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Abstract

In this work, the thermal stress development in anisotropic fiber-reinforced polymer composites is investigated for temperatures below the
glass transition temperature of the resin. By applying two independent experimental methodologies, it was found that the initial thermal (residual)
strain in the reinforcing fibers is compressive of about — 0.04% at ambient temperatures. This is due to the mismatch of the thermal expansion
coefficient between the polymer matrix and fiber, as the material is cooled down from the processing temperature. However, on reheating the
composites the compressive stress in the fiber gradually diminishes and becomes zero at 50 °C. Further heating to 100 °C introduces tensile strains
in the fiber of maximum of 0.13%. The conformity of these results to analytical models that relate the composite thermal strain to the thermal
expansion coefficients of fiber and resin, as well as, the fiber volume fraction, is examined. Finally, the possibility of tailoring the sign (positive,
negative or, even, zero) of the composite thermal expansion coefficient of certain advanced composites by simply varying the thermal expansion

of the polymer matrix, is discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is now well established that poly (p-phenylene terepthala-
mide) (PPTA) fibers, hereafter referred as aramid, exhibit
excellent tensile strength and modulus, but relatively poor axial
compressive and flexural strength[1,2]. These disparities can be
attributed to the highly anisotropic structure of the fibers that
results from nearly perfect orientation of the rigid and extended
PPTA chains along the fiber axis. The anisotropy of these fibers is
also manifested by a small and negative longitudinal thermal
expansion coefficient (CTE) as compared to a relatively large and
positive value of CTE in the radial direction [1,3,4] (Table 1).
Although the radial CTE of aramid fibers is similar to the CTE of
most composite matrix materials [1,4,5], the negative value of
CTE in the axial direction causes the fibers to be placed under

* Corresponding author. Institute of Chemical Engineering and High
Temperature Chemical Processes, Foundation for Research and Technology-
Hellas (FORTH), P.O. BOX 1414, Patras 265 04, Greece. Tel.: +30 2610 965
266; fax: +30 2610 965 228.

E-mail address: c.galiotis@iceht.forth.gr (C. Galiotis).

0167-577X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2007.05.031

axial compression when a composite is cooled from the pro-
cessing temperature down to room temperature.

Those thermal (residual) stresses/strains are important para-
meters as they determine the initiation of matrix cracking in fiber-
reinforced polymer composites [6,7]. Furthermore, the interface
efficiency of fiber polymer composites may also be affected by
the presence of residual stresses/strains [6,8]. However, for the
present aramid/epoxy composite, the radial thermal expansion
coefficient of the fiber is similar to that of the resin so the radial
shrinkage stress should be minimal. In our recent work [7], it
was found that on the completion of the curing process (0.0%
external strain), the epoxy matrix of 4- and 2-ply unidirectional
Kevlar® 29/epoxy composites was under a residual tensile stress
in the axial direction of 45.5 MPa [7,8]. The corresponding
residual stress in the fiber was found to be compressive and of
magnitude of — 40 MPa [8]. Such high internal stresses can affect
the integrity of the composite under the application of an external
load and are responsible for matrix microcracking and interface
failure at high applied strains [6,7,9].

A lot of experimental [6,9,10] and modeling [11-14] work
has been carried out over the years to determine the optimal
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temperature profiles during manufacture that are required to
minimize the thermal stresses/strains in high volume fraction
fiber-reinforced composites. In spite of the significance of the
thermal stress/strain development in anisotropic fibrous com-
posites the work reported in this area is rather limited [12—14].
This is mainly attributed to the lack of available experimental
techniques for measuring the stress/strain at the fiber level.

In this work, we have employed Raman microscopy as a tool
for stress/strain measurement at the microscale. Earlier work has
shown that the Raman phonons 1611 cm™ ' and 1648 cm™ ' —
hereafter referred to as phonon v; and v,, respectively — of aramid
fibers (Kevlar® 29) shift linearly to lower values under tension
and to higher values under compression, whereas the shift of the
v phonon is twice as large as that of the v, phonon [15—18]. Thus,
stress or strain calibration curves (phonon shift vs. axial stress or
strain) can be constructed, leading to a potential use of the aramid
fibers as stress and/or strain sensors in composite materials [7,19—
21]. The dependence of the Raman wave-numbers on temperature
for the 1611 and 1648 cm™ ' bands of the Kevlar® 29 fibers has
been firstly determined by Psarras et al. [21] for zero strain/stress
and more recently by Bollas et al. [22], for a whole range of
applied axial strains. Anagnostopoulos et al. [23,24] have de-
veloped a methodology for measuring the fiber stress and strain in
a Kevlar® 29/epoxy resin LTM217 composite under an applied
tensile load at different elevated temperatures. The effect of tem-
perature upon the stress transfer efficiency or, in other words, the
strength of the fiber/matrix interface at a given temperature has
also been identified [23].

