
Characterization of the interfacial shear strength of
glass-fiber reinforced polymers made from novel RTM
processes

B. Haspel, C. Hoffmann, P. Elsner, Kay A. Weidenmann

Angaben zur Veröffentlichung / Publication details:

Haspel, B., C. Hoffmann, P. Elsner, and Kay A. Weidenmann. 2015. “Characterization of the
interfacial shear strength of glass-fiber reinforced polymers made from novel RTM
processes.” International Journal of Plastics Technology 19 (2): 333–46.
https://doi.org/10.1007/s12588-015-9122-3.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under these conditions:
Deutsches Urheberrecht
Weitere Informationen finden Sie unter: / For more information see:
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

licgercopyright

https://doi.org/10.1007/s12588-015-9122-3
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/


 
         

   
   

               

                                                    
                                                                

                         
                                        

Characterization of the interfacial shear strength
of glass-fiber reinforced polymers made from novel
RTM processes

B. Haspel1 & C. Hoffmann1
& P. Elsner1 &

K. A. Weidenmann1

Abstract In this study, three different glass fiber reinforced polymers have been
investigated with respect to the interfacial shear strength. Conventional resin transfer
molding (RTM) and the compression RTM (CRTM) process for the production of
reinforced samples with an epoxy matrix were chosen. The third process was a
thermoplastic RTM (TRTM) process for producing composites with a thermoplastic
polyamide 6 matrix. Fiber type and coupling agent were not varied. The interfacial
shear strengths reached by the different processing routes were determined by push-out
tests. It is shown that the RTM interface shear strength is very high and comparable to
that generated by the CRTM process, despite increased fiber fracture for the RTM
samples. The TRTM process yielded significantly lower interfacial shear strength
values. Plastographic analysis of the material systems showed the formation of an
interfacial layer between the fibers and the thermoset matrix. For the thermoplastic
matrix a significant lower formation of crystalline spherulites at the interface and no
interfacial layer could be observed.

Keywords RTM . Composites . Push-out test . Interfacial layer . Debonding . Coupling
agent

Introduction

The mechanical properties of fiber reinforced plastics are highly dependent on the
properties of the fiber-matrix interface [1–3]. These includes a continuous contact
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between the two components to ensure a homogeneous load transmission and fewer

                                           

stress peaks, as well as good adhesion between fiber and matrix [4]. As the adhesion is
influenced by processing routes and parameters, a thorough characterization of the
interfacial shear strength is necessary for further process development or optimization.
This includes the characterization of novel processing routes as it is done in this
contribution.

A basic view of the nature of the interface of composite materials is carried out by K.
L. Mittal [5]. According to this theory, there are various explanations for the adhesion
between the two components. In detail the chemical and mechanical influences are
referred to be the main contributors of adhesive strength between fibers and matrix.
Other effects like adhesions due to friction, electrostatic effects, interdiffusion of long
chain molecules in polymers and the physical stabilization by energy release in the
creation of more favorable interfaces, are to be regarded as negligible [4, 6]. However,
there is no chemical bond directly between fiber and matrix. This chemical bond is
supported by an applied interlayer due to coupling agents [7]. These coupling agents
are bonded to the fiber surface and form a three-dimensional siloxane network which
covers the fiber surface [7–9]. The connection to the surrounding polymer matrix, occur
either by a direct reaction with the resin [6] or through an interdiffusion [8], especially
in thermoplastic matrix materials [10]. Whether a geometric boundary layer occurs
remains questionable and also the effect on the mechanical properties of the matrix
show inconsistencies in the literature [11, 12]. However, the positive effect of increas-
ing the interfacial strength is well known and widely used in industry [13–15]. Also, the
morphology of the matrix is, especially in the interfacial area, very important [16].
According to the anisotropic properties of the spherulites, which are formed due to a
directional polymerization, the interfacial strength can be enhanced [17].

To determine the interfacial shear strength between fiber and matrix, there are a
number of tests which differ in set-up, procedure and interpretation of results, such as
the microbond test [18], the push-in test [19], the fragmentation test [20] or the pull-out
test [21–23]. However, one of the most important methods used is the push-out test
presented by Marshall in 1984 [24].

