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Transverse cracks in glass/epoxy cross-ply 
laminates impacted by projectiles 

Impacted composite laminates may fail with 
several different failure mechanisms either occur- 
ring separately or in some combination. In 
[(O~176176 ] glass/epoxy cross-ply lami- 
nates impacted by cylindrical projectiles with 
different impactor nose shapes and lengths, a 
sequential delamination mechanism is dominant, 
initiated by a generator strip, of width approxi- 
mately equal to the impactor diameter, cut from 
the first lamina by two through-the-thickness 
cracks parallel to the fibres of the first lamina [1]. 
Blunt-nosed projectiles produced clearer generator 
strips than hemispherical-nosed projectiles [2]. 

In addition, an observable, almost even distribu- 
tion of fine transverse cracks in the 0 o direction 
was noted on the front and back of the impacted 
plates in the 0 o fibre direction, as shown in Fig. 1 
for blunt-nosed projectiles. Some transverse cracks 
extend the full length of the specimen in the fibre 
direction, while others are combinations of several 
cracks. Similar transverse cracks in the middle, 
90 o orientated lamina can also be found along the 
fibre direction when the plates are illuminated by 
a strong back-light. 

Similar types of transverse cracks with evenly 
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distributed crack spacings in cross-ply laminates 
have been observed in different static loading 
conditions [3-12].  

Recently, several authors have investigated in 
detail these characteristic transverse cracks in 
uniaxial tensile tests of cross-ply laminates and 
defined the factors controlling this evenly dis- 
tributed crack spacing [ 13, 14]. Garrett and Bailey 
[13] have found the spacing of transverse cracks to 
be dependent both on the thickness of the trans- 
verse ply and on the applied stress. Generally; the 
higher the applied stress and the smaller the trans- 
verse ply thickness are, the smaller is the average 
crack spacing. The above discussion on transverse 
cracking relates mainly to static tensile tests but 
can be applied directly to transverse cracking 
in the impacted laminates in a qualitative manner 
as follows. 

In order to do this, the crack spacing on the 
front and back faces of each lamina of each speci- 
men was measured and the arithmetic mean was 
then calculated. The mean transverse crack dis- 
tance (MTCD) was found as a function ofimpactor 
velocity and is shown in Fig. 2 for five impactor 
types. The two marks for each specimen corre- 
spond to the MTCD measured on the front and 
back laminas, respectively. For blunt-nosed impac- 
tars (Fig. 2a), the upper points correspond to the 
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Figure 1 Failure appearance of [(0~176176 ] glass/epoxy laminates impacted by a blunt-nosed projectile. (a) 
Front view; (b) back view. 

MTCD measurements on the back lamina and the 
lower points correspond to the MTCD measure- 
ments on the front lamina; that is, for blunt-nosed 
impactors and for a given impactor velocity, the 
MTCD was found to be smaller at the front lamina 
of a plate than at the back. For hemispherical- 
nosed and truncated hemispherical-nosed impac- 
tors (Fig. 2b and c, respectively), the reverse was 
found. That the impact energy is more widely 
dissipated at the front lamina with blunt-nosed 
impactors than with hemispherical-nosed impac- 
tors is an interesting indication of nose-shape 
effects. 

The threshold impactor velocity, va-, for the 
development of the transverse cracks appears to be 
independent of impactor type and to be about 
23msec -1. Above this threshold velocity, the 
MTCD decreases sharply as the impactor velocity 
increases. The curves are eventually flattened out 
at higher velocities and the MTCD appears to reach 
its minimum value, found to be approximately 
3 mm for the [(0~176176 specimens. This 
is similar to the MTCD against applied stress curve 
in static tensile tests of cross-ply laminates reported 
by Garrett and Bailey [13]. Although different 
nose shapes can result in a difference in the MTCD 
on the front and back surfaces, change in nose 
shape does not lead to any differences in the other 
observed characteristics of the curve. 

Long (5.08cm) impactors produce larger 

MTCD values than do short impactors (2.54cm) 
at the lower velocities but the impactor length 
(mass) has little effect on MTCD values at higher 
velocities. 

