
J O U R N A L  OF M A T E R I A L S  S C I E N C E  25 (1990) 4427 -4439  

Microstructure and fracture behaviour of short 
and long fibre-reinforced polypropylene 
composites 

D. E. SPAHR* ,  K. FRIEDRICH t 
Polymer and Composites Group, Technical University Hamburg-Harburg, 2100 Hamburg 90, 
FRG 

J. M. SCHULTZ  
Department of Chemical Engineering, University of Delaware, Newark, Delaware 19716, USA 

R. S. BAILEY 
Advanced Materials Group, Imperial Chemical Industries, Wilton Centre, Cleveland TS6 6JE, UK 

Microstructure and fracture mechanical behaviour of injection-moulded, longer glass fibre- 
reinforced polypropylene (Verton~; aspect ratio ~ 320) were studied as a function of fibre 
volume fraction and compared to that of shorter fibre-filled polypropylene (aspect ratio ~ 70). 
Toughness was measured using instrumented notched Izod and falling weight impact tests, as 
well as compact tension specimens. It was found that the addition of longer fibres generally 
increased the toughness of the material, although more significant increases were seen in the 
impact tests than were seen in the compact tension test. For the latter results, a correlation 
between toughness improvement and microstructural details was performed on the basis 
of the microstructural efficiency concept, a semi-empirical approach of the form Kc, c = 
(a* + nR)Kc, M, where, Ko, c and Kc, M are the fracture toughnesses of the composite and the 
matrix, respectively, a* is a matrix stress correction factor, n is a scaling parameter and R is a 
fibre reinforcement effectiveness factor. The latter corrects for differences in the composite 
microstructures, and incorporates effective fibre orientation factors, layering of injection 
moulded parts, and fibre volumes in the different layers. 

N o m e n c l a t u r e  
a crack length n 
a* matrix toughness correction factor 
A cross-sectional area R 
B thickness of the sample plaques S 
C thickness of the composite core regions T 
Epeak energy adsorbed up to the maximum force 

in the impact load-displacement curve Vf 
E t tensile modulus Vm 
Fma x maximum force in impact force-displace- W 

ment curves wr 
fp fibre orientation factor w m 
fpe effective orientation factor Xn 
s effective orientation parameter, core region Xv 
fpe,S effective orientation parameter, surface Y ( a / W )  

region 
F critical load in the tensile test load- c~ 

displacement curves 
Kc critical stress intensity factor/fracture fl 

toughness 
KL fracture toughness of the composite e~ 

materials Pc 
Kd dynamic fracture toughness pf 
KL fracture toughness of the matrix Pm 
L test with crack parallel to the mould fill- (7r 

ing direction 0 
M microstructural efficiency factor 

scaling parameter for reinforcement effec- 
tiveness factor (energy absorbtion ratio) 
reinforcement effectiveness factor 
thickness of the composite surface regions 
test with crack perpendicular to the mould 
filling direction 
fibre volume fraction 
matrix volume fraction (=  l - Vf) 
specimen width 
fibre weight fraction 
matrix weight fraction (=  1 - wf) 
number average fibre length 
volume average fibre length 
polynomial correction for compact tension 
specimens 
variable in effective orientation factor 
formula 
variable in effective orientation factor 
formula 
strain to break 
density of the composite 
fibre density 
matrix density 
fracture strength 
fibre angle with respect to a reference 
direction 
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2. Introduction 
It has recently become possible by a pultrusion com- 
pounding technique to produce injection-moulded 
polymer matrix composites with fibres whose aspect 
ratio ( -200)  greatly exceeds that of conventional 
fibre reinforced thermoplastic systems (~  20) [1]. The 
longer fibre reinforcement results in improved values 
of stiffness, strength and, in some cases, toughness and 
fatigue crack propagation resistance of this group of 
composites. This was clearly shown quite recently in 
studies performed on glass fibre/polyamide composites 
[2, 31. 

The purpose of the studies presented in this paper 
was to examine the effects of longer glass fibre rein- 
forcements on the fracture toughness of injection- 
moulded glass fibre/polypropylene composites: Several 
different testing geometries were used (compact ten- 
sion, Izod impact, and falling weight impact), in order 
to compare the toughnesses found by these different 
methods. Especially interesting was a comparison of 
toughnesses which were essentially strength based 
(e.g. Kc from classical fracture mechanics) and the 
energy-related toughness values measured in impact 
tests. 