For this test thin samples with vertically oriented fibers are required to enable
complete separation of the fibers under stress. These samples are clamped on a
perforated plate, through which the fibers are pushed using a flat-punch indenter. The
interfacial properties can be characterized by the average interfacial shear strength with
respect to the outer surface of the embedded fiber and by observation of the maximum
load [25, 26]. More complex calculation models, which predict a failure of the
interface, based on the shear lag models, originally presented by Cox [27], were
continuously improved [28–33]. However, an exact calculation is still difficult due to
the assumption of exponential shear stress distributions [34].

In general, the interfacial failure, caused by the push-out tests, is characterized by
stable crack propagation. Whether this delamination starts from the top or from the
bottom of the specimen depends on the ratio of the stiffness of the matrix fiber [35], as
well as the ratio of fiber radius to the radius of the perforated plate [36].

Even if the various testing methods predict due to the different geometries partially
different interfacial shear strength for the same fiber/matrix systems [37–40], under the
same test conditions comparison measurements between the various composite mate-
rials can be made. Thus, the push-out method was chosen for this work.
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Experimental

                                        

For the investigated composite materials the same reinforcing fibers were used for all
processes. The fiber layers were a quasi-unidirectional fiber fabric of the company
Interglas at which 90 % of the fibers were oriented in one direction, and the remaining
10 % were cross-woven to it. According to the manufacturer the used coupling agent
FK800 is suitable for thermoset as well as thermoplastic matrix systems. The used
matrix systems were selected according to the different RTM processes.

As a reference, a conventional RTM process with increased injection pressure of
20 bar was chosen [41]. As second process a Compression RTM route was used. The
process is very similar to the conventional RTM process, with the difference that the
mold is not fully closed after insertion of the preform. Instead, the resin-hardener
mixture is injected, which is distributed to and partly in the preform. Afterwards the
mold will completely closed [42] and the fabric completely infiltrated by the resin. The
injection into the cavity has a substantially lower resistance compared to the conven-
tional RTM process, whereby the injection time is reduced to a minimum [43]. For both
processes the thermosetting epoxy resin XB3585 XB3458 from Huntsman
International LLC was used as matrix system. As the third process the Thermoplastic
RTM process was chosen. The thermoplastic RTM (TRTM) is a technology recently
developed at the Fraunhofer ICT (Pfinztal, Germany) [44]. This novel adaptation of the
RTM process for thermoplastics is essentially based on the structural reaction injection
molding (SRIM) process [45]. At the TRTM process a monomer melt of low viscosity
with an additional catalyst and an activator will be injected under high pressure into the
mold, where it then polymerized to polyamide 6 [46]. All three RTM processes are
available at the Fraunhofer ICT in Pfinztal where the test sheets were produced.

For the push-out tests themselves thin sections were prepared from the manufactured
sheets. It was taken care that the samples were cut out perpendicularly to the main
direction of the fibers. Thus 90 % of all fibers were oriented orthogonally to the base
level and therefore theoretically suitable for push-out tests. Therefore, a single sample
has enough fiber for indentation. To handle the deviation of the results due to the
sample preparation three samples of each process with good surface quality were
selected.

The experimental set-up was constructed according to the schematic diagram of [2],
wherein the push-out samples were clamped on a perforated plate which was illumi-
nated from below in order to identify the sites at which the fiber could be
pushed out of the matrix. The indentation itself was performed on a Zwick
ZHU 0.2 microhardness tester. For the indenter a flat-punch nanoindenter from
MTS Nano Instruments (USA) was used which was adapted to the Zwick test
rig. This indenter was already used by [47] for push-out tests on alumina wire
reinforced aluminum.

Via the live image with 1200× magnification suitable fibers for push-out were
selected and the corresponding diameter dFiber was determined. It was ensured that
the fibers were above a hole in the perforated plate and that no fiber-fiber contact was
present. After choosing a suitable fiber, the load unit was positioned over the fiber and
the indenter was attached step by step by probing with a tactile measuring foot. The
actual load during the push-out experiment was carried out position controlled with a
loading rate of 0.003 mm/min. Also during the experiment, the load-displacement
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curve was recorded. The test was stopped manually, depending on the different detected

                                           

damage evaluations. In Fig. 1 the optical micrographs a sample before and after the
push-out test is shown.

