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The main objective of this fundamental study was to investigate effects of processing 
conditions and resulting matrix morphology on interfacial bond strength of fibre reinforced 
thermoplastic composites. Using a hot stage microscope, single fibre pull-out samples were 
produced with T700S high strength carbon fibre and two semicrystalline thermoplastic 
matrices, polyphenylene sulphide (PPS) and polyethylene terephthalate (PET), respectively. 
Processing temperatures and cooling histories were the major variables in sample 
preparation. The T700S fibre had no clear effect on the surrounding PPS and PET matrix 
morphology, as long as direct cooling at constant rates was selected. A transcrystalline 
phase around the fibres could be induced in the T700S/PPS system, if isothermal 
crystallization was carried out at 227 ~ Fibre pull-out tests were conducted at room 
temperature and two basic failure paths were observed, i.e. debonding at the fibre-matrix 
interface and cohesive failure of the matrix close to the fibre surface. The results indicate that 
slow cooling rate and a resulting coarse spherulitic morphology around the fibres correlate 
with high interfacial shear strength. In fact somewhat higher strength values were obtained 
for samples with transcrystarline layers around the fibres. 

1. Introduction 
A critical issue of semicrystalline thermoplastic com- 
posites is the high dependency of the microstructure 
or morphology of the matrix material on the process- 
ing parameters [1-7]. Morphological aspects such as 
degree of crystallinity, spherulite size, lamella thick- 
ness and crystalline orientation have a profound effect 
on the ultimate properties of the polymer matrix. This 
situation gets complicated further by the effect of the 
reinforcing fibres on the morphology of the matrix. 
The nature of the fibre-matrix interface in composites, 
in general but most specifically in thermoplastic 
systems, remains one of the most technologically 
important but least understood aspects in composite 
materials' design. It was suggested, for instance, 
that the reason for the good fibre matrix adhesion 
in carbon fibre/PEEK (APC-2) composites is based 
on the tendency of the fibres to generate transcrystal- 
linity E8]. The nucleation of a transcrystalline region 
around the reinforcing fibres is thought to be central 
to the improvement of some composite pro- 
perties [9-11]. Effects of transcrystallinity on 
composite properties are still unclear, ]aowever, and 
some results in this area are somewhat contradictory 
[12-14]. 
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In composites, the effects of matrix morphology 
around fibres (e.g. transcrystallinity) on mechanical 
properties and fibre-matrix interfacial bond strength 
can be very complicated. Furthermore, the mecha- 
nisms by which transcrystallinity occurs are not fully 
understood. In particular, no method exists by which 
its appearance in a particular fibre-matrix combina- 
tion can be predicted. The fibre material and surface 
energy, topology and surface coating, thermal con- 
ductivity, the matrix type and extensional flow during 
processing, and thermal history have all been reported 
to affect transcrystallinity in thermoplastic composites 
to some extent [15-17]. The various phenomena 
make an interpretation of interfacial bond strength 
data under the occurrence of a transcrystalline inter- 
phase rather difficult. In addition, the general testing 
methods, which do not distinctively isolate the major 
contributing aspects, exacerbate the controversy in 
the open literature. Many techniques have been de- 
vised to assess interface properties. From the methods 
currently available for characterization of the inter- 
facial bond strength of model fibrous composite sys- 
tems [18], the single fibre pull-out test [19-20] is 
probably one of the best suited for this purpose, be- 
cause the method is potentially advantageous in 
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TABLE I Basic properties of T700S carbon fibres 

Density (gcm - 3) 1.80 
Tensile strength (MPa) 4800 
Young's modulus (GPa) 230 
Elongation to break (%) 2.1 
Diameter (gm) 7-8 
Mass per unit length (Tex) 800 

in-situ observation of the matrix morphology and 
failure process at the interface. 

In this study, attempts have been made to investi- 
gate and evaluate the effects of matrix morphology 
around the fibres (with or without transcrystalline 
interphase) on the fibre-matrix interfacial bond 
strength. Using T700S high strength carbon fibres 
with polyphenylene sulphide (PPS) and polyethylene 
terephthalate (PET) semicrystalline thermoplastic ma- 
trices, two model composite systems were studied. 

