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Fracture behaviour of glass-fibre 
mat-reinforced structural nylon RIM 
composites studied by microscopic and 
acoustic emission techniques 
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The fracture and failure behaviour of continuous glass-fibre mat-reinforced nylon block 
copolymer were studied at monotonic increased loading at different temperatures ( T =  - 40 to 
80~ and deformation rates ( v = l  and 1000 mmmin-1). The fracture toughness, K c, was 
determined on compact tension specimens of different size in order to elucidate size effects. Kc 
increased with increasing glass-fibre mat content and with deformation rate, whereas 
increasing temperature resulted in lower Kr values. Kr was unaffected by the free ligament 
width of the compact tension specimens used. The failure manner was studied by acoustic 
emission and microscopic techniques (transmitted light and scanning electron microscopy). 
Simultaneous monitoring of the failure mode by acoustic emission and transmitted light 
microscopy allowed the failure sequence to be deduced and led to a reliable discrimination 
between the observed failure events based on their acoustic emission signal characteristics 
(e.g. amplitude, energy). For this composite with a very ductile thermoplastic matrix the 
following failure steps were concluded: (a) fibre debonding due to crack-tip blunting, (b) 
network-type deformation of the glass-fibre mat with concomitant fibre debonding and 
voiding of the matrix, (c) formation of kinked strands with crack opening due to matrix 
yielding, (d) fracture of the bent filaments within the strands followed by pull-out processes 
(fibre-fibre, fibre-matrix). The development of the damage zone was also assessed by acoustic 
emission via localization of the related events. It was established that the damage zone 
reaches its maximum dimension at the maximum load and only its shape changes along the 
crack-growth direction upon further loading. 

1. I n t r o d u c t i o n  
Although reaction injection moulding (RIM) of poly- 
amide-6 (nylon) was developed a decade ago, this 
technique has only recently had an impact due to an 
increasing demand for thermoplastic matrix com- 
posites. Polyamide (PA) structural RIM (SRIM) pro- 
ducts with continuous-fibre reinforcement (mostly in 
form of mats and fabrics) are of great interest for 
different engineering applications. The PA-SRIM 
technology unifies the production and forming pro- 
cedures in one step, contrary to other thermoplastic- 
based composites with continuous-fibre reinforcement 
where these steps are always separated, i.e. production 
of preforms (prepregs, sheets, hybrid yarns or fabrics, 
etc.) and their processing into final parts (e.g. by 
thermoforming, pultrusion) are not connected. The 
wetting of the reinforcement, placed into the mould 

before filling, is excellent due to the very low melt 
viscosity of the PA-RIM system to be polimerized in 

situ. Because the polymerization is very fast, short 
demoulding cycles can be reached. The PA RIM pro- 
cess is also very versatile from the matrix side, because 
nylon block copolymers (NBC) of different composi- 
tions with improved resistance to impact at low tem- 
peratures, are also available. The target application 
fields of PA SRIM composites necessitate a profound 
characterization of the fracture, fatigue, stress corro- 
sion cracking and related failure behaviour about 
which limited information is as yet available [-1-6]. 
The aims of the investigations reported here were to 
determine whether the free ligament width of the 
compact tension (CT) specimens usually applied, af- 
fect the fracture mechanics values, to clarify the basic 
failure events and to distinguish between them and, 
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finally, to conclude the failure sequence and assess the 
damage zone in (swirl) glass-strand mat-reinforced 
NBC SRIM composites. 

2. Experimental procedure 
2.1. S p e c i m e n s  
The plates investigated (150 x 150 x 4 mm 3) were pro- 
duced by RAPRA Technology Ltd (Shawbury, UK) 
using components of the Nyrim R 2000 system of DSM 
(Maastricht, The Netherlands). The matrix block co- 
polymer (NBC) contained 20 wt% elastomeric poly- 
ether segments. E-glass-strand mat (Unifilo U816 
swirl mat, Vetrotex International, Aix-les-Bains, 
France) was stacked into the mould prior to filling and 
thus the glass-fibre (GF) content was set in the range 
20-50 wt%. This GF mat, of 450 g m-  2 surface dens- 
ity, was sized by a silane compound and bonded by a 
polyester binder. 

