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A new testing technique designed to measure the intralaminar shear properties (mode Il} of
fibre-reinforced plastics on notched rectangular specimens is presented. The tests and
evaluation procedures are based on the fracture energy concept. The shear test method is
experimentally simple; the loading device as well as the sample geometry are small, and
hence, well suited for low-temperature experiments on both unirradiated and irradiated
samples. Experiments carried out at room temperature and at 77 K, on a two-dimensionally
glass fibre-reinforced epoxy (Isoval 10), are presented. Results of acoustic emission and
fractographic examinations as well as investigations concerning the influence of the sample
geometry on the measured fracture mechanical quantities are discussed. Advantages and
disadvantages of the new testing technique are assessed and compared to other shear tests.

1. Introduction

Because of their excellent mechanical, electrical, non-
magnetic and thermal properties, as well as due to
their high strength and stiffness-to-weight ratio, glass
fibre-reinforced plastics have been employed,  for
example, in mechanical engineering, motorcar manu-
facture, low-temperature technology and aeronautics.
Especially when fibre-reinforced plastics are employed
in space and nuclear technologies, for example, as
support material for the windings of superconducting
magnets in fusion reactors, adequate mechanical
properties are also required in the presence of gamma
and/or particle radiation.

In view of these applications, the assessment of the
mechanical properties of fibre-reinforced plastics both
at elevated and low temperatures and under various
loading conditions (e.g. tension, compression, crack
opening and, in particular, in the shear mode) is indis-
pensable for further material development. Further-
more, a fracture mechanical characterization of the
material is necessary for design purposes in order to
predict reliably the performance of the components
over the plant lifetime. '

In the past, several models, test methods and speci-
men geometries have been proposed, and considerable
progress has been made by applying various fracture
mechanical concepts to describe the mode II fracture
process in fibre-reinforced plastics. A brief summary
may be given as follows.

Adams and Walrath [1] investigated the inter- and
intralaminar fracture behaviour of various fibre-rein-
forced epoxies and polyester resins at room temper-
ature with the simple losipescu shear specimen. An
FEM analysis of the Iosipescu shear test was made by
Barnes et al. [2]. Reviews of various types of shear
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specimens especially for interlaminar shear tests on
fibre-reinforced plastics at low temperatures are con-
tained in the studies by Wilson [3], Kasen [4], Evans
et al. [5] and Becker [6]. Schematic views of the
thin-tubular sample, the short-beam shear and the
Tosipescu sample, as well as the double-notched ten-
sion and the Guillotine specimen, respectively, can be
found in these reports. Advantages and disadvantages
of various shear specimen geometries and test proced-
ures are discussed in detail by Wilson [3]. The papers
of Evans et al. [5] and Becker [6] address especially
the interlaminar shear strength of several fibre-rein-

-forced epoxies at low temperatures. Kasen [7] cal-

culated the shear strength of small unidirectionally
glass fibre-reinforced epoxy rods at room temperature
and 77 K from results of the torsion test. Giare et al.
[8] used the thin tubular sample and the compliance
method to calculate the stress intensity factor and the
encrgy release rate in mode 11 at room temperature.
The inter- and intralaminar shear behaviour of fibre-
reinforced epoxies was investigated by Garg [9] at
room temperature with the single-notched tension and
the cracked-laped shear specimen. Nishijima et al.
[10] carried out similar investigations on irradiated
samples at room and low temperatures with the
double-notched tension specimen. An FEM analysis
of this specimen geometry was made by Tsai and
Zhang [11]. Various types of fibre-reinforced plastics
were investigated by Egusa [12] with respect to their
interlaminar shear behaviour after electron-, gamma-
and/or neutron irradiation in the three-point bending
test at room temperature and 77 K. The interlaminar
shear behaviour of several fibre-reinforced polyesters
and epoxies was studied by Hashemi et al. [13] at
room temperature with the end-notched flexure and
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the end-loaded split specimen. Excellent shear loading
conditions were achieved by Ifju and Post [14] with
the so-called compact double-notched sample. Con-
siderable progress in characterizing the mode II frac-
ture behaviour of fibre-reinforced plastics was made
by Hollmann [15] who introduced the “damage-
zone”-model and the “point-stress”-criterion. In view
of the application of fibre-reinforced plastics as insula-
tion of superconducting magnet windings in fusion
reactors, Poehlchen et al. [16] as well as Bruzzone
et al. [17] investigated the interlaminar shear strength
of interfaces between fibre-reinforced plastics and aus-
tenitic stainless steel with the lap shear specimen at
room and cryogenic temperatures. Davies et al. [18]
investigated the shear behaviour of concrete with the
punch-through shear specimen. An FEM analysis per-
taining to this sample geometry can be found else-
where [19]. Finally, it should be mentioned that most
of the specimen geometries and/or the specimen sizes
of the test methods listed above are too large for the
given spatial constraints in existing irradiation facil-
ities, and hence, cannot be used for irradiation pro-
grammes.