3. Experimental procedure 
3.1. Materials 
Two sets of materials, all in the form of 160ram x 
160 mm plaques with a thickness of about B = 3 ram, 
were supplied by ICI, Wilton, UK; they were based on 
ICIs Verton | MFX 7008 (40% by weight glass fibre- 
reinforced coupled homopolymer polypropylene). 

Set 1: neat polypropylene (PP) matrix, and PP filled 
with 10, 20, 30 and 40wt% "longer" glass fibres 
(referred to as 10Lt, 20L1, 30L~, 40L~, respectively), 
and 40 wt % "short" glass fibres (40S~). 

Set 2: polypropylene filled with 10, 20, 30 and 
40 wt % "short" glass fibres (hereafter referred to as 
1082, 2082,  3082 and 40Sz, respectively). 

The long glass fibre materials were produced by the 
regular Verton | pultrusion technique, while the short 
glass fibre materials went through an extra extrusion 
process. All of the weight fractions are nominal. The 
values can be transferred into nominal fibre volume 
fraction by the following correlation 

wdpr 
v~ = (1)  

wf/pr + Wm/Pm 

In reference to these samples, the x direction corre- 
sponds to the mould-filling direction (MFD), the y 
direction corresponds to the width and the z direction 
corresponds to the thickness. Mechanical test speci- 
mens had two different orientations. Samples whose 
cracks were parallel to the mould-filling direction are 
referred to as longitudinal (L) direction samples and 
samples whose cracks were perpendicular to the 
mould-filling direction are referred to as transverse (T) 
direction samples. The plaque geometry and sample 
orientations are shown schematically in Fig. 1. 

Figure 1 Macrostructure of injection-moulded plaques and orien- 
tation of the mechanical test specimens. 

factors which resulted from the different amounts of 
fibre loading: 

(a) the fibre volume fraction; 
(b) the fibre orientation and its distribution across 

the plaque thickness B; 
(c) the fibre length distribution. 
Fibre orientation was measured on a variety of 

SEM or optical reflected-light micrographs taken 
from sections of the materials polished in the x -y  
planes. It was found that the fibres were primarily 
oriented in these planes, and that the fibres arranged 
themselves in a three-layer structure often found in 
injection-moulded fibre-filled materials [2, 4-9]. There 
were two surface layers (S) of fibres aligned primarily 
parallel to the mould filling direction (MFD) and a 
core region (C) of fibres aligned primarily perpen- 
dicular to the mould filling direction. This structure is 
shown in Fig. 2. The fibre orientation is expressed as 
a fibre orientation factor 

fp = 2(cos20) -- 1 (2) 

where 0 is the angle that the fibre makes with a refer- 
ence direction and (cos20) is the average of cos 20. The 
relative thickness of each layer was measured from 
scanning electron micrographs of the x-z  and y-z  
planes (cf. Fig. 2). 

For one part of the first set of long and short 
fibre-filled samples (20L1,40L1,40St), the distribution 
in fibre length was determined by burning off the 

3.2. Microstructural characterization 
Studies on microstructural details of the different 
sets of materials were concentrated primarily on the 

Figure 2 y-z plane of the 20L~ material showing a three-layer struc- 
ture with the fibres in the surface (S) layer parallel to the MFD and 
the fibres in the core (C) perpendicular to the MFD. 
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Figure 4 Typical instrumented impact force-time curve (40L~ 
material, falling weight test). 
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Figure 3 Geometry and dimensions of the mechanical test specimens. 

matrix and then allowing the resultant fibres to settle 
on a stack of nine sieves (SV). Each layer was analysed 
separately this way. The fibre length distribution on 
each sieve was measured, whereby the data represent 
measurements on approximately 900 fibres. 

For the second set of "short" fibre-reinforced sys- 
tems (10S2 to 40S2), fibre length measurements were 
carried out in a simpler way, i.e. by the use of light 
optical micrographs (LM) taken from the resultant 
fibres after burning off the polymer around them. To 
have a better basis for comparison, it was attempted to 
apply the same procedure to the first set of materials. 

Density measurements were used to determine the 
overall fibre volume fractions of the different materials 

Pc = pfVf -~- Prn Vm (3) 

In addition, the fibre volume fraction in each layer was 
measured by grinding samples to an appropriate 
thickness and then measuring the density of each sec- 
tion. The matrix was assumed to have the same den- 
sity as the neat matrix (found to be 0.905gcm -3) 
throughout the thickness of the materials. This leads 
to a slight error, because it can be expected that the 
matrix should increase in crystallinity, and hence den- 
sity, near the centre of the plaques. However, because 
the fibres are much denser than the matrix, the error 
should be small. The density of the fibres was assumed 
to be that of E-glass (2.5gcm 3 [10]). 