Results

The first evaluation was to characterize the recorded load-displacement curves in five
different types which are shown in Fig. 2. This was made to get a better overview about
the damage evaluation of the different samples. It shall be noted that it is not possible
make any predictions about the actual interfacial shear strength from the load-
displacement curves in Fig. 2 because of the missing fiber diameter and the thickness
of the tested sample.

Curve type 1 shows an assumed to be ideal push-out curve [33]. By setting losses in
the clamping the load increases linearly up to 0025 N. This is followed by the actual
elastic deformation of the sample, which is recognized by a steeper linear increase of
the load. After this linear load increase a non-linear region occurs, caused by local
debonding [2]. According to [35] the seamless transition between the elastic region and
local debonding is an indicator of a crack initiation at the lower end of the fiber, which
is also due to the large ratio of the elastic moduli of fiber and matrix (EFiber/EMatrix≈ 20).
The small ratio of specimen thickness and hole diameter of the perforated plate also
promote a crack initiation from below [48]. The debonding continues with stable crack
growth along the interface towards the upper end of the fiber [32]. When the critical
crack length is reached, the load exceeds the shear strength, which results in an unstable
crack growth up to the complete debonding of the fiber [35]. This causes a drastic load
drop which can be clearly seen at the curve type 1. The subsequent frictional slip
process is demonstrated by a linear decrease of the load, because the contact area
between fiber and matrix is getting smaller by continuing the experiment [49].
Considering the tested fiber before and after the push-out test, the fiber appears much
darker than before testing. According to [50] this is a clear indication of a broken fiber,
which must therefore have occurred during the push-out test. According to Bechel and
Sottos [35], the nonlinear load increase could be influenced not only the local
debonding also by the fiber breaks. Because of the higher loads and therefore higher

Fig. 1 Optical micrographs of the CRTM sample before (left) and after (right) the push-out test
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contact forces between the indenter and the matrix, broken fibers were often detected at

                                        

thicker samples. However, a clear fiber push out on the downside of the sample was
detected, why the test is valid.

Curve type 2 of the load-displacement curves displays a direct transition to slipping
at the interface upon reaching the maximum load. This indicates a stabile crack
propagation till the complete debonding. On this curve types a fiber break in the
contact area of the indenter was also recognized.

That the reason of fiber breaks is not only because of high loads in the contact area
of the indenter is shown in curve type 3. The maximum load is comparable to curve
type 2, but no fiber break could be detected. However, at a load of approximately 100
mN the load-displacement curve is no longer elastic and the slope is reduced. Unlike
for glassfiber reinforced polymers the debonding starts in curve type 3 most probably
from the top side of the sample [35]. Thus the tension maxima on the upper crack tip is
not on the sample surface where the indenter additionally axially loaded the sample.
Therefore the overall load is lower at the upper sample surface [51, 52].

Load-displacement curves of type 4 are very similar to type 1 curves till the point of
the maximum load. After reaching the maximum load, the load is nearly constant.
During this approximately 1 to 2 μm displacement stabile crack propagation is
expected. After that plateau the normal debonding can be seen. This curve types
occurred at thinner samples why the maximum load was also notable reduced and no
fiber breaks could be determined.

For extremely thin samples curve type 5 could be observed. The maximum load is
low and a permanent stabile crack propagation is recognizable. Unlike the curve type 4,
the load-displacement curves type 5 shows no plateau at the maximum load and the
crack at the interface is stabile till the end. Fiber breaks could not be observed.

Experiments where no reduction of the load in the load-displacement curves and/or
push out of the fiber on the bottom of the sample could determined, were declared
invalid. The percentage of the different curve types 1–5 is shown in Table 1 for the
different processes.

Fig. 2 Different load-displacement curves (left) and optical micrographs of the samples before and after the
push-out test (right)
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The interfacial shear strength τ was determined by using the following formula (1)

                                           

[24]. Therefor the previously determined sample thickness t, the fiber diameter dFiber
and the maximum load Fmax from the recorded load-displacement curve were used.

τ ¼ Fmax

π dFiber t
ð1Þ

The obtained mean interfacial shear strength of the different RTM processes are
summarized from Tables 2, 3 and 4.

To reduce effects to the interlaminar shear strength due to the sample geometry or
the preparation three sample of each process were tested. From the sample specific
mean value a total value for every process was calculated, which represents the
interlaminar shear strength of the different processes in later discussions.