In all previous work [23,24] the fiber stress under a combined
thermal and mechanical field was examined. In this letter, we
make an attempt to assess the development of thermal stresses/
strains in the fibers under no external mechanical load. Raman
microscopy and electrical resistance strain gages are employed
for measuring the strain in the fibers and resin, respectively. The
results are compared with calculations based on the relative
thermal expansion coefficients of fiber and polymer resin and
useful conclusions are drawn about the usefulness of existing
predictive models.

2. Experimental

In general, for fibrous composites the recorded total Raman
wave-number shift Av, can be interpreted as the sum of three
terms [21,22]:

Aot = Avy + Avy + Avg (1)

where Avy; is the Raman wave-number shift due to external
applied mechanical stress, o (Avy =k - g, where £ is the stress/
strain sensitivity coefficient of each phonon (v; and v;))
[21,22], Avr is the corresponding Raman wave-number shift
due to temperature for the free Kevlar® 29 fibers (Avy=kyr- AT,
where k7 is the sensitivity to temperature of each phonon (v;
and v,), and AT=T — T is the difference between the applied
and the ambient temperatures (25 °C)). Avy is a constant term
and reflects the mismatch of the thermal expansion coefficient
between the fiber and the matrix [1,3,4,17,25] (Table 1) that

Table 1
The coefficient of thermal expansion of the LTM217 epoxy resin and Kevlar® 29
aramid fiber, respectively [1-3,21]

CTE epoxy resin LTM217

CTE aramid fiber Kevlar® 29

(107%°C) (1076 °C)
Axial Transverse
87.3 -3.76 66

The value for the resin was determined experimentally in this work by means of
thermo-mechanical analysis.

brings about the development of internal—residual-stresses as
the composite is cooled from the curing temperature down to
ambient temperature. In the absence of an external mechanical
field, Eq. (1) becomes:

Avior = Avy + Avy + Avg=Avigy = Avy + Avg (2)

From previous works, when aramid/epoxy resin composite
materials are examined under elevated temperature (7>25 °C),
the axial stress, o, on the aramid fibers is evaluated via v,
phonon (1648 cm™ '), since its peak position is practically
temperature insensitive, Avy=0 [19]. Thus, the corresponding
wave-number component of thermal field at high temperature,
Av, Rl7>25 °c, can be estimated by:

(22 Ava 40t = 04 AV g=AVv2 401
= (sz,R|T>25°c + sz-R|T:25°C)=>Av2vR|T>25°C
= AV o= AVaR| 79500 (3)

For the case of 25 °C, the recorded total wave-number shift
of v, phonon is equal with the corresponding shift due to
thermal field, Av, r|7=25 oc [21,22]. As a result, we can extract
the values of thermal stress/strain at high temperatures (60, 80,
100 °C), using the appropriate stress/strain sensitivity coeffi-
cients of v, phonon [22].

A Vo. o
Ethermal — i‘T>25 S (4)
2.&
and
A V2 R o
Othermal — 1k|T>25 < (5)
2.0

where &g ermals Othermal 18 the thermal strain and stress at higher
temperatures, respectively and k, ., k>, are the corresponding
strain and stress sensitivity factors of v, phonon at 7>25 °C
[22].

As explained recently [23,24], when the stress measurements
are conducted via the v, phonon, which is practically insensitive
to thermal effects, the obtained experimental data are highly
scattered, especially at low applied stain levels (applica <0.5%)
and elevated temperatures (7>100 °C). As postulated else-
where [22], the v, phonon can be employed with a confidence
of 90%, as a stress sensor only at moderately elevated
temperatures for stress gradients of more than 100 MPa. In
order to avoid these problems, we apply the same methodology
to v; phonon, which has been found to exhibit much greater
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stress and strain sensitivity than its adjacent v, phonon [22].
However, since the v phonon is both stress and temperature,
the latter must be known in order to determine the stress dis-
tribution [22]. By assuming that the temperature on the
composite is the same with the applied one, we can estimate
the corresponding Raman wave-number shift due to tempera-
ture for v, phonon, Av, raccording to the following equation:

AV]’T:k;'AT (6)

where k7' is the temperature sensitivity of phonon v, (k7' =
—0.014cm™ '/°C)and AT=T— T, is the difference between the
elevated and the ambient temperature [21,22].