In the present study, the fracture mechanical prop-
erties of fibre-reinforced plastics are determined in the
intralaminar shear mode (mode II) on the basis of the
fracture energy concept [20, 21]. A new testing tech-
nique, in combination with a simple and small
specimen geometry, has been developed. The test pro-
cedure permits an experimentally simple measurement
of the fracture behaviour of both unirradiated or irra-
diated samples at all temperatures down to cryogenic
temperatures. The main results of the tests are load
versus displacement curves, which contain all the in-
formation needed to characterize the fracture behavi-
our of the materials for numerical calculations.

2. Fracture energy concept

When loading notched specimens made of fibre-rein-
forced plastics, a damage zone (fracture process zone)
will be formed around the notch. For the fracture
mechanical characterization of these materials, two
aspects are important. Firstly, the large number of
microscopic damage mechanisms of the fracture pro-
cess zone (yielding and cracking of the matrix, de-
bonding of the fibre/matrix interface, pull-out and
fracture of fibres) lead to a stress distribution around
the crack tip, which is considerably different from
a linear elastic material [22]. Secondly, the complic-
ated structure of the damage zone masks the exact
Jocation of the real crack tip. Hence, the determination
of the exact crack length, which is needed for an
application of the linear elastic fracture mechanical
concept, is impossible. For calculations within the
fracture energy concept, in general, the damage zone is
represented by a “fictitious crack” with cohesive stres-
ses acting on its surfaces. Thereby, increasing damage
growth results in increased crack opening and a reduc-
tion of the cohesive stresses, which corresponds to an
increasing separation of the material. In earlier studies
[23,24], a linear relationship between the cohesive
stresses and the crack opening was employed success-
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Figure 1 Bilinear relation between the cohesive shear stress, T, and
the shear displacement u.

fully for calculations with the finite element model
(FEM). Roelfstra [257] obtained a better approxima-
tion for the real fracture behaviour with a bilinear
relationship between these quantities for concrete.
Hence, in an earlier contribution, we proposed the
same procedure for the fracture mechanical character-
ization of fibre-reinforced plastics in the crack opening
mode (mode I), which has led to satisfactory results
[22]. Therefore, a bilinear relationship between the
cohesive shear stresses and the shear displacement
{(Fig. 1) will also be used in the present study for the
investigations in the intralaminar shear mode
(mode II).

It should be pointed out that the area under the
bilinear strain-softening curve (cohesive shear stress
versus shear displacement), as well as the experi-
mentally measured load—deformation curve (load ver-
sus displacement) — divided by the fracture surface
area of the samples — is equivalent to the specific
fracture energy, Gg, and that 7, is the (unnotched)
intralaminar shear strength of the composite. Hence,
the experimentally measured load versus displacement
curve contains all the information needed for the frac-
ture mechanical characterization of the fracture beha-
viour of the material and for an application of the
fracture energy concept in finite element calculations
for different crack shapes and sizes. It should be noted,
that for the FEM calculations the damage zone is
represented by the bilinear cohesive stress versus dis-
placement relationship, whereas the composite out-.
side the damage zone is assumed to behave as a linear
elastic material.

3. Materials, specimen geometry,
testing procedure

The geometry and the dimensions of the rectangular
shear specimen, which is double-notched on both the
top and the bottom side of the specimen, are shown in
Fig. 2a. Cubic specimens of a similar geometry made
of concrete have been previously used by Watkins
[26] and Davies [18, 19]. The selection of the speci-
men geometry for our measurements on fibre-rein-
forced plastics was based on finite element (FE)
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Figure 2 (a) Geometry and dimensions of the shear test specimen and (b) schematic view of the test arrangement.

calculations (for isotropic materials). The results show
that the ratio of the stress intensity factors in mode I1
and mode I (K;/K;) is > 20 in all cases, and hence,
mostly shear conditions prevail when loading the spe-
cimen. In the present contribution, a combination of
this specimen geometry (Fig. 2a) with a newly de-
veloped loading device is used for the fracture mech-
anical characterization of fibre-reinforced plastics in
the intralaminar shear mode (mode II).