The experimental results itself shows a relatively high scatter of the standard
deviation for all processes. Occasionally this scattering is attributed to different failure
mechanisms, which could be observed during the testing of the different processes.
These failure mechanism were also shown in the load-displacement curves and corre-
lated as described before.

Discussion

In a direct comparison of the two thermoset RTM processes (RTM and CRTM) the
measured interfacial shear strengths are similar. Obviously this is caused by the same
material system. In microscopic investigations no major differences in infiltration and
fiber distribution can be seen, which was also confirmed by measurements of the
porosity and the fiber content. A comparison of the measured interfacial shear strengths
with values from the literature confirms the high values [15, 53]. Also the load-
displacement curves are tendentially equal. It can be seen that the curve types 2, 3

Table 1 Percentage of the different curve types

Curve type 1 2 3 4 5

RTM 19 % 26 % 28 % 19 % 9 %

CRTM 8 % 18 % 38 % 30 % 8 %

TRTM 3 % 14 % 6 % 22 % 56 %

Table 2 Interlaminar shear strength of the conventional RTM-samples

Process RTM Number of tests Thickness t [μm] Interlaminar shear strength τ [MPa]

Sample 1 23 58 78,2 ± 12,6

Sample 2 10 44 73,5 ± 8,6

Sample 3 10 50 84,7 ± 9,1

Total 43 - 78,8
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and 4 are characteristic for the thermoset RTM processes. Only the high amount of the

                                        

type 1 load-displacement curves at the conventional RTM process is different from the
CRTM process. This can be explained by the later discussed fiber breaks.

The generally very high interfacial shear strength between the glass fibers and
thermosetting epoxy resin raises further questions. Due to the general gradation of
the strength of polymers the measurable interfacial shear strength should always be less
or equal than the matrix shear strength [54].

shear strength < tensile strength < compressive strength < flexural strength
τm < Rm < Rd < Rb

Since for the tensile strength of the pure epoxy matrix Rm , EP a mean value of
69 MPa was determined, normally the measured interfacial shear strength should not
exceed this value. The fact of measured interfacial shear strength of about 80 MPa
admits two assumptions. Firstly, that a strong bond at the interface exists, on the other
hand, it also indicates the formation of an interfacial layer between the fiber and matrix,
as has been frequently observed [11, 14, 55]. It is assumed that the interfacial layer
covers the fiber completely and having higher strength than the pure epoxy resin, as
shown in Fig. 3.

Thus, the measured interfacial shear strength would increase. When considering the
shear strength according to Eq. (1) the assumption can be made that the failure at the
interface B takes place by the following condition:

Rm;EP r0≥τ ri ð2Þ

Using the measured average values Rm , EP, τ and the also measured average fiber
radius of ri = 4.7 μm, results in a mean radius of the outer interfacial layer of
approximately r0≥ 5.4 μm. Thus, at least a 0.7 μm thick interfacial layer with increased

Table 3 Interlaminar shear strength of the CRTM-samples

Process CRTM Number of tests Thickness t [μm] Interlaminar shear strength τ [MPa]

Sample 1 20 51 80,5 ± 11,7

Sample 2 10 60 72,1 ± 5,4

Sample 3 10 46,5 81,3 ± 7,6

Total 40 - 77,9

Table 4 Interlaminar shear strength of the TRTM-samples

Process TRTM Number of tests Thickness t [μm] Interlaminar shear strength τ [MPa]

Sample 1 16 90 20,4 ± 10,3

Sample 2 10 41,5 33,6 ± 8,3

Sample 3 10 47,5 27,6 ± 6,5

Total 36 - 27,2
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mechanical characteristics (τm , EP> 80 MPa) should be developed to obtain failure at

                                           

the interface B. To prove that theory SEM images of the tested fibers were observed, as
seen in Fig. 4.

The SEM micrographs reveal no clear interfacial layer at the extruded fiber ends.
Also an attempt by inking the remained matrix material gave no further information.
However, the finite element calculation by Kim et al. [21] showed a maximum stress
between fiber and interfacial layer, which promotes the theory of failure at the interface
B. Due to the high fiber volume content, many fiber-fiber contacts are visible. In these
areas the interfacial layers will overlap and thereby the chemical bonds at the coupling
agent can spread from fiber to fiber. This would encourage further strengthening of the
matrix properties. Thus, the strength of the interfacial layer seems to rise so far that the
shear strength exceeds the interfacial shear strength between fiber and matrix. That
would support a failure at interface B.