For  the static fracture measurements, razor-blade 
notched compact tension (CT) specimens in two differ- 
ent dimensions were used. They differed from one 
another mainly in the free ligament width (W-a). The 
CT specimens were notched in both transverse (T) and 
longitudinal (L) directions with respect to that of 
mould filling (MFD) in order to investigate eventual 
anisotropic effects. The sum of the sawn and razor- 
blade introduced notch was treated as the initial notch 
(a; cf. Fig. 1) in the calculations. The cutting and 
dimensions of the CT specimens used are depicted 
schematically in Fig. 1. 

2.2 Tes t s  
Static fracture of the CT specimens was performed on 
a Zwick 1445-type tensile loading machine equipped 
with a thermostatic chamber. Loading occurred at 
two crosshead speeds, v = 1 and = 1000 mm min-1, 
at different temperatures, T - -  - 4 0 ,  20 and 80~ 
The critical stress intensity factor or fracture tough- 
ness, Ko, was determined according to the ASTM E 
399 standard. 

Fracture of the CT specimens was studied by trans- 
mitted light microscopy (TLM) during low-speed 
loading. This was possible due to the transparency of 
the NBC matrix, especially at lower GF mat contents. 
In order to distinguish between the failure events 
evidenced by light microscopy, the acoustic emission 
(AE) of the specimen was also monitored during load- 
ing. 

AE was detected by a Defektophone NEZ 220 
analyser (Central Research Institute for Physics, 
Budapest, Hungary) using wide bandwidth transdu- 
cers (20-1000 kHz) with built-in preamplifier. The 
signals emanating from the sensor were amplified 
additionally by a logarithmic amplifier unit. AE events 
were collected throughout the loading tests either with 
one sensor or with a four-sensor array (cf. Fig. 1). The 
latter mode permitted the localization of the events 
based on the first-hit principle with knowledge of the 
acoustic-wave propagation speed determined pre- 
viously. The positioning of the AE sensors on the CT 
specimens is also shown in Fig. 1. During the tests, the 
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Figure 1 Structure of the GF  mat-reinforced SRIM composites 
shown schematically, as well as machining, dimensions and 
notching of the CT specimens used. The position of the AE sensors 
in localization-mode can also be seen on the modified large CT 
specimen. Localization of the AE events was performed only on 
modified, large CT specimens. In the tests with one AE sensor, the 
transducer was attached in position 1. 

following primary AE signals were collected in float- 
ing mode and transferred for on-line data processing 
and storing to an IBM-PC by an RS-232 standard 
interface: elapsed time, ringdown count, rise time, 
event duration, peak amplitude, events number, abso- 
lute average and, in addition, the external parameter 
(force) from the tensile machine. The PC software 
enabled different processing and displaying of the 
data. 

Failure was also investigated by post mortem fracto- 
graphic analysis in a Leitz 1600 T scanning electron 
microscope (SEM). To avoid charging, the samples 
were coated either with gold or carbon. The latter 
samples were used for energy dispersive analysis by 
X-rays (EDAX). 

3. Results and discussion 
3.1. Fracture toughness 
Fig 2 indicates that increasing GF mat content im- 
proves the fracture toughness considerably. Incorp- 
oration of about 50 wt% GF mat yields a 4-6 times 
increase in K c depending on the crosshead speed and 
temperature. Increasing the crosshead speed resulted 
in higher fracture toughness values for both matrix 
and composites. Such a matrix behaviour is rather 
characteristic for impact-modified unfilled thermo- 
plastics 1-7] to which group the NBC studied belongs. 
On the other hand, the observed trend for the com- 
posites is rather peculiar, because increasing deforma- 
tion rate is generally accompanied by a drop in K c, at 
least for chopped-fibre reinforced PA composites [7]. 
It should be noted here, that the thickness of the NBC 
matrix did not allow the determination of real plane 
strain fracture toughness values, therefore their de- 
signation should be correctly KQ. K o values of the 
NBC were calculated by considering the 5% offset 
value of the initial compliance in the forceqoad line 
displacement (F-vLL) curve. In contrary to the matrix, 
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Figure 2 K~ as a function of the GF mat volume fraction, Vf, at 
monotonic increased static loading for (O, D) small and (O, m) 
large CT specimens at room temperature (RT) as a function of the 
crosshead spee d. The scatter range indicates the effects of the 
notching direction (L and T, cf. Fig. i) 