The specimens (Fig. 2a) were prepared from large
plates of varying thickness (1,1.5,2 mm) of the
laminate Isoval 10 (Isovolta AG, Wiener Neudorf,
Austria), which consists of a two-dimensional E-glass
fabric (0°/90°) in epoxy (warp x weft: 17 x 8). The fibre
orientation of the woven glass fabric was chosen to be
parallel to both sides of the rectangular specimens.
Before testing a sample, the starter notches were al-
ways sharpened with a razor blade.

The loading arrangement and a specimen in the test
position are shown schematically in Fig. 2b. The spe-
cimen is placed on to a compressive plate provided
with a simply designed rig in order to ensure that
a punch-through shear mechanism is maintained dur-
ing testing. The load, F, is applied vertically over
a specially shaped stamp using a stiff tensile testing
machine in combination with a force-reversal arrange-
ment, in which the punch-through device is placed on
the support (i.e. a compressive plate, Fig. 2b). The

Figure 3 Shear test device with the specimen in the test position.

loading device and a punch-through shear specimen in
the test position are shown in Fig. 3.

During the measurements, both the vertical dis-
placement, v, of the compressive plate and applied
load, F, were recorded on an XY recorder (load—de-
formation curve F versus v, F/v). The crosshead speed
was kept constant at 0.5 mmmin~! throughout the
experiments. During testing, the crack propagates un-
der a stable crack growth mechanism, if the testing
machine, as well as the design of the testing device, are
stiff and strong enough.

As pointed out before, the area under the experi-
mentally measured load—deformation curve (F/v
curve) is considered to be equal to the total work of
fracture needed to carry out the punch-through test
completely, and is denoted by the term “fracture en-
ergy, W”. The specific fracture energy, Gy, can be
directly calculated from

W (N mm)

Gs(Nmm~™') = Amm?)

1)

where W is the fracture energy mentioned above and
A is the complete fracture surface or the shear area.
Because the punch-through shear specimen contains
two shear areas, A is given by twice the specimen
thickness, times the shear height. Furthermore, but
not within the fracture energy concept, the maximum
applied load of the stamp, F.,, as well as a “shear
stress”, (Fpax divided by 4, F,./A4) can be determined
directly from the recorded F/v curve. All measure-
ments were performed at room temperature and
at 77 K.

In addition, acoustic emission (AE) investiga-
tions were made together with the fracture experi-
ments, in order to obtain more detailed qualitative
information about the complicated fracture process,
i.e. the location of the crack initiation point as well as
the AE activity before and during crack growth. Fur-
thermore, scaling experiments were made in order to
study the influence of the specimen dimensions, thick-
ness, ¢, shear height, h, and specimen height, w, on the
fracture mechanical quantities. Four measurements
were taken to calculate average data for each data
point.
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4. Results

Typical load--displacement curves (F/v), which are
representative of all measurements on samples with
a specimen height w = 20 mm, a specimen thickness
t = 2 mm and a shear height h = 6 mm, are shown in
Fig. 4 for room temperature and 77 K. The corres-
ponding test results are summarized in TableI. As
mentioned above, all data points refer to average
values calculated from four measurements, the devi-
ations being always below 5%. We note from Table I
that the specific fracture energy, G, amounts to about
130 Nmm ™' at room temperature and increases by
about a factor of two (280 N mm ™ !) at 77 K. Both the
maximum applied load (= 2500 N at room temper-
ature) and the calculated “shear stress” ( &~ 105 MPa
at room temperature) increase by about 80%
(~ 4600 N and ~ 190 MPa, respectively) at 77 K.

A comparison of the AE count rates (AE events per
second) and the total number of AE events, which
were recorded during the ¥/v measurements, is shown
in Fig. 5. As can be seen in this figure, the total amount
of AE events is =~ 30% higher and the maximum AE
count rate & 100% higher at room temperature com-
pared to the corresponding results obtained at 77 K.