3.3. Fracture toughness measurements 
Four kinds of mechanical tests were performed: (a) 
regular tensile tests with dog-bone-shaped specimens 
machined out of the injection-moulded plaques; (b) 
tensile tests on compact tension (CT) specimens (at a 
cross-head speed of 1 mmmin  1); (c) instrumented 
Izod impact tests (impact velocity of 3.5 m sec ~); and 
(d) instrumented falling weight impact tests, using 
rectangular plaques, 50 mm x 50 mm in size (impact 
velocity of 6.3 m sec -~ and a striker with a tip radius 

of 20 mm). The compact tension specimens and the 
Izod specimens each had sharp cracks introduced with 
a razor blade. Fig. 3 shows their exact geometries. All 
tests were performed at room temperature. In addi- 
tion, one CT-test series with the "longer" fibre- 
reinforced composites was carried out at 70 ~ C. 

Because the mechanical properties of these materials 
can be expected to be anisotropic, the tensile and Izod 
impact tests were measured in the two perpendicular 
directions (L and T), described above. The falling 
weight test has no orientation dependence, although 
the samples sometimes failed in an anisotropic 
manner. 

Tensile fracture toughness values were calculated 
using the standard formula 

Kr - BWal/2 

where Fc is the maximum load in the tensile load- 
displacement curve, and Y(a /W)  is the polynomial 
correction factor for compact tension specimens [11]. 
The instrumented impact tests give data in the form of 
force-time curves which can be integrated to give 
energy-time curves. Examples of these curves are 
shown in Figs 4 and 5. It is normally assumed that 
fracture begins at the time at which the force is a 
maximum. Both the energy adsorbed up to the begin- 
ning of fracture and the maximum force, which is a 
measure of the fracture strength of the material, will 
be reported. 

4. Results and discussion 
4.1. Microstructural features 
A summary of various microstructural features 
measured is given in Table I. All of the composite 
specimens showed the three-layer structure mentioned 

20- 

taj 
10- re 

0 ~0 ~ 
Time t (10 psec) to 
Peak 
Force 

Figure 5 Typical instrumented impact energy-time curve (40L~ 
material, falling weight test). Fracture time taken from Fig. 4. 
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above. It can be seen that the core thickness of both 
the short and the long fibre materials generally 
increased with volume fraction of fibres, although the 
40L~ material had a core which was slightly thinner 
than the 30L1 material. Also, the short fibre materials 
had a considerably thinner core region than the long 
fibre material (Fig. 6). Further, it is shown in Table I 
that there exists a considerably higher concentration 
of fibres in the core region relative to the surface 
regions (Fig. 7). 

Fibres in both the S and C layers of the materials 
became more highly oriented as the fibre volume frac- 
tion increased (Fig. 8). The 10L~ materials were close 
to randomly oriented, while the 40L1 materials were 
strongly oriented. Further, the degree of orientation 
was about the same in each layer, although the direc- 
tion was opposite. Although the 40wt % short and 
long fibre materials of the first set had roughly the 
same degree of orientation this was not the case for the 
second set of short fibre/PP systems. All of them 
exhibited higher degrees of orientation in both the 
surface as well as the core regions, when compared to 
the long fibre composites. For the latter, quite a dis- 
crepancy in the orientation factors was detectable 
especially in the lower filled systems, when using dif- 
ferent evaluation methods (Pers. = personal evalu- 
ation of scanning electron micrographs; Quant. = 
measurements by a Quantimet 970 image analyser 
attached to an optical microscope). Although it can 
be assumed that the data given by the Quantimet 

Figure 6 Change in core thickness with fibre volume frac- 
tion for long glass fibre (LGF)-PP and short  glass fibre 
(SGF)-PP. (o)  10L~ to 40L~, (v)  40Sj, (zx) 10S2 to 40S 2. 

40  

measurement are more accurate because more samples 
can be evaluated, the average values between both 
measurements were used here for the long glass fibre 
(LGF) samples in order to have a comparison with the 
short glass fibre (SGF) materials which were only 
evaluated by hand. 