2. Materials and specimen preparation 
2.1. Fibres 
The carbon fibre, used in this study, was T700S high 
strength carbon fibre [21]. The exact description of 
the fibre yarn is "T700S 12K C", where "C" refers to 
a non-twisted yarn with a special sizing to keep the 
12 000 filaments together. Basic properties of the T700 
carbon fibres are listed in Table I. In order to select 
a single carbon filament, the sizing was removed by 
immersing the fibre bundle in a methylethylketone 
(MEK) solution for 24 h, then washing it with fresh 
MEK in an ultrasonic cleaner for 30 min. This proced- 
ure was repeated once again and then the fibre tow 
was dried in an oven at 80 ~ for 2 h. Now a single 
fibre could easily be separated from the bundle with 
the help of a magnifying glass and a white padding. 

2.2. Matrices 
Polyphenylene sulphide (PPS) used in this study was 
fine powder (Ryton~). PPS is a high performance 
thermoplastic with excellent chemical and physical 
properties [22] and a potential matrix for advanced 
Zcomposite materials. PPS polymer is normally highly 
crystalline in its basic and annealed form. The melting 
temperature, Tin, of PPS is 285 ~ 

Polyethylene terephthalate (PET) was taken from 
a 65:35 wt% glass fibre/PET comingled fabric. PET is 
an engineering plastic widely used in applications, 
associated with high modulus, good tensile strength 
and excellent chemical resistance. The degree of cry- 
stallinity of PET polymer varies with the processing 
history. The melting point of PET polymer is 265 ~ 
[233. 

2.3. Sample preparation 
Standard fresh glass slides and cover glasses were used 
as basic elements for the preparation of single fibre 
pull-out samples (Fig. 1). Preliminary experiments re- 
vealed that the maximum embedded length of the 

Bond point Matrix Cover glass 

,__~/3 /~1-- ~2L/3 ~1 Slide 

' -  '2" - ' , /  

I ' , , 
r-% Bond point 

Approx. 100p.m Predetermined Fibre 
breaking line 

Figure 1 Preparation of a fibre pull-out sample based on a single 
fibre and polymer filament. 

T700 carbon fibre in the matrix is about 100 gm for 
PET and 150 gm for PPS in order to successfully pull 
out the fibre in the tests. To get such tiny matrix 
filaments, different methods for PET and PPS poly- 
mers were applied. 

From the "as received" PPS powder, filaments were 
spun from the molten PPS with a soldering iron. The 
filaments had a diameter between 15 and 40 ~tm, 
which gave a desired embedded length when the fila- 
ments melt again. Twisted PET bundles of three to 
five filaments were separated directly from the glass 
fibre/PET comingled fabric, consequently a desired 
embedded length was achieved. 

A thermal system FP 900 with a FP 90 central 
processor and a FP 82 hot stage was used, for the 
sample production, associated with a Leitz Laborlux 
12 Pol S optical microscope with crossed polaroids 
and a video camera. Temperature range of the hot 
stage could be controlled very accurately between 
room temperature and 375 ~ In addition, computer 
generated images could be obtained via the video 
camera using a MD30-IM PLUS image analysis soft- 
ware package. 

The single fibre pull-out specimens were prepared 
by first sticking a single T700 carbon fibre onto t w o  
ends of the glass slide using a fast bond adhesive and 
placing the polymer filament(s) over it. Covered with 
a standard cover glass, the slide was put into the hot 
stage. On reaching the melting point of the polymer 
matrix, the molten polymer filament(s) wetted around 
the carbon fibre, being pressed by the weight of the 
cover glass. In this manner, fibre pull-out specimens of 
various embedded fibre lengths were obtained. Before 
the sample was put into the hot stage, one fibre end 
was removed from the bond point on the opposite side 
of the polymer filament. In this way fracture of the 
fibre could be avoided, in case the slide cracked during 
thermal processing cycles in the hot stage. It was 
confirmed after each pull-out test that the carbon 
fibres in specimens prepared this way were fully wrap- 
ped with polymer matrix. 