Therefore, we can estimate the corresponding wave-number
component of thermal field at high temperatures, Av; g|7 =250¢.

(2= A1 4ot = Avir + Avig=Avp 100 = AVi 7
+ (Avarlrsasec + AVarlroasec) = AViR|psasec
= AV jot—AV1 7= AVI R| 7—p50¢ (7)

In the case of 25 °C, the recorded total wave-number shift of
v phonon is equal with the corresponding shift due to thermal
field, Avy g|7=250c, while Avy 7=0[21,22]. As a result, we can
extract the values of the fiber thermal stress/train at high
temperatures (60, 80, 100 °C), using the appropriate stress/strain
sensitivity coefficients of v, phonon [22].

Avl_ o
Ethermal — ?{‘IT>25 < (8)
T,
and
Av o
O'thermal = I‘Z!T>25 £ (9)
T,0

where &ermals Othermal 1S the thermal strain and stress at higher
temperatures, respectively and klﬂg, k' 1o are the strain and
stress sensitivity factors of v; phonon at 7>25 °C [22].
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Fig. 1. The resulting normalized distributions of fiber strain at different applied
temperatures (25 °C (LJ), 60 °C (O), 80 °C (A), 100 °C (+)). Each distribution
corresponds to 200 data points.

Table 2
The calculated from Eq. (10) coefficient of thermal expansion of LTM217
epoxy resin/Kevlar® 29 aramid fiber composite

T (OC) Ef (GPa) Em (GPa) Acomposite (lois/oc)
25 71.3 4.1 0.70
60 71.3 3.7 0.29
80 67 34 0.20
100 60.5 3.1 0.24

The experimental values of fiber and resin moduli at various temperatures are
also given.

The test specimens were 2-ply unidirectional Kevlar®29/
LTM217 composites of approximately 53.5% in fiber volume
fraction. A more detailed description of specimen production is
presented elsewhere [20]. The gage length of the specimen was
40 mm and the specimen width was 12 mm [7,20,24]. The
specimen was carefully mounted on an appropriate in-house set-
up and was heated underneath by the use of a Peltier element
[24]. Two thermo-sensitive strain gages were attached to the top
and bottom surfaces of the specimen [24] and instant reading of
the resistance was carried out by means of a digital multimeter.
Finally, two high precision wire thermocouples were also at-
tached to the top and bottom surfaces of the specimen and
the values of temperature were provided by means of digital
thermometers.

We have conducted experiments at elevated temperatures of
60, 80, 100 °C on Kevlar® 29/LTM217 composites, by Raman
sampling at random points (200 measurements) along the gage
length of the specimens, and have derived both the average fiber
thermal strain and stress using: (a) the stress/strain sensitivity
of the v; phonon (Egs. (8) and (9)) and, also for comparison
purposes, through (b) the stress/strain sensitivity of v, phonon
(Egs. (4) and (5)).

3. Results and discussion

In Fig. 1, the overall mechanical integrity of the composites to the
application of external thermal field is presented. Raman sampling has
been performed at random points within the effective length of the
examined specimens. The resulted distributions, presented in Fig. 1,
were derived from a set of 200 measurements. The results, obtained via
v, phonon methodology, are fitted with Gaussian functions as described
elsewhere [20,25]. As can been seen, at the onset of the experiment
(ambient temperature) the average fiber strain is compressive for rea-
sons explained earlier [20,25,26]. However, as the temperature in-
creased (60, 80, 100 °C) those thermal strains are relieved and then
become tensile.

Similar results, concerning the average fiber strain, were obtained
also via v, phonon. However, those strain values have high standard
deviations owing to lower confidence of v, phonon as a stress sensor
[22]. Furthermore, as is shown in Fig. 1, the fiber strain distributions
become significantly broader as the external temperature increases,
which indicate the presence of a gradient of stress in the embedded
fibers. This gradient can be attributed to the internal stresses that are
developed inside the composite due to the expansion of the matrix in
tandem with the simultaneous axial contraction of the fibers.