Fig. 9 compares the fibre length distributions in the 
long and short fibre composites using the example of 
materials 40L, and 40S,. It can be seen that the fibres 
in the pultrusion compounded structure were, in fact, 
considerably longer than those found in the extruded 
material. In the latter, the longest fibres were a little 
over 1 mm long, while the longest fibre in the long fibre 
material was 10 ram. The slight rise in fibre frequency 
near 10 mm is not an experimental artefact. In the long 
fibre materials, the fibre pellets are cut so that they 
contain fibres which are 10 mm in length, and some of 
these apparently survived in the injection and mould- 
filling process unbroken. Also, a strong variation in 
fibre length distribution through the thickness was not 
found for these polypropylene matrix materials, in 
contrast to the polyamide system tested in a previous 
study [2]. In the polyamide matrix material, the aver- 
age fibre length in the core regions was found to be 
nearly twice that found in the surface regions. It was 
suggested that the increase in fibre degradation was 
due to the high shear forces which occur in the surface 
regions during the mould-filling process. Table I! 
shows for two of the long fibre/polypropylene matrix 
composites that the average fibre length in the surface 

T A B L E  I Microstructural details of  the two sets fibre-reinforced PP versions 

Material Nominal  fibre Overall fibre Relative core Core fibre Surface fibre 
code volume fraction volume fraction* thickness? volume fraction* volume fraction* 

(%) (%) (C/B) (%) (%) 

Set 1 

Set 2 

10LI 3.87 3.9 0.132 4.7 3.8 
20L I 8.30 10.9 0.147 16.5 9.9 
30L t 13.43 14.5 0.223 19.2 13.2 
40L 1 19.44 21.3 0.208 31.7 18.6 
40S I 19.44 21.8 0.145 27.4 20.9 
10S 2' 3.87 3.8 0.031 4.1 3.7 
20S 2 8.30 8.7 0.071 10.2 8.6 
30S 2 13.43 13.4 0.086 15.4 13.3 
40S 2 19.44 19.5 0.108 21.6 19.2 

* F rom density measurements.  
t C/B + 2S/B = 1. 
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Figure 7 (a) Differences between surface- and core-fibre volume fraction as function of nominal fibre loading in LGF-PP and SGF-PP. (b) 
Correlation between density and fibre content in the different GF-PP composites. (n) Matrix, (O, v, zx) surface, (e, T, A) core, for (0, e) 
Lt, (v, v) Si, (zx, A) S z. 

region is slightly longer than that in the core region. 
This is a little puzzling, if shear forces at the wall are 
responsible for the changes in fibre length distribu- 
tion. It should perhaps be expected that the difference 
in fibre degradation should be smaller in the poly- 
propylene material, because it is much more visco- 
elastic than the polyamide matrix and can be expected 
to have a blunter velocity profile during the mould- 
filling process. However, one would expect the higher 
shear near the walls to cause some increase in the fibre 
degradation of the surface layers. 

Fig. 10 illustrates the fibre length distributions in 
the second set of short fibre-filled polypropylene 
samples. It is obvious that the average fibre length is 
reduced and the distribution becomes narrower the 
more fibres are incorporated in the polymer matrix. 
This is in quite good agreement with results found for 
other polymer matrix systems having a similar kind of 
reinforcement [5, 12, 13]. The reduction in the overall 
average fibre length with Vr, also seen for the "longer" 
fibre-loaded materials, is a consequence of enhanced 
interaction between the fibres during the mould-filling 
process with a greater possibility of fibre breakage 
events (Fig. 11). 

One other important feature of the microstructure 

is shown in Fig. 12. In this photograph of the x - y  

plane of the 40Ll material, large fibre bundles can be 
seen. These fibre bundles are very common in the 40L~ 
long fibre material and somewhat less common in the 
30L1 material. Almost no fibre bundles were observed 
in materials with lower fibre loadings. The short fibre 
material (40S1) also showed some fibre bundling, 
though not as much as is visible in Fig. 12. Within the 
bundles shown in Fig. 12 the fibres tend to be more 
highly oriented than the individual fibres between 
them. When the fibre orientation values were calcu- 
lated, each fibre in a fibre bundle was counted 
separately. While this is, strictly speaking, correct, it 
may be that this procedure overestimates the effective 
orientation of the fibres, because a bundle of n fibres 
may contribute less to the toughness than an indi- 
vidual fibre. With this in mind, it is possible that the 
orientation values given in Fig. 8 slightly overestimate 
the effective orientation of the filler, especially in the 
case of the 30L1 and 40Ll materials. 