the composites met the size criteria of the ASTM E 
399 standard under all testing conditions, thus K c was 
computed by considering the maximum load. The 
results of the NBC-SRIM composites at different 
crosshead speeds at ambient temperature imply (cf. 
Fig. 2) that the load-deformation behaviour also 
strongly depends on the structure and thus on the 
deformability of the continuous-strand mat reinforce- 
ment incorporated. 

Increasing temperature generally lowers the K c of 
thermoplastic matrices and related composites [-7, 8], 
whereas decreasing temperature increases their Kc 
values. This trend is also followed in our case (cf 
Figs. 2 and 3). On the other hand, the effect of the 
crosshead speed decreases with increasing testing tem- 
perature. 

Neither the notching direction (T, L), nor the free 
ligament width (W-a; cf. Fig. 1) of the CT specimens 
affected the Ko results. The former observation indic- 
ates that the GF  swirl mat used can be treated as an 
"isotropic" reinforcement, at least when load transfer 
is considered in the y-x plane (cf. Fig. 1). The fact that 
Kr remained within the experimental scatter for the 
CT specimens of different dimensions and free liga- 
ment width indicates that a critical W-a value, if any, 
should be below 18 mm based on the dimensions of 
the small CT specimen in Fig. 1. It was concluded 
from impact studies recently performed on Charpy 
and Izod specimens that the critical ligament width is 
about 12 mm [3]. This critical value is related to the 
possible extension of the damage zone and thus de- 
pends both on the local arrangement of the GF mat 
(surface weight and stacking of the GF mat) and size of 
the specimens to be tested. 

3.2. Failure mode 
3.2. 1. Failure sequence moni to red in situ 
Bright-field light microscopic pictures taken during 
the loading of a CT specimen and the corresponding 
F-vLL curve are shown in Figs 4 and 5. Based on the 
serial photographs it is obvious that the notch blunts 

15 

12 

E 9 

v 6 

3 

01 

(b) 

v = l O O O m m m i n  -~ 

. . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . .  

/ 

).0 0.1 0.2 0.3 0.4 

Figure 3 Kc as a function of the GF mat volume fraction, V r at 
monotonic increased static loading for small ( A, V, O, []) and large 
(A, V, I~,, B) CT specimens at crosshead speeds of(A, &, O, il,) 1 
and (V ,V ,E] , I )  1000 mm rain -1, at (a) T= -40~ (b) T 
= 80~ 

first (Fig. 4b). With further crack-tip blunting the 
strands cross the crack-growth plane just ahead of the 
blunted crack debond, and thus the damage zone 
extends. Stress whitening of the matrix within this 
damage zone is caused by ductile tearing and by void 
formation at the previously debonded sites (dark areas 
in Fig. 4c and d). The strands intersecting the crack- 
growth plane, depending on their relative position, 
either debond further (those under tensile stresses) or 
split up under fibrillation (those under bending stres- 
ses). Strands within the growing damage zone bend 
and kink due to the local stress field (cf. Fig. 4e and f). 
These processes take place with concomitant matrix 
deformation (excessive tearing, voiding and void co- 
alescence) as is obvious in Fig. 4eand f. On exceeding 
the yield strength of the matrix locally, the bent 
strands in the damage zone tend to split up, whereas 
those bridging the flanks of the crack and carrying 
tensile loads align before final breakage. This occurs in 
a rather late stage of loading (cf. Fig. 4f and g), which 
can again be attributed to the mesh-type or network 
deformability of the GF mat in the very ductile NBC 
matrix [91. 