The slide consisting of the single T700 fibre and the 
polymer filament(s) was subjected to a temperature 
regime. The T700/PPS specimens were rapidly heated 
at a heating rate of 20 ~ min-1 from room temper- 
ature to 320 ~ and held at this temperature for 2 min 
(holding time). Afterwards the samples were cooled 
down to 30~ with three different cooling rates of 
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20 ~ min-  t, 3 ~ min 1 and 1 ~ min-  1, respectively. 
To get a transcrystalline layer around the fibre, 
a special cooling history was chosen. The specimens 
were first cooled down to 227 ~ at a cooling rate of 
20~ -1 and held there isothermally for 10 min. 
They were then further cooled down to 30 ~ at the 
same cooling rate. The temperature of 227 ~ is equiv- 
alent to the melt crystallization temperature, Tmc , 

which was determined from cooling curves of the PPS 
polymer in the temperature range 220-240~ 
depending on the molecular weight and morphologi- 
cal structure [22]. 

The T700/PET specimens were prepared using 
a similar procedure described for the T700/PPS; how- 
ever, transcrystallinity was not investigated. The spec- 
imens were rapidly heated to 300 ~ held for a period 
of 2 min, and then cooled down to 30 ~ with cooling 
rates of 20 ~ min-  1 and 5 ~ min i, respectively. 

3. Experimental procedure 
A tensile appliance (Minimat) was used for the single 
fibre pull-out tests. All experiments were conducted at 
room temperature with a constant cross-head speed of 
0.5mmmin -1. The experimental process was fully 
controlled using a computer unit with which the load- 
displacement flow charts could be recorded. Figs 
2 and 3 illustrate schematically the testing fixture and 
the specimen holders with a sample. 

In those pull-out tests in which the embedded fibre 
length was too long, the load rose linearly with 
increasing cross-head displacement, and reached 
a maximum point when the carbon fibre broke under 
tension. The breaking loads amounted to 120 mN in 
most cases, which agrees with the tensile strength of 
T700S carbon fibres. Conversely, if the embedded fibre 
lengths were appropriate, the fibres were pulled out 
from the matrix without breaking under tension. Un- 
der the movement of the cross-head, the load 
increased steadily up to the occurrence of an instan- 
taneous load drop-off owing to debonding at the 
fibre-matrix interface and/or cohesive shear failure of 
the matrix. This was followed by a serrated load 
versus displacement trace, indicating the frictional 
pull-out of the fibre [24], as shown in Fig. 4. 

The critical loads before the sudden drop-off, de- 
noted as Fc, were measured for the two fibre-matrix 
systems with a variety of embedded fibre lengths. Then 
the apparent interfacial shear strength ~ic was cal- 
culated using the following equation 

f c  

"Cic ndL (1) 

where d is the fibre diameter, and L the embedded 
fibre length [20], which was determined during the 
sample production in the hot stage using the connec- 
ted image analyser. 

4. Results and discussion 
4.1. Matr ix  mo rpho logy  
The semicrystalline PPS crystallizes very rapidly near 
the exothermic crystallization peak To, as observed 

1 Voltage stabilizer of 
microscope 

2 Videocamera or camera 
3 Microscope 
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Image l analyser 

Figure 2 Schematic of testing fixture of Minimat unit on 
a microscope. 
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Figure 3 Schematic of tension appliance of Minimat with a fibre 
pull-out sample. 
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Figure 4 Typical load displacement curve for a successful single 
fibre pull-out test. 

during thermal analysis of a quenched sample [22]. In 
this study, a broad spectrum of spherulite sizes was 
observed for the PPS polymer subjected to different 
thermal processing cycles. For example, the average 
spherulite size amounted to 60 gm for a cooling rate of 
20 ~ min - 1 but to 200 gm for 1 ~ min - 1. In addi- 
tion, the spherulite size is dependent on the processing 
temperature (Tp) prior to cooling and the dwell time 
in which the melt is held at this temperature. The 
higher the processing temperature and the longer the 
holding time at this temperature are, the larger is the 
spherulite size, because the memory effect of crystal- 
linity is eliminated more thoroughly [25]. 

The crystal structure of PET has a triclinic unit cell. 
In the absence of nucleating agents and plasticizers, 
PET crystallizes slowly and consequently a rather fine 
dispersed crystal texture was obtained after cooling to 
room temperature E23, 26]. Compared with the wide 
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Figure 5 Processing-dependent PPS morphology around T700S fibre. Cooling rate (a) 20 ~ min-1 and (b) 1 ~ min-1. 