4.2. Mechanical behaviour 
4.2. 1. Tensile test data 
As expected from the literature about the tensile pro- 
perties of thermoplastics as a function of short fibre 
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Figure 8 Fibre orientation factors (fp) in the surface and 
core regions of the different GF-PP materials. For the 
LGF-PP, the fv values were determined by two different 
methods (Pers. and Quant., see text). (o, e) Lt, (v, v) SI, 
(A) $2, for (o, v, zx) Pers., (e, v) Quant. 
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reinforcements, e.g. [14], the fracture strength, at, 
increases and the strain to failure decreases the more 
fibres are incorporated (Figs 13a, b). The increase in 
strength is the most pronounced for specimens with a 
high amount of fibres parallel to the loading direction 
(T-specimens) and with longer fibre reinforcement 
(LGF). An opposite trend holds for the elongation to 
break (eB)- It is further seen in Figs 13a and b, that the 
two sets of 40 wt % short glass fibre-reinforced PP 
(40S1 and 40S2, both processed at different dates and 
under slightly different conditions) possess the same 
level of strength and strain to failure. It should be 
noted here that the eB values were calculated from 
cross-head displacements (without strain gauges) and 
are therefore somewhat too high. The trends are, how- 
ever, quite correct. 

With respect to the tensile modulus (Et) it can be 
noted that the same statements made about the frac- 
ture strength are valid: an increase in Et with (a) 
increasing fibre content, (b) longer fibre aspect ratio, 
and (c) a higher amount of fibres parallel to the 
loading direction (T-specimens). The highest value 
measured was 10.6 GPa, valid for the T-specimen of 
material 40L1. 

4.2.2. Static fracture toughness 
The static fracture toughness (Ko) data generated with 
compact tension specimens at room temperature and 
a rather low cross-head speed are plofted in Figs 14a 
and b as a function of nominal fibre volume fraction 
V r for the L- and T-crack directions respectively. In 
both cases, Kc data increase with fibre loading. The 
absolute values are higher for the specimens with long 
fibre reinforcement and for those with the crack direc- 
tion transverse to the fibre orientation in the surface 

T A B L E  II Average fibre length in the surface and core regions 
of materials 20L~, 40L~ and 40S~ 

Material 
code 

Average fibre length (mm) 

Surface Core 

x, x~ x, x~ 

20L~ 4.4 6.3 3.0 4.0 
40L 1 3.5 5.6 2.8 4.9 
40St 0.47 0.64 0.47 0.64 

Figure 9 Comparison of fibre length distribution in the 
surface regions of the 40Lj and 40S1 materials. 

/ 

10 

layers (T-crack direction). Further it can be noted that 
the two different sets of 40 wt % short fibre/PP ver- 
sions in both directions resulted in almost the same 
fracture toughness. It seems that the long fibre-filled 
material with cracks in the T-direction has reached an 
optimum level of toughness between 30 and 40 wt % 
fibres (corresponding to 14% to 20% nominal volume 
fraction). This is quite a common trend also observed 
with other thermoplastic matrix systems (e.g. [15, 16]) 
as a result of too high a degree of fibre bundling and 
a lack of matrix necessary to provide strong enough 
stress transfer between the fibres. 

Fig. 15 illustrates that a rise in testing temperature 
from 20 to 70~ does not affect the trend and the 
absolute values of fracture toughness (Kc) enor- 
mously. Only a slight drop of the Ko data, but still with 
an overlap of the scatter bars derived from testing 
three different samples at each condition, was detect- 
able at the higher temperature level. This reduction is 
primarily due to a weakening in strength of the poly- 
mer matrix material. 

4.2.3. Notched Izod impact 
The results achieved with razor-notched Izod impact 
specimens can be analysed from different viewpoints. 
Using the maximum force as a criterion for the resist- 
ance of the materials against crack propagation and 
fracture may lead to a dynamic fracture toughness 
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0.2 / / / ' / ~ 1 3 . 5  % 
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Figure 10 Fibre length distribution in the different short fibre- 
reinforced PP versions. 
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Figure 11 Change in the overall average fibre length with 
overall fibre volume fraction in LGF-PP and SGF-PP. As 
the data were determined by two different methods, i.e. a 
rough measurement of matrix burned-off samples with 
(o,  v ,  a )  a light optical microscope (LM) and (e ,  v)  a 
more precise procedure using sieves (SV), the wide scatter 
is not surprising. (o,  e )  Ll, (v ,  v)  S~, (zx) S 2. 

value according to the relationship 

fmax a 1/2 Y (5) 
Kd - B W  

where Y ~ 23.55 as a geometrical correction factor, 
estimated from results of previous studies [17] for Izod 
impact specimens of the same geometry and crack 
length. A plot of Ka against the nominal fibre volume 
fraction should lead to a similar trend found for static 
fracture toughness (Kc) except that the effect of the 
higher loading rate will shift the data of these rigid 
materials to a higher toughness level (Figs 16a, b). 