In order to assign the AE events to those of the 
observed failure, the F-vLL curve was sectioned as 
indicated in Fig. 5. This figure displays the positions 
where the microscopic pictures were taken and also 
the run of the cumulative AE events. In accordance 
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Figure 4 Serial bright-field light microscopic pictures taken during 
the loading of a large CT specimen. The positions from which the 
pictures were taken is marked in the related F--VLL curve in Fig. 5. 

with previous findings (e.g. [10 12]) we could discri- 
minate best between the different failure mechanisms 
observed when the relative distribution of the ampli- 
tude and energy of the AE signals were considered. 
Fig. 6 shows the relative frequency of the AE events as 
a function of their amplitude and energy for the 
chosen sections of the loading trace (cf. Fig. 5, I-IV). 

Comparison of the evolution of the above AE 
characteristics (Fig. 6) with those of the failure se- 
quence observed by simultaneous light microscopic 
monitoring (Fig. 4) during loading of the CT speci- 
men, led to a reliable correlation between them 
(Table I). A closer look at the results in Table I 
indicates that the AE values corresponding to the 
matrix deformation are shifted towards lower values, 
whereas those of the fibre-related deformation are 
shifted towards slightly higher values when AE para- 
meters before and after the maximum load are con- 
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Figure 5 Sectioning of the F--VLL trace and the cumulative run of 
the AE events registered during static loading of a large CT 
specimen of NBC-SRIM with 20 wt% G F  mat  at T = 20 ~ and v 
- 1 m m  min-~.  This figure also illustrates the positions at which 

the micrographs in Fig. 4 were taken. 

sidered. The former observation can be attributed to a 
change in the deformation mode of the matrix. 
Debonding along the strand at several sites initiates 
the formation of voids, followed by their coalescence 
so that in the damage zone a plane stress state be- 
comes predominant. This stress state enhances the 
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Figure 6 Relative distribution of (a) the amplitude and (b) the energy of the AE events in different sections of the F--/)LL c u r v e  in Fig. 5. The 
corresponding light microscopic pictures are given in Fig. 4, and the trace of the cumulative events in Fig. 5. 

T A B L E  I AE assignment of the failure mode observed according to Figs 4-6 

Section Failure mode Evidence AE signals 
in Fig. 4 Amplitude (dB) Energy (pJ) 

I Matrix deformation (a, b) < 25 < 10 7 
Fibre matrix debonding (short-range) < 25 10-5 10-4 

II Crack-tip blunting (b, c) < 25 10-9_10 7 
Fibre/matrix debonding (short-range 
and under local stresses) 
Strand fibrillation and fracture 
Matrix deformation by voiding 
Fibre/matrix debonding (long-range 
and under local stresses) 
Strand filamentization and fracture 
Matrix deformation by void coalescence 
and extensive tearing 
Short- and long-range fibre/matrix 
debonding in a "softened" matrix 
Breakage of kinked strands under fibrillation 
Fracture of strands under tensile stresses 

I l l  (c, d, e) 

IV (e, f, g) 

45 10-5_10 3 
70 10 -2  
< 25 10 -9 10 -7 

55 IO-LIO -2 
75 10 1 

< 20 10-1~ -7 
35 and 50 10 -5 and 10 -3 

75 10 -1 
> 90 10~ z 
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ductility of the NBC by yielding and ductile-viscous 
flow processes. These matrix deformations on the 
other hand, lower the AE signals [13]. In order to 
verify this statement, the failure mode of the neat NBC 
was studied analogously. Figs 7 and 8 show the F-vLL 
curve of the matrix together with the cumulated AE 
events and the relative frequency of the "fractionated" 
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Figure 7 FULL curve of the NBC matrix with the related course of 
the cumulative AE events at room temperature and v = 1 mm 
min - I .  This figure also indicates the loading sections selected for 
AE analysis and the positions which the microphotographs in Fig. 9 
were taken. 