Figure 6 Processing-dependent PET morphology around T700S fibre. Cooling rate (a) 20 ~ min- 1 and (b) 5 ~ min- 1. 

spectrum of spherulite sizes achieved for the PPS 
system, the spherulite size of the PET polymer was 
almost insensitive to changes in the thermal process- 
ing history applied during sample manufacturing. It 
was also rather difficult to identify the spherulite 
boundaries. However, it was found that the slow cool- 
ing correlated with high crystallinity of the PET 
matrix [27]. 

Foreign particle/filler surfaces may play an impor- 
tant role in determining the mierostrueture of a semi- 
crystalline polymer. It was argued that the fibre- 
matrix interface plays an important role for the matrix 
morphology around the fibre [15-17, 28]. However, 
for the different cooling rates selected in this study, no 
recognizable change in the morphology caused by 
T700 fibre could be identified for the PPS and PET 
matrices, as shown in Figs 5 and 6. The matrix crystal- 
lization surrounding the carbon fibre took place in the 
same way as in the bulk polymer matrix. 

Transcrystallinity can be achieved by melt shearing 
[29] or by isothermal crystallization [15]. It was in- 
dicated that for the CF/PPS systems a transcrystalline 
phase can be induced pulling the fibre to change the 
nucleation density on the fibre surface [30]. In this 
study, a transcrystalline layer was achieved combining 
both methods. The carbon fibre was touched, not 
pulled between 240-250 ~ during cooling and after- 
wards the sample was isothermally crystallized for 

Figure 7 Typical PPS transcrystallization morphology around 
T700S fibre in fibre pull-out samples. 

10 min at 227 ~ Touching of the fibre was found to 
be sufficient to enhance the nucleation density on the 
fibre surface and to produce a transcrystalline layer, as 
shown in Fig. 7. The transcrystalline layer grew over 
the whole embedded fibre length, while the layer 
thickness varied. Transcrystallization occurred always 
before the bulk polymer crystallized. Reheating the 
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Figure 8 Schematics of typical failure paths of fibre pull-out in tests. 
(a) Interracial failure; (b), (c), cohesive failure. 

samples, the transcrystalline phase as well as the bulk 
crystalline spherulites became molten at the same tem- 
perature, Tm, so that a similar crystal structure in both 
areas can be assumed. 

4.2. Failure mechanisms during fibre 
pull-out 

In a fibre pull-out test, there are three possible failure 
modes [31-32]: 

1. failure can occur when the maximum shear stress 
exceeds the interfacial shear strength; 
2. yielding of the interphase is also possible, e.g. under 
conditions of a constant shear stress distribution 
along the embedded fibre length, as long as work- 
hardening effects are negligible; 
3. if the energy release rate at the tip of an infinitesimal 
crack is greater than the crack growth resistance, i.e. 
the work of fracture per unit area of the interface, 
failure takes place by successive interfacial debonding. 

It was observed from the experiments that the occur- 
rence of fibre pull-out is sudden and catastrophic. This 
type of failure is more common to a brittle fracture 
rather than to a shear yielding failure. Since a shear 

stress concentration exists at the point where the fibre 
emerges from the matrix, this is the most likely point 
where the debonding probably starts and propagates 
rapidly along the interface (adhesive failure) or within 
the interphase (cohesive failure). From the load-dis- 
placement curves of the fibre pull-out tests for the PPS 
and PET systems (as shown in Fig. 4), a brittle failure 
cannot be excluded, The sudden decrease in the load 
suggests that some type of brittle fracture, rather than 
a yielding process, is involved. Unfortunately, it is not 
easy to distinguish the failure modes. Nevertheless, it 
can be stated that Equation 1 gives an indication of 
the interracial bond strength between the fibre and 
matrix. After debonding, friction at the interface has to 
be overcome in order for the pull-out process to pro- 
ceed. The frictional forces depend on the normal com- 
pressive stress acting from the matrix on to the fibre. 
Such a stress arises from resin shrinkage associated 
with the mismatch between coefficients of thermal 
expansion of the matrix and the reinforcing fibre [32]. 
The load-displacement curves for the PPS and PET 
systems show only a low friction load after debonding. 
One reason is probably due to a very small embedded 
fibre length. Upon reaching the critical load, the fibre 
is rapidly pulled out of the matrix so that the typical 
friction effect in the form of a slow decrease of force in 
the load-displacement curve was not observed [33]. 