Concerning the absorption of energy up to the point 
of fracture initiation (Epeak), Fig. 17 illustrates that the 
same trend as seen for the maximum force was, in 
principle, achieved. Using these values for a calcu- 
lation of the dynamic fracture toughness, via 
Equation 6 

Ka = (6) 

where E t is the tensile modulus of the different 
materials and A the cross-section to be fractured, leads 
for materials 40L~ and 40S~ to the results given in 
Table III. Specimens with cracks in the T-direction 
exhibited higher values than those with L-cracks, and 
the long fibre-filled material was superior to the short 
fibre composite. In addition, Table III illustrates that 
the Kd data calculated from Fpeak are in quite a good 
agreement with those generated from the peak energy 
values. 

4.2.4. I n s t rumen ted  failing w e i g h t  impact  
Figs 18 and 19 show the fracture energies and peak 

forces measured for the different materials in the fall- 
ing weight impact tests. The results of these tests are 
qualitatively similar to those found in Figs 14, 16 and 
17, especially because, in both curves, the forces and 
energies reached a maximum or levelled out between 
30 and 40wt% (15 to 20vo1%) fibre content. The 
performance of the short fibre materials was consider- 
ably worse in these tests. In particular, the 40S~ 
material had a lower fracture energy than the 10L I 
material. \ 

In Figs 18 and 19 it can also be seen that the fracture 
energies and the peak forces found in the falling 
weight test were considerably higher than those found 
in the Izod tests. Some of these differences can be 
attributed to differences in the specimen geometry and 
to different failure modes in the two tests. However, a 
great deal is due to the fact that the falling weight tests 
include crack initiation as part of the measured forces 
and energies, whereas the Izod test does not. This 
effect has been seen before in tests on similar materials 
[18]. 

4.3. Fractography 
Fig. 20 shows the fracture surface ofa CT-specimen of 
the unfilled polypropylene homopolymer. Fracture 
has developed from the initial razor notch by the 
formation of a few minor crazes and one dominant 
craze. The latter was followed by some amount of 
stable crack growth which extended through the 
specimen over a distance of about 2mm before 
crack instability and final fracture took place. In 
the centre of the specimen the craze and subcritical 
crack had propagated further ahead than at the edges 
of the crack front, an indication for the more critical 

T A B L E  I I I  Influence of crack direction and fibre length in GF-PP on the dynamic fracture toughness Kd, as determined from peak 
forces or fracture energies measured in instrumented Izod tests. The elastic moduli used for calculation are: T direction, 40L 1 (10.5 GPa), 
40S 1 (10.0 GPa); L direction, 40L 1 (9.0 GPa), 40S I (6.8 GPa); (cross-section to be fractured: A = 36.93 mm a) 

Material Crack Peak Fracture Fracture Fracture 
code direction force, F~a x toughness,* energy, toughness, t 

(N) K d ( M P a m  t/2) Epeak (J) K d ( M P a m  1/2) 

40L 1 T 502 9.7 0.373 10.3 
L 410 8.0 0.308 8.7 

40S I T 400 7.8 0.205 7.5 
L 232 1.73 0.082 1.88 

*As calculated from fma x. 

t As calculated from Epeak. 
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Figure 12 x-y  plane of the 40L 1 material showing a large fibre 
bundle at point A (the arrow indicates the mould-filling direction) 
and some bent fibres at the lower right of point B. 

three-dimensional stress state in the inferior of the 
material. The surface morphology of the stable part of 
crack growth is characterized by numerous dimples 
surrounded by stretched matrix tips (Fig. 21a). The 
latter can be assumed to be a result of ruptured fibrils 
in the precrazed material, formed during the tran- 
sition from craze into crack. Fig. 21b reflects, to the 
contrary, the fine structure in the region of the crack 
instability. Here the matrix had failed in the typical 
brittle manner. 

The fracture surfaces of the long fibre-reinforced 
PP-samples are dominated by numerous fibres and 
fibre bundles which were pulled-out from the counter- 
surface. In addition, many holes are visible which 
resulted from bundles that remained attached to the 
other half of the broken specimen (Fig. 22). A closer 
look at the fracture surface, especially in the region 
where fibres were preferably longitudinally oriented to 
the crack direction implied that the fibre/matrix bond- 
ing was quite poor in this material. The remaining 
fibres and the fibre imprints were very clean (Fig. 23). 

