under compression (see refer-
ences [8] and [12]). The compressive modulus value
was assumed based on the approach of Melanitis and
Galiotis [28], who found, for HT PAN-based carbon
fibres similar to ours, a tensile to compressive modulus
ratio equal to 0.68 + 0.07.

The computed residual stresses are reported in
Fig. 4 as a function of the test temperature. As seen
from Fig. 4 the residual stresses decrease in both
epoxy and nylon-6-carbon composites as the test tem-
perature increases. The slightly curved trend is due to
the increment of the thermal expansion coefficient of
the matrices as the temperature rises [29]. For car-
bon/epoxy microcomposites the interpolation curve
intersects the zero stress line at 147 °C, a temperature
which is between the post-curing temperature (140 °C)
and the matrix T, (152 °C). As already reported for the
epoxy—carbon system [30] the stress free temperature
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Figure 4 Effect of test temperature on the axial residual stress in the
fibre measured by means of the {fragmentation test for carbon/epoxy
(A) and carbon/nylon-6 microcomposites (@).

may be chosen to be equal to the post curing temper-
ature. It is worth noting that for the tests performed at
160°C a slight tensile residual stress resuits, as ex-
pected for a positive AT.

In carbon/nylon-6 composites the residual stresses
are larger, ranging from 246 GPa at 20°C to
1.05 GPa at 180°C. This is clearly a consequence of
both the higher thermal expansion coefficient of the
matrix and the wider temperature shift. The intersec-
tion between the interpolation curve and the zero
stress linte (Fig. 4) yields a stress free temperature equal
to 240 °C. Such a value, even if slightly higher than the
matrix melting temperature (226 °C), indicates that in
this semicrystalline thermoplastic matrix composite
the temperature at which stresses start to built is
probably controlled by the crystallization process
[30]. We chose the bulk matrix melting temperature
as the stress free temperature for the nylon-6-carbon
system. Note that the measured residual compressive
stresses in the nylon-6 matrix composites cooled to
room temperature should be large enough to induce
some fibre breaks [8, 12]. The number of fibre breaks
can be theoretically predicted [117] on the basis of the
following discussion. The fibre compressive strength is
assumed to follow a two parameter Weibull distribu-
tion, where the scale parameter is taken as about 50%
of the tensile scale parameter [31] and the shape
parameter is taken equal to the tensile shape para-
meter assuming the same defect population was active
in both tension and compression fibre failure [8-12].
So by introducing in Equation 4 compressive scale
and shape strength parameters equal to 2975 MPa
and 4.8 respectively we obtain that, due to compress-
ive thermal stresses, the fibre should break in frag-
ments 12.5 mm long, which means that on average
1 break should be present in the sample prior to frag-
mentation test. Our experimental observations indeed
revealed an average occurrence of about 1 compress-
ive break in the carbon/nylon-6 samples. Note that if
the tensile modulus is considered the residual stress
should reach a value of 3.44 GPa, consequently indu-
cing about 7 fibre breaks. These considerations further
support the use of the compressive modulus rather
than the tensile one to estimate the residual stresses.
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TABLE IV Fibre residual stresses both experimentally measured (fragmentation test) and evaluated by means of the Tsai-Hahn theoretical
model (theory) for the epoxy and nylon-6 matrix microcomposites

Temperature Thermal stress (GPa)
0
Epoxy Nylon-6
fragmentation test theory fragmentation test theory
20 —1.252 — 1.065 — 2461 —3.623
40 — 0919 —0.885 - —3.274
60 —1.093 —0.708 —2.124 —2924
80 — 0919 —0.531 - — 2.566
100 — 0418 —0.354 —1.653 —2.208
120 —0.251 —-0.177 - — 1.860
140 —0.344 0.000 —1.252 —1.512
160 0.835 0.261 - —1.162
180 - - — 1.048 —0.812 -

TABLE V Effect of the fibre volume fraction (¢) on the thermal stresses evaluated by means of the Tsai-Hahn theoretical model for both the
epoxy and nylon-6 matrix microcomposites. Columns (a) or (b) correspond to the fibre volume fractions computed as described in Fig. 5a, b
respectively

Temperature Thermal stresses (GPa)
()
Epoxy Nylon-6
(2) (b) @ (b)
¢ =960x10"6 b =490%x10"3 ¢ =4.00%x10"°% ¢ =133%x1073
20 — 1.065 — 1.064 —3.623 —3.202
40 —0.885 —0.883 —3.274 —2.940
60 - 0.708 —0.706 —2924 — 2618
80 —0.531 —0.530 — 2.566 —2.305
100 —0.354 —0.353 — 2208 —1.992
120 —0.177 —0.177 — 1.860 — 1.676
140 0.000 0.000 —1.512 —1.360
160 0.261 0.260 —1.162 —1.046
180 - - —0.812 —0.731

4.3. Comparison with theoretical model
The residual stresses measured experimentally by the
fragmentation test have been compared with the ther-
mal stresses evaluated by means of the Tsai-Hahn
model (Equation 7) using the data reported in Table 1.
The stress free temperatures, according to the above
observations, were 140°C for carbon/epoxy samples
and 226 °C for carbon/nylon-6 samples. The fibre vol-
ume fractions were 9.60 x 10~ ° for epoxy resin micro-
composites and 4.00 x 10~ for nylon-6 matrix micro-
composites. The results are listed in Table IV. For
carbon/epoxy composites there is a satisfactory fit
between the theoretical and the experimental values of
the thermal stresses whereas in carbon/nylon-6 com-
posites the theoretically estimated values are higher
than the experimental ones. Such higher values should
induce more compressive fragmentation than ob-
served, but the data in Table IV were obtained by
considering the whole matrix cross-sectional area in
the fibre volume fraction computation, and no tem-
perature dependent properties for the matrix.