Whenever heterogeneous materials (e.g. concrete,
reinforced plastics) are tested, “size effects” are well
known to occur, and hence, must be investigated in
detail. Earlier studies [22,27-29] on various aniso-
tropic fibre-reinforced plastics have shown that speci-
fic sample dimensions can indeed influence the results
on the fracture mechanical quantities. Therefore, ex-
periments on the “size effect” at room temperature
were made in the present study to investigate the
influence of the specimen dimensions on the specific
fracture energy, Gg. Test results pertaining to the
influence of the shear height, h, of the specimen (height
w = 30 mm, thickness t = 2 mm) on the specific frac-
ture energy are presented in Fig. 6. With increasing
shear height (from 6 mm to 10 mmy) the specific frac-
ture energy increases slightly by about 10% (from
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Figure 4 Typical load—displacement curves for samples with a spe-
cimen height of 20 mm, a thickness of 2 mm and a shear height of
6 mm measured at (a) room temperature and (b} 77 K.
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TABLE I Test temperatures, average results for the maximum
load, F .y, the “shear stress” and the specific fracture energy, Gy, for
samples with a specimen height of 20 mm, a thickness of 2 mm and
a shear height of 6 mm

Temperature Maximum Shear Specific
(K) - load, stress, fracture
Frax(N) Froax/ A(MPa) energy,
Ge(Nmm™1)
293 2530 105 131
77 4610 192 280
‘T; P
© 500 < 50000
& 3
- w
€ 250 < 25000
8 =
u , ©
0 1 2 3 0 2 3
{a) Displacement, v (mm) (b) Displacement, v (mm)
"o 2
2 10004 £ 50000
s o
- 891
5 5004 < 25000
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Figure 5 (a, c) AE count rates and (b, d) total number of AE events
versus displacement, v, at (&, b) room temperature and (¢, d) 77 K.
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Figure 6 Results for the specific fracture energy versus shear height
at room temperature.

~ 130 Nmm ! to = 140 Nmm ™). The dependence
of the specific fracture energy on the specimen height,
w, of the sample (shear height h# = 6 mm, thickness
t =2 mm) is plotted in Fig. 7. The specific fracture
energy amounts to about 130 Nmm™! for all data
points investigated, and hence, no systematic influence
of the specimen height on his fracture mechanical
quantity can be detected. In order to complete the
scaling experiments, the thickness dependence was
tested by cutting samples (shear height A =6 mm,
specimen height w = 15 mm) from plates with thick-
nesses of 1, 1.5 and 2 mm. As can be seen in Fig. §, the
specific fracture energy increases by about 30% (from
~90Nmm™! to ~ 120 Nmm™!) with increasing
specimen thickness (from 1 mm to 1.5 mm), whereas
no considerable increase in the specific fracture energy
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Figure 7 Results for the specific fracture energy versus specimen
height at room temperature.
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Figure 8 Results for the specific fracture energy versus specimen
thickness at room temperature.

(~5%) can be found in the thickness range
1.5-2 mm.

Based on the experimentally measured load—defor-
mation (F/v) curves the strain-softening diagrams of
Isoval 10 were calculated at room temperature and at
77 K using an FEM program given by Roelfstra [25].
At the beginning of the calculation procedure (Fig. 9),
the elastic and the “softening” properties of the mater-
ial are estimated for the unnotched shear loading
condition and the F/v curves in mode 1I (Fig. 4} cal-
culated for a sample geometry with A =6 mm,
w =20 mm and ¢t = 2 mm (Fig. 2a). After a compari-
son of both the calculated and the measured F/v
curves, the input parameters are changed and the
calculation repeated until good agreement is achieved.
A comparison of the calculated and the experi-
mentally measured F/v curves at room temperature is
shown in Fig. 10. It should be noted that good agree-
ment could be achieved, the deviations being less than
5%. The characteristic material parameters (mode I
fracture parameters) and the bilinear strain-softening
behaviour of Isoval 10, calculated for room temper-
ature and 77 K, are summarized and presented in
Table IT and Fig. 11, respectively.

As an example of our fractographic investigations,
photographs of two test samples following fracture in
the intralaminar shear mode (mode II) at room tem-
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Figure 10 (——) Measured and (- - - -} calculated load—deforma-

tion curve at room temperature.