AE parameters, respectively. When the maximum load 
is reached the crack-tip blunting process is finished 
(Section I, Fig. 7) and the specimen undergoes exten- 
sive tearing, resulting in a pop-in at its surface (Fig. 9). 
This is a clear indication of a transition from the plane 
strain to the plane stress state. On the other hand, this 
transition strongly hinders the onset of secondary 
cracking. This process is caused by undissolved 
foreign particles in the (sub) micrometre range and 
also contributes to the AE signal evolution. Both 
amplitude and energy of the AE are, therefore, lower 
when passing the maximum load. In addition, the AE 
rate is deadened during the tearing process in the 
postmaximum range (cf. event numbers in Fig. 8). 

The shift in the fibre-related AE amplitude and 
energy towards higher values (cf. Table I) can be 
explained in the following way: the strands bridging 
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Figure 8 Change in the relative distribution in the AE parameters 
in the chosen sections of the loading curve of the NBC matrix (cf. 
Fig. 7) : (a) amplitude distribution, (b) energy distribution of the AE 
signals. 

Figure 9 Serial microscopic pictures taken during loading of a large 
CT  specimen of the NBC matrix. The position at which the pictures 
were taken is indicated in Fig. 7-(a-c). Transmitted light, (d) reflected 
light showing pop-in phenomenon at the specimen surface. 
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the flanks of the crack are extended by crack opening 
and thus carry high local stresses. Further debonding, 
fibrillation or fracture of these "prestressed" strands 
originate stronger AE, as was found. 

It was demonstrated above (Fig. 4) that the damage 
zone in the crack tip changes during the test. However, 
its size and extension can hardly be determined from 
micrographs because long-range debonding cannot be 
revealed. An attempt was made to assess the size of the 
damage zone by AE analysis. For this purpose the 
localization mode of the AE device with a four-sensor 
array (cf. Fig. 1) was used. The sound-wave speed was 
preliminarily determined for the composite plaque 
with an AE signal generator. Fig. 10 shows the F 

- VLL curve of the NBC-SRIM with 20 wt% GF mat 
reinforcement, together with the cumulative AE 
events, the related bright-field photographs taken dur- 
ing the monotonic loading of the CT specimen are 
shown in Fig. 11. The evolution of the damage zone 
deduced from the localized AE events can be followed 
in Fig. 12. Fig. 12 also shows the differential distribu- 
tion of the amplitude and energy of the AE events for 
each selected fraction of the loading trace. Comparing 
the microscopically observed failure events at the 
crack tip (Fig. 11) with those of the AE characteristics 
(Fig. 12) for each section of the force displacement 
curve, the following correlations can be deduced. 

(I) Matrix deformation by crack-tip blunting (am- 
plitude ~ 30 dB, energy ~ 10- 7 p j) induces debonding 
and splitting-up of the strand immediately ahead of 
the crack (amplitude ~60  dB, energy~ 10 -3 pJ). Al- 
though the above processes seem to occur only in the 
vicinity of the crack tip, the AE events detected point 
to a much larger damage area. This implies that the 
local arrangement of the mat influences the load 
transfer within the damage zone. 

(II) The damage zone extends in both directions. 
Strands lying parallel and in the plane of further crack 
growth debond over a longer range and split up 
(amplitude- ~ 50 75 dB; eltergy ~10  -6 - 10 .2  pJ) 
partially under fracture of their constituting filaments 
(amplitude ~80-85 dB, energy ~ 10 -3 10 o pJ). This 
debonding and filamentization process is a rather 
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Figure lO F-t)LL curve and the cumulative run of the AE events 
taken in the localization mode for a modified large CT specimen of 
an NBC-SRIM with 20 wt% GF mat at room temperature and 
v - l mm min- ~. This figure displays both the positions at which 
the microphotographs in Fig. 11 were taken, and the sectioning of 
the loading curve for AE signal analysis. 

2 4 4 4  

complicated one including short- and long-range 
debonding, splitting-up of the strand, fibre/matrix and 
fibre/fibre friction events) therefore the AE signals 
cover a broader range. On the left side of the histo- 
grams, AE events corresponding to matrix deforma- 
tions with higher energies can be identified. 