The effect of the fibre volume fraction on residual
thermal stresses can be understood from the data
listed in Table V, where thermal stresses are evaluated
assuming two différent calculations of the fibre vol-
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ume fractions. In the first case, all the sample matrix is
considered for the fibre volume fraction calculation,
while in the second case, only the matrix cylinder
surrounding the fibre with a diameter equal to the
sample thickness is considered (see Fig. 5). From
Table V it results that in nylon-6 matrix samples the
fibre volume fraction effect is not negligible whereas
for the epoxy resin matrix samples no appreciable
variation is obtained. At this point one may ask: what
is the correct fibre volume fraction to include in the
computation? Concerning this two observations must
be reported: (i) a cylindrical field for the thermal stresses
seems to be more reasonable than a “flattened” one
which extends in a direction (width) almost two orders
of magnitude larger than in the order direction (thick-
ness); (ii) the fibre volume fraction corresponding to
Fig. 5a should induce larger compressive stresses in
the sample and a more extensive fibre fragmentation
prior to testing, This is not experimentally observed
and therefore, based on the above considerations, the
fibre volume fraction which corresponds to Fig. 5b
should better describe the microcomposite behaviour.
Accordingly, we take a volume fraction of 4.90 x 1073
for epoxy resin samples and 1.33x 1073 for nylon
6 matrix samples.



(a)

Matrix Fibre

Figure 5 Schematic illustration of different fibre volume fraction
computations: (a) one single fibre embedded in matrix whose area is
equal to the sample cross-section, (b) one single fibre embedded in
a matrix cylinder whose radius is equal to the sample thickness.

TABLE VI Effect of temperature on the thermal stresses evalu-
ated by means of the Tsai—-Hahn theoretical model. The results of
column (I) were obtained by considering temperature independent
properties, while results of column (II) were obtained taking in to
account the effect of temperature on matrix properties

Temperature Thermal stresses (GPa)
O Epoxy Nylon-6
@ (1 ] (I
20 —1.064 —1.049 —3.262 — 2313
40 —0.883 —0.940 —2.940 -
60 —0.706 - 0.804 — 2618 —1.799
80 —0.530 —0.642 —2.305 -
100 —0.353 — 0454 —1.992 — 1432
120 —-0.177 —0.241 —1.676 -
140 0.000 0.000 —1.360 - 0912
160 0.260 0.389 —1.046 -
180 - - —0.731 —0.511

To include the thermal dependence of the matrix
properties, the Tai-Hahn equation was integrated by
standard numerical procedures using Young’s moduli
and the thermal expansion coefficients of the matrices,
measured at various temperatures. The resulting ther-
mal stresses are listed in Table VI (columns 1I), where
the previously obtained data (columns I) are also
reported for comparison. In carbon/epoxy composites
the thermal stresses obtained using matrix temper-
ature dependent properties are quite similar to the
values obtained with constant matrix properties, al-
though at high temperature they are slightly larger.
This results from the fact that near T, the coefficient
of thermal expansion is larger than the mean value
considered for the whole temperature range. The tem-
perature dependence of matrix properties has a stronger
effect on the thermal stresses in the case of car-
bon/nylon-6 composites. This is mainly due to the
decrease of Young’s modulus of nylon-6 above T,
(53.5°C). This effect is not so important in epoxy
samples due to the high modulus values of epoxy up to
its T,

In Fig. 6 we compare the experimental results with
the theoretical data presented in Table VI (column II).
The agreement is quite good both for carbon/
epoxy and carbon/nylon-6 microcomposites thus
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Figure 6 Effect of test temperature on the axial residual stress in the
fibre by the fragmentation test (M) and the Tsai-Hahn theoretical
model (0) for carbon/epoxy and carbon/nylon-6 microcomposites.

confirming the reliability of the proposed experi-
mental technique. Fig. 6 reveals that in nylon-6 matrix
composites the data are slightly higher than the pre-
dicted stresses, and the discrepancy seems to increase
as the temperature increases. That behaviour is prob-
ably due to the increasing sample compliance as the
temperature rises: indeed the actual fibre strain is then
probably smaller than the sample strain and therefore
leads to an overestimation of the residual stresses.
Further investigation of that issue is part of a current
work in progress.

5. Conclusions

Axial residual stresses in thermosetting and thermo-
plastic microcomposites have been measured by an
original technique based on the fragmentation test.
The experimental results have been compared with
data obtained from the Tsai~Hahn theoretical model.
In general a good agreement was found, but a better
comparison is obtained if the temperature dependence
of Young’s modulus and thermal expansion coefficient
of the matrix are accounted for and if the appropriate
volume fraction is chosen.

It was shown that for the carbon fibre microcom-
posites the fibre compressive properties must be ac-
counted for in evaluating the thermal stresses. For the
composite thermosetting matrix under investigation,
tests conducted at various temperatures have shown
that the residual fibre longitudinal stress decreased as
the temperature increased, and that this stress disap-
peared at a temperature that approximately corres-
ponds to the post-curing temperature of the matrix. In
thermoplastic matrix microcomposites the fibre axial
residual stress was large enough to induce compress-
ive fibre breaks, as theoretically expected. This stress
also decreased for increasing temperatures, up to
a stress-free point corresponding approximately to the
melting temperature of the matrix.
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