TABLE II Mode II fracture parameters of Isoval 10 at room
temperature and at 77 K (loading direction 0°/90° with respect to
the fibre direction)

293K 77K
Gy (Nmm™1) 131 280
o (MPa) 110 200
s; (MPa) 90 190
#; (mm) 0.44 0.27
u, (mm) 12 1.7
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Figure 11 Bilinear strain-softening diagram of Isoval 10 in shear
(mode II) at (a) room temperature and (b) 77 K.

perature and 77 K, respectively, are shown in Fig. 12,
At 77 K (Fig. 12a), clearly more “plastic” deformation
(larger fracture process zone) can be observed in com-
parison to fracture at room temperature (Fig. 12b). In
addition, the matrix is more brittle at 77 K, and hence,
delamination of the fibre/matrix interface as well as
pull-out of rovings and fibres becomes more impor-
tant as compared to room temperature [29]. Exam-
inations with the scanning electron microscope
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Figure 12 Photographs of the fracture process zones following
intralaminar shear fracture at (a) 77 K and (b) room temperature.

show no remarkable difference with regard to the
fibre/matrix adhesion of pulled-out rovings following
fracture at room temperature and 77 K (Fig. 13).

5. Discussion

The load-displacement curves (F/v), measured at
room temperature and 77 K, should be discussed in
detail. Two characteristic parts of these curves (Fig. 4)
can be distinguished. Before reaching the maximum
load, linear elastic material behaviour prevails at both
test temperatures. In addition, slight “ductile” defor-
mations can be observed shortly before the maximum
load is reached at room temperature. At the maximum
load, crack initiation takes place and the crack propa-
gates under stable crack-growth conditions. This
second part of the (F/v) curve, the so-called “strain-
softening-area”, is more clearly serrated at 77 K. We
believe that these serrations reflect the successive
pull-out of fibres and rovings after fracture during the
crack propagation process. In comparison to the duc-
tile matrix behaviour at room temperature, the matrix
becomes clearly more brittle at low temperatures
[27,28], and hence, the serrations can be observed
more clearly at 77 K.

As pointed out in Section 1, the main problem of
fracture mechanical testing on fibre-reinforced plastics
is the determination of the crack tip and the crack
length with sufficient accuracy. Several fracture mech-
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Figure 13 Fibre/matrix interface at the fracture surface following
intralaminar shear fracture at (a) 77 K and (b) room temperature.

anical concepts, which have been used so far for the
fracture mechanical characterization of fibre-rein-
forced plastics (e.g. the K-, G-, J- or R-concept), re-
quire explicitly the exact crack length for fracture
mechanical calculations. In comparison to these con-
cepts, no accurate determination of the exact crack
length and of the crack elongation is needed for frac-
ture mechanical calculations using the fracture energy
concept. A further advantage lies in the fact that the
recorded (F/v) curve contains all the information
which is needed for an application of the fracture
energy concept. Starting from these curves, finite ele-
ment calculations allow one to determine complete
t/u curves (Fig. 9), which are needed for a full material
characterization and for design purposes. Hence, the
material parameters (of Isoval 10 given in Table II)
form an important basis for FEM calculations of
the deformation and fracture behaviour of both un-
notched and notched components.

On the other hand, one of the main disadvantages
of the fracture energy concept lies in the fact that the
experimentally measured load—displacement curves
(and consequently the specific fracture energy, Gr)
could depend on the sample geometry, especially if the
sample size is too small in comparison to the damage
zone, which is being formed during the fracture pro-
cess. Under these circumstances, the fracture energy —
and consequently all the calculated material para-
meters given in Table 11 — could not be called “charac-
teristic material parameters”, which must, of
course, be independent of sample geometry and size.



Therefore, extensive scaling experiments have been
made with the punch-through shear specimen. The
test results show only a slight increase of the specific
fracture energy ( & 10%) with increasing shear height
(Fig. 6), but no systematic influence of the specimen
height on this fracture mechanical quantity (Fig. 7).
On the other hand, a “size-effect” was detected when
increasing the specimen thickness from 1mm to
2mm. In this case the specific fracture energy in-
creases by about 30% within a sample thickness range
from 1-1.5 mm, whereas no considerable increase in
this value could be found in the thickness range from
1.5-2 mm (Fig. 8). This may be explained as follows.
When fibre-reinforced plastics are manufactured, the
outer layers are less well embedded in the glass-fab-
ric/matrix-compound as compared to the layers,
which are situated inside the laminate. As a conse-
quence, the outer layers cannot carry the same load as
the inner ones. With increasing sample thickness (total
amount of layers of the laminate), the percentage of
the inner layers increases, which leads to higher values
of the specific fracture energy. From a certain sample
thickness on, the outer layers can be neglected, and
therefore, the specific fracture energy is nearly con-
stant.