When a unidirectional composite is heated up from an ambient
temperature, then at equilibrium, the developing strains in the direction
of the fiber and the matrix should be the same. Hence, in this work we
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Fig. 2. The thermal strains vs. the applied temperature for the epoxy matrix
(black solid line), Kevlar® 29 aramid fibers (grey solid line) are plotted. As for
the composite material the dash line represents the predicted value of a modulus-
weighted rule of mixture. Also, the experimental data of composite thermal
strains vs. temperature obtained via aramid fibers phonon v, (@) and via matrix
strain-gage measurements ([J) are presented. Finally, a linear fit on the
experimental data is (dot line) is also presented.

have measured the strains in the embedded aramid fibers by means of
Raman spectroscopy and the strain in the matrix by employing electrical
resistance strain gages attached to the surface of the specimens. As
it seems (Fig. 1), by increasing the external temperature, the thermal
stress/strain field becomes tensional.

At this point, it is worthwhile here to compare our experimental
results with calculations based on the relative thermal expansion coef-
ficients of fiber and polymer resin and useful conclusions are drawn
about the usefulness of existing predictive models. According to
Shapery [8,27,28], by assuming equal strain conditions for the matrix
and the fibers (&giber = Ematrix = Ecomposite) and zero total stress, it is easy to
derive the composite CTE as:

af'Ef'Vf+am'E1n'Vm
Ee - Vi+En- Vi

Acomposite — ( 1 0)
where Ey, E,, are the tensile moduli of fiber and matrix at each examined
temperature, respectively. The calculated coefficients of thermal ex-
pansion of the composite at each examined temperature are presented in
Table 2.

By using the above coefficients, the thermal strains on the composite
under moderately elevated temperatures can be predicted. In Fig. 2, a
plot of the thermal strains vs. temperature is presented. The black solid
line represents the thermal strains of the bulk epoxy resin (LTM217)
[29] and the corresponding grey solid line the thermal strains of aramid
fibers (Kevlar® 29) [1]. The abscissas of both lines correspond to their
respective residual strains at ambient temperature that have been ob-
tained experimentally [7].

According to earlier work [1,3,4,29], the CTE values for both fibers
and resin do not seem to change within the 25—100 °C temperature range.
Asis evident from Fig. 2, the composite strain measured either in the fiber
by laser Raman spectroscopy (full circles) or in the resin by strain-gage
measurements (open squares), yields identical results, confirming the
prevalence of the equal strain condition under thermal strain develop-
ment. Moreover, the experimental CTE data (Fig. 2) are positive and lie
just above the analytical treatment proposed by Schapery [8,27,28]. It is
worth adding, however, that the linear relationship between the developed
thermal composite strain and the applied temperature is retained. Closer
examination of Eq. (10) indicates that, for high volume fraction com-

mercial composites, such as aramid or carbon, the high fiber modulus
should offset the effect of matrix modulus and the composite should be
biased towards the fiber and, therefore, exhibit a negative CTE.

However, the recently developed RFI (resin film infusion) or RTM
(resin transfer molding) epoxy resins have much greater — positive —
values of CTE [30] than conventional epoxies and hence the composite
CTE can be shifted, in certain cases, to zero or to positive values at
ambient or moderate temperatures. This is an interesting result because
it allows future material developers particularly aerospace companies to
tailor the thermal expansion of even polymer composites to zero in the
axial direction or to any value they desire — positive or negative —
provided a choice for the desirable matrix CTE is made prior to com-
posite manufacturing. The critical value of matrix CTE for zero axial
thermal expansion has been estimated to be 7SE— 06/°C. Values above
or below this threshold should yield to expansion or contraction of the
composite, respectively. Finally, it is worth adding that for elevated
temperatures to obtain zero CTE for the composite then apart from the
matrix CTE, the ratio of the fiber to matrix moduli should be considered
as well (see Eq. (10)).

4. Conclusions

The thermal stress development in anisotropic fiber-reinforced
polymer composites is investigated for temperatures below the
glass transition temperature of the resin. The composite strain
with temperature was measured either via the fiber by means of
laser Raman spectroscopy or through the matrix by means of
strain-gage measurements. The results were compared with a well
established analytical model that relates the composite thermal
strain to the thermal expansion coefficients of fiber and resin, as
well as, the fiber volume fraction. The conditions for which a
polymer composite that incorporates aramid or carbon fibers can
have positive, negative or, even, zero thermal expansion coef-
ficient have been defined.
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