The front and back surfaces of impacted plates 
of [(0o/900)7/00 ] and [(0~176176176 / 
(0~ laminate configurations show the same 
uniform transverse crack development as for the 
[(O~176176 ones. Some MTCD data for 
each impacted plate type have also been shown in 
Fig. 2a. The MTCD values increase in the order of 
the listing of the three laminate configurations, i.e. 
with smallest MTCD values obtained for the 
[(0~176176 ] laminate, while the threshold 
velocity for transverse crack development decreases 
in the order of listing. 

In the impact experiments, the laminate speci- 
men may experience deflections comparable to or 
larger than the plate thickness so that membrane 
effects may have to be considered. The well- 
known von Kfirmfin theory for the large deflec- 
tions of plates (see, for example [15]) makes use 
of Green's finite strain as follows. In the Lagrangian 
description, two components of the Green's 
strain tensor, Exx and Eyy, referring to the initial 
configuration, are 

Ou ~2w+ l (Owl~" 
Exx - Ox Z~x2 2\Ox] '  (1) 
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Figure 2 Mean transverse crack distance plotted against 
impactor velocity for [(0~176176 laminates 
impacted by various types of impactors. Some data for 
other laminates are included for comparison. (a) Blunt- 
nosed impactor. Paired points: upper for back face, lower 
for front face. (b) Hemispherical-nosed impactors. Paired 
points: lower for back face, upper for front face. (c) 
Truncated hemispherical-nosed impactors (2.54 cm). 
Paired points: lower for back face, upper for front face. 

and 
av O2w 1 [Ow~ 2 

u .  - 0y (2) 

where u and v are in-plane displacements in the x 
and y directions while w is the plate deflection. 
The first term in both Equations 1 and 2 can be 
small compared with the other terms. The second 
term is the contribution of  bending which also 
exists in the small-deflection theory. The third 
term is particular to the large-deflection theory 
and may be comparable in magnitude to the 
second term. This term contributes a membrane 
tensile component  to the strain and causes trans- 
verse cracking in transverse laminas. A theoretical 
explanation developed by Garrett  and Bailey [13] 
from static tensile test data, i.e. a modified shear 
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lag analysis, can be applied to explain this trans- 
verse cracking in cross-ply laminates, with some 
changes to account for wave propagation effects; 
however, the development of this approach 
requires further work. 
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Electrical conduction in Naa H (S04J 2 and 
(NH 4) 3 H(S04)2 crystals 

Electrical transport in hydrogen-bonded lattices 
like potassium dihydrogen phosphate (KDP), 
potassium hydrogen sulphate etc. has been sys- 
tematically and widely studied and it has been est- 
ablished beyond doubt that the charge carriers are 
protons [1-6] .  Trisodium hydrogen sulphate is a 
hydrogen-bonded system. Infrared absorption 
studies [7] as well as X-ray crystal structure deter- 
mination [8] have shown the presence of a HSOT~ 
group in trisodium hydrogen sulphate. Electrical 
conductivity and dielectric loss measurements have 
been undertaken on NaaH(S04)2 crystals to 
investigate the mechanism of electrical transport 
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in the lattice. The studies have been extended to 
the isostructural (NH4)  3 H(SO4)  2 crystals. 

Single crystals were grown by slow evaporation 
of saturated aqueous solutions of Na3H(SO4)2 and 
(NH4)3H(SO4)2. Na3H(SO4)2 crystals doped with 
iron were grown by adding a few drops of ferric 
sulphate solution to the original solution. The 
composition of NaaH(SO4)2 was checked by com- 
paring the Debye-Scherrer powder diffraction 
data with ASTM data cards [9, 10]. Electrical con- 
ductivity measurements were carried out under 
10-2Tort vacuum using a GR 1230 d.c. electro- 
meter/Keithley 610C solid state electrometer. The 
dielectric loss measurements were carried out on a 
GR 1620 AP capacitance measuring bridge assem- 
bly in the temperature range 60 to 130~ and in 
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