As can be seen in Fig. 12, a larger process zone
(more “plastic” deformation) and significantly more
delamination occur following intralaminar shear frac-
ture at 77 K. Because the matrix is brittle at low
temperatures, the matrix crazes enable the fibres to
yield and bend, and hence, the fracture process zone is
larger at 77 K. Because more energy is needed for the
formation of a larger process zone, the specific fracture
energy (being a measure of the resistance against crack
propagation) is higher at 77 K (by about a factor of
two, Table I). In addition, the intralaminar shear fail-
ure leads to matrix crazing before the fibre/matrix
interface fails, and hence, many pieces of the matrix
material adhere to the fibre surface and especially to
the rovings both at room temperature and at 77 K
(Fig. 13).

Plots showing AE count rates versus displacement
(Fig. 5) display a maximum AE count rate and further
peaks, which correspond accurately to the first serra-
tions (crack initiation) and further serrations (crack
propagation) of the load—displacement curves both at
room temperature and 77 K. The brittleness of the
matrix at low temperatures leads to matrix crazing
and a small AE count rates also before the crack initi-
ation takes place, whereas the ductile matrix fails
shortly before the crack is initiated at room temper-
ature. Hence, AE count rates are also recorded shortly
before the crack is initiated. However, a more continu-
ous distribution of the AE activity can be observed at
77 K as compared to room temperature.

Finally, some advantages and some disadvantages
of the new shear fracture test method presented in this
study, should be discussed. Both the test method and
the loading device are certainly experimentally simple
and the test can be done in all top-loading cryostats
suitable for tensile test machines in combination with
a force-reversal arrangement down to 4.2 K. In addi-
tion it should be noted that the sample mounting is

very simple (especially important for low-temperature
experiments on low-temperature irradiated samples
without a warm-up cycle to room temperature prior
to testing) and the sample preparation is quick and
cheap. On the other hand, there are two disadvan-
tages. Firstly, a minimum sample thickness is neces-
sary to avoid buckling, and secondly, the evaluation
requires finite element calculations, in order to deter-
mine real material parameters (stress—strain curve)
from the load—displacement curve (Fig. 9).

6. Conclusions

The fracture mechanical characterization of fibre-rein-
forced plastics in the intralaminar shear mode
(mode II) is of considerable interest for various ap-
plications. In the past, several different sample geo-
metries have been proposed for mode II tests on
fibre-reinforced plastics, but no test method has
received general acceptance or is suitable for measure-
ments down to cryogenic temperatures and on irra-
diated samples. In this paper, a shear test technique
has been proposed for the characterization of fracture
mechanical material properties in the intralaminar
shear mode (mode I1I), which is based on the fracture
energy concept. With finite element calculations, com-
plete t/u curves can be determined. The main aspects
of the test method as well as the results of tests ob-
tained on a fibre-reinforced plastic (Isoval 10), may be
summarized as follows.

1. The test method is experimentally simple, the
loading device and the sample geometry are small and
well suited for measurements at low temperatures on
both unirradiated and irradiated samples.

2. The fracture energy concept does not require
a knowledge of the exact crack length. The recorded
load—displacement curves contain all the information
needed for a full material characterization.

3. On the basis of these curves, the strain-softening
behaviour of the material in shear (mode II) can be
determined by FEM. All material parameters neces-
sary for numerical calculations of the fracture behavi-
our in mode II can be taken directly from the
strain-softening diagram. Therefore, they represent
characteristic intrinsic material parameters.

4. With decreasing test temperature from room
temperature to 77 K, the specific fracture energy in-
creases by about a factor of two; both the maximum
applied load and the “shear stress” increase in nearly
the same way ( ~ 80%).

5. The measured load—displacement curves show
linear-elastic material behaviour at the beginning, and
serrations (more clearly at 77 K) in the second part of
the curves (strain-softening area).

6. The peaks in the acoustic emission count rates
are accurately correlated with the serrations of the
load—displacement curves (load drops).

7. Scaling experiments have shown only a slight
dependence of the specific fracture energy (less than
10%) on the specimen dimensions, if the sample thick-
ness is sufficiently large (1.5-2 mm).

8. Fractographic investigations show more “plas-
tic” deformation (larger fracture process zone), but no

1257



remarkable difference in the fibre/matrix adhesion,
following fracture at 77 K in comparison to room
temperature.
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