Additionally to the measured interlaminar shear strength values the occurrence of the
fiber breaks during the push out tests were observed. Like already explained the fiber
breakage was determined with a transmitted light microscopy [50]. Also, the load-
displacement curve type 1 can also caused by fiber breaks during the push out test [35].
The fiber failure itself, as shown in Fig. 5, is caused by local stress concentrations.

Fig. 3 Scheme of an embedded fiber with interfacial layer: fiber radius -ri, Outer radius interfacial layer - r0

Fig. 4 SEM images of a push-out indentation (left) and a push-out extrusion (right)

340



   

Minimal irregularities on the surface of the sample or the indenter may mar an even

                                        

placement which results in a high contact stress that occurs at the edge of the indenter.
Although the detected modes of failure are most common at Bsharp^ indenters such

as a Vickers indenter, such a failure mode is also possible with a flat punch indenter and
a sufficient overload, according to [56]. In general, in this work the fracture of the fibers
could not be associated with a decrease in the interfacial shear strength. Also that the
fiber breakage initiates debonding cannot be confirmed, since the debonding most
likely begins at the bottom of the fiber [35, 48].

A comparison of the transmitted light microscopies showed a strong dependence
between fiber failures and the different sample geometries. The surface analysis of the
tested fibers showed that above 80 % of the fibers were broken during the push-out test
of conventional RTM sample. At the push-out tests of a CRTM sample with compa-
rable thickness, interlaminare shear strength and consequently equal maximal load, the
rate of damaged fibers in the contact area of the indenter was just about 15 %. This
Effect can be explained with a top debonding at the CRTM sample, justified by a high
amount of load-displacement curves type 3 at the CRTM sample and type 1 at the
conventional RTM sample. The difference can be explained as follows.

In addition to the predicted stress concentration at the bottom of the push-out test is
still a further maximum at the upper end of the fiber. There is a maximum shear stress
through the material resistance and a maximum axial stress due to the indentation and
residual stresses. In addition, there are also radial stresses due to residual stresses [51,
52]. Since the global maxima of the shear and radial stress always concentrate at the
crack tip, a stable top debonding would effect a shift of the stress maxima, whereby the
complex stress state is abrogated at the upper end of the fiber. According to [35] a top
debonding will cause a reduction of the measured load at the transition from elastic
deformation to the debonding or at least a significantly decline of the slope in the load-
displacement diagram. This effect can also be seen at the less damaged sample of the
CRTM process in Fig. 6.

Irregularities during the preparation of the thin samples can be mentioned of a
reasons for the possible top debonding at the CRTM sample. Damage to the interface
at the upper surface by the grinding process would promote a local cracking. It is also
feasible that in the CRTM sample the fibers were not oriented exactly perpendicular to
the polished surface, which promotes top debonding as well [57]. However, in that case

Fig. 5 Fracture surface of a tested fiber
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the effect on the measured maximum load is negligible [58]. Also in the present study

                                           

no effects to the interfacial shear strength could be determined.
The interfacial shear strength of the TRTM samples were on average significantly

lower than those of the thermoset RTM processes, which is due to a lower fiber-matrix
adhesion. In addition to the material system, the interfacial shear strength may also be
affected by the production, storage and preparation. While the effects of humidity are
qualified with an appropriate coupling agent [13], the influence of grinding at the
preparation and the subsequent storage is unknown. The porosity and the fiber content
in the TRTM sample is also higher than in the RTM and CRTM samples, which can
also weaken the interfacial properties by increased direct fiber-fiber contacts, as long as
no chemical bonds between the fibers exists [4, 47, 59]. The large standard deviation of
the interlaminar shear strengths can also conclude to large differences between the
various interfaces. By factors such as the measured average porosity of 3.7 vol.-%, the
loss of strength due to moisture absorption of the PA6 matrix and the direct
fiber-fiber contacts, because of the increased fiber volume content, the fluctu-
ations of the measured interfacial shear strength can be explained. However, it
is not clear whether these are the only factors. Nonetheless, there appears to be
no strengthened interfacial layer, neither by a coupling agent, nor by a nucle-
ating agent induced interdiffusion. A macroscopic examination of the specimen
confirmed the poor interfacial shear strengths, as during the preparation whole
fiber bundles were pulled out.