( l id  In this stage, debonding (amplitude ~40  
45 dB, energy ~ 10 -6 pJ) and splitting-up (amplitude 

60 dB, energy ~ 10-3 pj) processes dominate along 
the strands lying at a small angle to the crack-growth 
direction. This results in a horizontal elongation of the 
damage zone in this stage. Extensive matrix yielding 
takes place between the debonded sites of the strands 
running more or less parallel to further crack advance. 
Owing to the enhanced matrix deformability, AE 
signals of very low energy appear which are closely 
matched to those of the neat matrix (cf. Fig. 8) 

(IV) In this stage of stable crack propagation, the 
matrix fails by formation of voids, their collapse and 
thus by an enhanced tearing (amplitude ~25 dB, 
ene rgy=  10-9-10 V pj). Among the fibre-related 
events, strand debonding (amplitude ~6 0dB ,  
energy~ 10 .4  p J) and breakage of their constituting 
filaments suffering under local bending stresses (am- 
plitude ~85 dB, energy ~ 10 -2 pJ), can be evidenced. 

(V) The relative amplitude distribution clearly in- 
dicates that in this final stage of fracture, all previously 
mentioned failure events are involved (matrix deform- 
ation with amplitude of ~25 dB; short- and long- 
range debonding with 50 and 70 dB, respectively; 
filament fracture of bent strands at 95 dB). Because a 
further network deformability of the mat is locally 
hindered and thus strands are extended into the load- 
ing direction, they fracture under tensile stresses. This 
process generates high-amplitude AE signals (ampli- 
tude ~95 dB). 

The size of the damage zone reaches its maximum at 
the maximum load. Its further extension along the free 
ligament relies on crack growth and opening. Thus 
one can conclude that the load maximum is connected 
with the development of a critical size of damage zone 
within which only the relative occurrence of different 
failure mechanisms changes during further loading. 
The dimensions of this critical damage zone can be 
estimated by a circle with a diameter of ~22 mm of 
which ~ 15 mm extends into the unbroken ligament. 
This value supports our previous finding that Kc was 
unaffected by the free ligament width of the CT speci- 
mens used (being higher than 18 mm; cf. Fig. 1). This 
value (~  15 mm) correlates well with that determined 
from high-speed impact bending tests (12 mm [3]), the 
scatter is probably an effect of the testing frequency. 

The above failure sequence and its assignment to 
the AE events agree exactly with the previous example 
(cf. Table I and Figs. 4-6) studied with a single sensor. 
In addition, the assignment of the failure mechanisms 
observed with respect to their relative AE amplitude 
and energy ranking corresponds to the results pub- 
lished in the literature [11, 12, 14, 15]. 

3.2.2. Post-mortom failure analysis 
The matrix failed microductilely at low temperature 



Figure 11 Serial light microscopic pictures taken from the crack-tip 
region during loading of the CT specimen of NBC-SRIM with 20 
wt% GF mat (cf. Fig. 10). 

and high crosshead speed (Fig. 13a), whereas viscous 
tearing was observed at T = 80~ (Fig. 13b). In the 
former case, markings of secondary cracking could 
also be seen. These parabolic markings contain in 
their foci areas of undissolved catalyst according to 
the EDAX traces which exhibit characteristic peaks of 
magnesium and aluminium, respectively (Fig. 14) [16]. 
Fig. 13 also shows that secondary cracking is strongly 
hindered in the plane-stress region indicated by pop-in 
at the specimen surface. This is an additional reason 
why AE is decreasing in the postmaximum range (cf. 
Figs 7 and 8) 
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Figure 12 Evolution of the damage zone in diffe?ent sections of the loading (cf. Fig. 10) and the corresponding relative distribution functions 
of the amplitude and energy of the AE signals. Localization was performed using 1300 m s -  1 for the sound-wave propagation, measured by a 
signal generator. Because practically all events were assessed by sensors 1 and 2 (cf. Fig. 1) according to the first-hit principle, the relative 
frequency distributions in this figure contain only their cumulative signals. 
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Figure 13 Fracture  surface of the unfilled NBC at (a) v 
= 1 0 0 0 m m m i n  1 T =  - 4 0 ~  v =  1 m m m i n  -1, T = 8 0 ~  

Arrow indicates the pop-in phenomenon.  