During the fibre pull-out experiments, two basic 
fracture paths can be distinguished, as shown sche- 
matically in Fig. 8. The first one is the interfacial 
failure without recognizable damage of matrix or 
fibre, associated with no matrix coating the fibre 
surface after it was pulled-out; this is frequently refer- 
red to as an interfacial failure (Fig. 9). On account of 
a very strong fibre-matrix bond, failure occurred co- 
hesively in the matrix. After the fibre was pulled out, 
the fibre surface was coated with a matrix layer 
(Fig. 10). In this cohesive failure path, the strength 
value calculated from Equation 1 indicates a com- 
bined contribution of interfacial bond strength and 
matrix strength. Another interesting cohesive failure 
path was observed for samples with a transcrystalline 
layer. The shear failure occurred along the boundaries 
between the transcrystalline phase and the bulk 
spherulites in the sample (Fig. 8(c)). However, failure 

Figure 9 Interface failure of fibre pull-out in (a) T700/PPS and (b) T700/PET samples. 
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Figure 10 Cohesive failure of fibre pull-out in (a) T700/PPS and (b) T700/PET samples. 
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Figure 11 Frequency of two different failure paths in (a) T700/PPS and (b) T700/PET samples. [] Cohesive failure; [] interface failure. 

in matrix close to the fibre surface was also observed, 
i.e. a failure path within the transcrystalline phase. 
Sometimes the cohesive failure path was observed 
only on one side of the fibre while the other side was 
a clear interracial failure; this furthermore complicates 
the interpretation of the mechanical test results. 

For  the carbon fibre/PPS and carbon fibre/PET 
systems subjected to different processing histories, the 
total amount of specimens tested in each group and 
the accounting of two different failure paths are illus- 
trated in Fig. 11. For  the PPS system at a cooling rate 
of 20 ~ min-  1 almost three-quarters of the samples 
failed cohesively, while a change to interface failure 
was observed for the samples with lower cooling rates 
(Fig. 1 l(a)). For  the transcrystalline samples, the weak 
boundaries between the transcrystalline phase around 
the fibre and the bulk spherulites is assumed to be 
relevant to the high frequency of cohesive failure. 
However, it is of interest to see that a different failure 
behaviour occurs for the carbon fibre/PET samples, 
compared to the PPS system. For  the cooling rate of 
20~ min -1, six out of eight samples failed at the 
interface, while for 5 ~ min - a five out of seven sam- 
ples failed cohesively, as shown in Fig. ll(b). 

For  the carbon fibre/PET as well as for the carbon 
fibre/PPS system, the average shear strength, q~, cal- 
culated from Equation 1 for the cohesive failure path, 

4 7 6 6  

was almost independent of the different cooling rates, 
even though calculations were made for the sample 
groups of different amounts of specimens. For  the 
carbon fibre/PPS system the value was around 
37 MPa while for carbon fibre/PET it amounted to 
60 MPa (Fig. 12). This indicates that for the cohesive 
failure path the shear strength seems to be indepen- 
dent of processing conditions and matrix morphology. 
However, the average strength corresponding to the 
interface failure path is clearly dependent on the cool- 
ing rates and the resulting matrix morphology around 
the fibres. For  low cooling rates and the transcrystal- 
line morphology with the carbon fibre/PPS system, 
the shear strength corresponding to the interface fail- 
ure path is higher than that associated with cohesive 
failure. It is of interest to note that for the carbon 
fibre/PPS system the interracial failures mostly corre- 
lated with the higher values of shear strength while for 
carbon fibre/PET the cohesive failures lead to the best 
results. Due to the complicated failure mechanisms, it 
is, however, questionable to take the shear strength 
value corresponding to the cohesive failure path as 
a real measure of the fibre-matrix interfacial shear 
strength (if Equation 1 is used in the calculation). One 
can state, on the other hand, that this value gives at 
least the lowest margin of the apparent interracial 
shear strength. 
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4.3. Interfacial shear strength 
When the interracial shear strength is calculated with 
Equation 1, a linear relationship between the applied 
load versus the embedded fibre length is assumed, 
though a nonlinearity for the embedded fibre length, 
L > 1 mm, was observed 1-34]. In Figs 13 and 14, the 
relationships between the critical pull-out load and 
the embedded fibre length are illustrated for the 

T700/PPS and T700/PET samples subjected to the 
different processing conditions. 