Like for the thermosets before, only very few matrix particles at the visible interface
of the pushed out fibers could be seen. It also seems to be a failure between fiber
and interface layer. This could also not be directly confirmed, by coloring the
matrix after the push out test. However, with an achieved maximum interfacial
shear strength of 51.8 MPa and a measured matrix tensile strength of Rm , PA6 =
68 MPa it is obvious that the failure takes place at the interface B in Fig. 3.
Compared with literature values of the same material system (glass fibers in PA
6) [13], a similar damage behavior and comparable interfacial shear strength
values were shown.

Fig. 6 Exemplary load-displacement curve RTM and CRTM
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The surface itself had many scratches and damage on the fiber edges (Fig. 7), which

                                        

further amplifies the stress peak at the end of the fibers [60]. As a reason for the poor
quality of the surface from the thermoplastic samples the difficult sample preparation
can be mentioned.

Because of the low interlaminar shear strength and the high standard devia-
tion the degree of crystallization of the thermoplastic polyamide 6 matrix was
considered. For this purpose, a microtome cutted slice was observed under a
polarization microscope. Crystalline regions can be seen as for example spher-
ulites induced by interdiffusion. Figure 8 shows a direct comparison between an
image of a TRTM sample with and without polarized light. Clearly visible are
the black appearing amorphous fibers and the light shimmering crystalline
structures in the matrix. It is striking that the matrix has a much lower
crystallinity in the densely packed areas of fibers and that crystalline structures
will only form sporadic inside the rovings.

Thus, the crystallization of the matrix increases, as soon as the fiber density
decreases. The indentation of a fiber without the enhancing effect of spherulites
requires less load [13], so that the high dispersion of the interface shear strength can
be explained.

This formation of the crystalline regions also suggests that the visible
spherulites do not have formed due to the topographical similarities with the
coupling agent, but due to other effects. It is asserted that the used coupling
agent of the fibers seems not to be compatible with the thermoplastic material
system. The most obvious cause for the formation of spherulites is therefore the
cooling rate of the matrix and the resulting induced nucleation. Below a
temperature of 108 °C the nucleation rate of a polyamide 6 decreases dramat-
ically to almost zero [61]. Because of the insertion temperature of the glass
fibers of 80 °C into the mold and additionally the low thermal conductivity of
E-glass, the formation of spherulites between the rovings will be significantly
reduced.

The effect of the earlier discussed fiber breakage during the push out test could
hardy be observed for the thermoplastic TRTM samples. Due to the low shear strength
and thus low loading during the test, this result is quite obvious. However, the large
scattering of the load maxima is also conspicuous.

Fig. 7 SEM images of a TRTM specimen: push-out indentation (left) and a push-out extrusion (right)
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Summary and conclusion

                                           

The determined interfacial shear strength of RTM and CRTM were close together and
with a value of approximately 80MPa very high. This can be explained by a formation of
an interfacial layer between the epoxy resin and the glass fibers. Differences were found in
a higher damage rate of the indented fibers at the RTM process (> 80 %) compared to the
CRTM process (15 %). As the reason for this behavior a top debonding of fibers in the
CRTM process is suspected, through preparation induced interfacial damage on the upper
end of the fiber. Also a specimen preparation which was not exactly perpendicular to the
main fiber direction seems likely. Nevertheless both processes provide with the given
combination of materials similar interfacial properties of high quality.

The push-out tests of TRTM process yielded significantly lower interfacial shear
strength and a larger scatter compared with the thermosetting RTM processes. This
could be attributed to the irregular crystallization of the matrix in regions of the fiber
rovings. Further influencing factors on the interfacial shear strength as the porosity and
the fiber content, as well as the the preparation by wet sanding also suggest lower shear
strength. Due to the mechanical characteristics and the poor crystallization of the matrix
at the interface can generally be assumed that the used coupling agent is not compatible
to the thermoplastic matrix.

SEM images of the indented fibers suggested that no adherent matrix residues are
present on the fibers in all material systems.
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