Fig. 24 compares the failure patterns of falling 
weight impact specimens. The unfilled PP matrix 
material failed by having a large, almost circular plug 
punched out of its centre (Fig. 24a). The resulting hole 
diameter was almost twice that of the striker. Along 
the edges of the hole, the PP was broken in a totally 

brittle manner. Short fibre reinforcement of 40 wt % 
changed the shape of the hole to an oval, with the 
length axis in orientation of the mould-filling direction 
(Fig. 24b). The ratio of length to width of the oval hole 
was about 1.54. This is of the same order of magnitude 
as the T to L ratios of the Kc or Kd data determined for 
the 40Sj and 40S2 materials in the static fracture 
toughness and notched lzod impact tests (cf. Fig. 14 
and Table III: KcT/K % = 1.57 to 1.88). Fig. 24c illus- 
trates that in case of the 40 wt % "long" fibre compo- 
site (40LI) the punched holes in the plaques are much 
more circular, indicating a greater isotropy of this 
material in comparison to the short fibre version 
(which is in agreement with the much smaller differ- 
ences ip the K values measured in the T and L direc- 
tion). In many of these cases pieces of material around 
the punched hole still remained attached to the speci- 
men surface (Fig. 24d). This can be considered direct 
evidence that the longer fibres tend to hold the 
material together much better, therefore giving it 
much more impact resistance, especially when being 
loaded in the direction of the plaque thickness B (z 
direction). Here they also seem to make it much more 
difficult for cracks to be formed at the moment of the 
impact of the plaques by the metallic striker. Clear 
evidence for this fact was recently found by Bailey 
et el. [19], who could distinguish much higher initi- 
ation and fracture energy values during instrumented 
falling weight impact studies for longer compared to 
shorter fibre-filled polyamide 6.6 composites. They 
also strengthened the statement that long fibre rein- 
forcements give significant advantages over short fibre 
ones in the case of impact loading. In fact, relating our 
fracture energy values (average of L and T directions) 
of the static fracture toughness tests of the 40L~ to that 
of the 40S1 material leads to a factor of about 1.34 
(after converting K~ values and the modulus data 
given in Table III into Gc values via G~ = K~/E). The 
ratio of the average fracture energies in the Izod 
impact tests could be calculated, on the other hand, as 
2.37, and that of the instrumented falling weight 
impact as 2.24. These higher ratios in the impact test 
mean a much better effectiveness of the longer fibres 
under such loading conditions. 
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Figure 13 (a) Tensile strength (af) plotted against nominal fibre volume fraction (V~) of (o,  o)  SGF-PP and (11, E3) LGF-PP. ( |  Material 
40S 1 . (b) Strain to failure (sB) as a function of Vf. For key, see (a). 
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Figure 15 Effect of  elevated testing temperature on the course of the 
K~- Vf relationship. 

4.4. Microstructural efficiency and fracture 
toughness correlations 

A direct comparison between the long and short fibre 
materials on the basis of the fibre volume fraction is 
only useful as a first-order approximation, because 
fibre length aside, they have different microstructures 
(among other things, the short fibre materials have 
much thinner cores than the long fibre materials). 
Because of this deficiency Friedrich [4] has successfully 
developed a semi-empirical microstructure-toughness 
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Figure 16 (a) Maximum force plotted against fibre volume 
fraction of  LGF-PP samples, tested under Izod impact 
loading with notches in the L-direction. (b) Corresponding 
dynamic fracture toughness values of LGF-PP composites. 
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correlation, which accounts for differences in fibre- 
related microstructural details. This correlation takes 
the form 

K~,c = MKc,r~ (7) 

where K~,c is the fracture toughness of the composite, 
M is a microstructural efficiency factor and K~,M is the 
toughness of the matrix. M is assumed to be the sum~ 
of a matrix toughness correction factor a*, and a 
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Figure 18 Falling weight impact fracture energy plotted against Vf 
for GF-PP composites at room temperature. 

Figure 17 Izod impact fracture energy plotted against Vf 
for the GF-PP composites at room temperature. 

20 

mainly fibre-dependent contribution nR, i.e. 

M = a* + nR (8) 

In this equation, a* takes into account the fact that the 
matrix may not fail in the same way in the composite 
as when being tested separately. If it does, the value of 
a* should be 1. In general, it can be expected for brittle 
matrices that a* will be greater than 1, while for 
ductile matrices a* may be less than 1. In Equation 8, 
n is essentially a scaling factor which should remain 
constant as long as the temperature, testing conditions 
and composite system remain constant. If, however, 
changes in the components of the composite system 
take place, e.g. other fibre/matrix bond quality, other 
fibre material or changes in the fibre aspect ratio, this 
should also result in different values of the "energy 
absorption ratio" n. R is a reinforcement effectiveness 
parameter which takes into account the geometrical 
features of the composite microstructure and has the 
form [31 