Figure 15 Fracture surfaces of the NBC-SRIM with 20 w t %  G F  
mat  reinforcement at T = - 40 ~ at different crosshead speeds: (a) 
v = 1 m m  rain - I ,  (b} v = 1000 m m  m i n - t  Arrow indicates the 
razor blade notch. 

cu 
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I b I 
Mq A[ 

0.5 1.0 1.5 
(b] EneNy (keV) 

Figure 14 (a) Parabolic marking  caused by the secondary cracking 
phenomenon  on the fracture surface of the neat NBC. (b) 
Identification of the foreign particle in the crater in (a) by EDAX. 

Figure 16 Small CT specimens with various G F  mat  contents 
broken at high crosshead speed at different temperatures.  

The failure mode of the matrix in the SRIM com- 
posites was not affected by presence of the G F  mat. In 
the test at low crosshead speed at T = - 40 ~ how- 
ever, matrix embrittlement was observed for the com- 
posite with low G F  mat content (Fig. 15a). At higher 
crosshead speed (Fig. 15b) or G F  mat content, the 
matrix again failed in a ductile manner. 

The G F  strands fracture upon static loading. The 
mean pull-out length increases with increasing tem- 
perature (Fig. 16) and decreasing crosshead speed, and 
in addition, its value strongly depends on the G F  mat 
content. This behaviour is connected to an analogous 
change in the size of the damage zone controlled by 
the possible local load transfer between the matrix and 
G F  reinforcement. The average length of the pulled- 
out rovings agrees very well with the critical size of the 
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the amplitude as well as the energy of the AE events. 
In addition, the AE analysis proved to be an adequate 
tool for assessing the damage zone and its develop- 
ment. It was shown that the damage zone reaches a 
critical size at the maximum load. In the crack-propa- 
gation stage, its size is practically unaffected (its shape 
changes only with crack growth) so that only the 
failure mechanism (relative proportion of different 
matrix- and fibre-related events to one another) within 
this zone alters with further loading. 

Figure 17 Scanning electron micrograph of a broken strand aligned 
with the loading direction. 

Acknowledgement 
The financial support of this study by the EURAM 
programme of the European Community 
(MA 1E/0043/C) is gratefully acknowledged. 

damage zone concluded from the AE analysis (cf. 
Figs 12 and 16). The scanning electron micrograph in 
Fig. 17 clearly shows that the fracture of a strand 
under tensile stress is preceded by a local orientation 
of the GF mat, which was enabled by a ductile- 
viscous type deformation of the matrix (cf. tracks in 
the strand bed in Fig. 17). Fig. 16 also shows that 
strands inclined at a low angle to the crack plane split- 
up and fibrillate under the prevaling bending stresses, 
as shown previously. This produces considerably 
higher mean pull-out filament length than the break- 
age of strands by normal plane fracture. In the former 
case, long-range debonding is also involved. 

4. Conclusions 
The study carried out on the static fracture behaviour 
and related failure phenomena of GF swirl mat-re- 
inforced NBC by using simultaneous microscopic and 
acoustic emission analysis has led to the following 
conclusions. 

1. The static fracture toughness of the GF mat- 
reinforced NBC is superior to that of the chopped- 
fibre reinforced composites [7, 16]. The GF swirl mat 
can be treated as an isotropic reinforcement, provided 
that the free ligament of the CT specimens lies higher 
than 15-16 ram. Improvement in the fracture mechan- 
ical performance of the GF mat-reinforced NBC com- 
posites compared with the chopped-GF reinforced 
versions, can be attributed to the "continuous" type of 
the former reinforcement, which induces new energy- 
absorbing processes by network ("mesh type") de- 
formation. This leads to an extension in the damage 
zone by stress (re)distribution. 

2. A reliable correspondence was found between the 
failure mechanisms determined microscopically and 
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