The average values of the interracial shear strength 
obtained from the single fibre pull-out tests for the 
T700/PPS and T700/PET systems are summarized in 
Fig. 15. For the PPS system it can be seen that the 
interracial shear strength increases as the cooling rate 
is reduced, although the difference was small if the 
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Figure 15 Interfacial shear strength versus processing histories of (a) T700/PPS and (b) T700/PET samples. 

scatter of data is considered. Concerning the matrix 
morphology around the fibre, the slightly higher value 
of the interracial shear strength correlated with larger 
spherulite size. A somewhat higher value was obtained 
for the samples with the transcrystalline phase, al- 
though it can be stated, in general, that the super- 
molecular microstructure did not improve the inter- 
facial shear strength substantially. 

There are many possible aspects associated with the 
interracial shear strength, such as stress concentration 
and distribution, thermal and residual stresses, bond- 
ing between fibre and matrix, failure path, morpho- 
logy and spherulite size, as well as microdefects etc. 
The level of the bond strength between a TT00 carbon 
fibre and a PPS matrix can be considered to be poor. 
The highest average q values were about 39 MPa, i.e. 
they achieved almost only half of the tensile strength 
(83 MPa) of the pure PPS [22]. It has been argued 
that the bonding between the untreated carbon fibre 
and the PPS polymer is intrinsically poor [35], which 
is consistent with the present results. 

For  the T700/PET system, only the cases of two 
different cooling rates 20 and 5 ~ min-  1 were investi- 
gated. Compared to the results of the PPS-based sys- 
tem, a clear increase of the interracial shear strength 

4 7 6 8  

for the T700/PET system was observed with decreas- 
ing cooling rate. For  the cooling rate of 5 ~ min-  1, 
the interracial shear strength between TT00 carbon 
fibre and the PET polymer reached almost 85% of the 
tensile strength (70 MPa) of the bulk PET [23]. This 
indicates an excellent adhesion between the fibre and 
matrix, while the values for the cooling rate of 
20~ rain 1 were significantly lower, as shown in 
Fig. 15(b). 

5.  C o n c l u s i o n s  
The effects of processing conditions and resulting 
matrix morphology on the interracial bond strength of 
T700S/PPS and T700S/PET thermoplastic 
composites have been investigated using the single 
fibre pull-out experimental procedure. The processing 
temperatures and cooling histories of the single fibre 
pull-out samples were accurately controlled using 
a hot stage in order to produce different matrix mor- 
phologies around the fibre. The morphology of the 
PPS polymer was very sensitive to the cooling 
histories and a broad spectrum of spherulite sizes was 
obtained, while the morphology of the PET matrix 
was almost insensitive to the changes in the processing 



conditions. It was observed that the T700 fibre has no 
clear influence on the surrounding PPS and PET 
matrix morphology, if direct cooling at a constant rate 
was selected. However, a transcrystalline PPS phase 
could be induced around the fibres if they were slightly 
moved (just by touching them) under isothermal crys- 
tallization conditions at 227 ~ 

Fibre pull-out tests were conducted at room tem- 
perature. From the failure mechanisms, two basic 
failure paths were distinguished: debonding at 
fibre-matrix interface and cohesive failure in the 
matrix close to the fibre surface. These types of failure 
affect the evaluation and explanation of the interracial 
shear strength between the fibre and the different 
matrices. If the global bond strength is concerned, one 
can state that a slow cooling rate and a resulting 
coarse spherulite morphology around the fibre corre- 
lated with a high interracial shear strength. In the case 
of PPS a somewhat higher strength value was further 
obtained for samples with a transcrystalline phase 
around the fibre, however the improvement is not 
remarkable if the scatter of the experimental data is 
considered in the evaluation. 

From a practical point of view, the argument for the 
advantages of thermoplastic composites is given in 
their potential for rapid, low-cost mass production. 
This potential cannot be reached if 
transcrystallization is aimed for as a tool for material 
improvement because the special processing histories 
need to be controlled accurately. Furthermore, 
a dramatic improvement in mechanical properties by 
transcrystallization is not clearly achievable as 
indicated by the results of this study. 
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