2S C 
R = fpe, s Vr, s -ff + fpo, c Vr, c ~ (9) 

where Vf, s and Vf, c are the volume fraction of  fibres in 
the surface and the core region, respectively, S is the 
thickness of the surface region, C is the thickness of  
the core region, and B is the total thickness of the 
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Figure 19 Peak force in the falling weight impact test as a function 
of nominal fibre volume fraction for SGF-PP and LGF-PP. 
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Figure 20 Scanning electron micrograph of  the CT-fracture surface 
of  unfilled PP. (C = crazed region; B = unstable, brittle fracture; 
arrow = beginning and direction of  craze and crack growth 
immediately after the initial razor notch.) 



Figure 21 (a) Higher magnification of the crazed region shown in Fig. 

sample. The parametersfpe, s andf~,c  are the effective 
orientation factors for the surface and core layers, 
respectively. These are approximated using the 
relation 

f~e ~ ~[1 + tanh(/~f~)] (10) 

where e = 0.5 and 1 < /~ < 5 [4]. Note that whenf~  
is calculated for a T direction test, the reference direc- 
tion in Equation 2 is the mould-filling direction and 
when fp~ is calculated for an L direction test, the 
reference direction is the y direction perpendicular to 
the mould-filling direction. If Equations 7 to 10 are 
valid, a plot of  Kc, c/Kc, M against R should produce a 
straight line whose intercept is near 1. Values of R for 
all the materials and test directions are shown in Table 
IV. 

Fig. 25 shows a plot of  Kc,c/Kc,M against R for all 
the data already mentioned in connection with Figs 
14a and b. It can be seen that almost all the data of  the 
LGF  and SGF samples each fall on reasonably 
straight lines whose intercept with the ordinate axis is 
at about 1.75. As expected, the slope of the short fibre 
composites is clearly flatter than that for the long 
fibre-filled PP-materials. This means, at a given value 
of the reinforcing effectiveness parameter, R, longer 
fibres result in higher improvements of the polymer's 
fracture toughness than do shorter ones. The relative 
increase is, however, not as pronounced as one could 

20. (b) Magnification of region B in Fig. 20. 

expect from the differences in the average fibre length. 
This is mainly due to the greater degree of  fibre bund- 
ling in the LGF-materials. To account for these 
effects, the relatively simple correlation outlined above 
was modified quite recently by Karger-Kocsis and 
Friedrich [2], but will not be further discussed in con- 
text with the results of this study, 

5. Conclusions 
In conclusion, it can be stated that the addition of  
longer fibres to a polypropylene matrix does improve 
the fracture toughness of the composite over shorter 
fibre-filled composites, although the magnitude of the 
increase is highly test dependent. In particular, the 
long fibre material performed better when energy- 
related fracture toughnesses were considered (impact 
tests) than when the strength-related Kc toughness was 
considered. This is also seen when the impact fracture 
strengths are compared to the impact fracture energies. 
The longer fibres contribute more to the ability of the 
material to absorb energy than they do to its strength. 

It was also found that the longer fibre-filled material 
had a propensity to form fibre bundles, especially at 
higher loadings, and that this probably caused the 
effectiveness of the fibre reinforcement to drop off 
considerably between 30 and 40 wt %. 

Additionally, the usefulness of the fracture 
toughness-microstructure correlation given in 

Figure 22 Section of a CT-fracture surface of a 40 wt % LGF-PP 
specimen showing longitudinally and transversely oriented fibres 
and fibre bundles (B) as well as holes (H) where complete bundles 
had been pulled-out. 

Figure 23 Enlargement of a region in Fig. 22 where fibres were 
primarily oriented parallel to the fracture surface. Ductile matrix 
fracture, fibre imprints and poorly bonded fibres are visible. 
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Figure 24 C o m p a r i s o n  o f  fal l ing we igh t  test  specimens:  (a) nea t  P P  ma t r ix ;  (b) 40 w t  % S G F - P P  ( a r r o w  indica tes  m o u l d  filling di rect ion) ;  

(c) a n d  (d) r ep resen t  m a t e r i a l  40L~ wi th  m o r e  c i r cu l a r  holes  a n d  p a r t l y  wi th  still a t t a c h e d  m a t e r i a l  a r o u n d  the  edges  (a r row) .  

Equations 7 to 10 was shown. This correlation pre- 
dicted the relatively low toughness anisotropy of these 
materials, and helped to separate the effects of micro- 
structure from the effects of changes in composite 
system. 
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T 5.2 - 0,22 0.71 - 0 .082 
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