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Metallurgical Investigation of 

HSLA Steel Subjected to 
Underwater Explosion 

The metallurgical behaviour of HSLA steel subjected to underwater explosion is of 
prime importance because of its structural applications in underwater vehicles. HSLA 
steel plates 300 x 250 x 4 mm were subjected to single and repetitive shock loadings 
and the point of rupture was identified. Test plates exhibited mode-/ (large ductile 
deformation) and mode-II (tensile tearing) macroscopic failures. Electron micro
graphic andfractographic examination showed that the initiation offracture was due 
to adiabatic shearing and the microscopic mode of failure was ductile. Plates sub
jected to single shock showed an increase in residual hardness and at the point of 
rupture it was approximately one-third higher than the initial residual hardness. 
© 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

The ability of a material to withstand large plastic 
deformation before it fractures is a major crite
rion in underwater structural applications 
(Sumpter, 1987). The Explosion Bulge Test 
(EBT) has been used as the final qualification test 
to verify the dynamic plasticity of structural ma
terials (Porter, 1988). Explosive loading pro
motes brittle fracture by taking advantage of the 
high strain rate influence on the material's flow 
properties (Ahmad, Wong, and Porter, 1989). 
Performance of steel plates and weldments sub
jected to a high level of dynamic plastic deforma
tion from explosive shock has been studied ex
tensively by various authors. Early research on 
the explosive response of ship steel was carried 
out by Fox (1950) at the Admiralty Research Es
tablishment (ARE), United Kingdom, by subject
ing air-backed plates to underwater shock load
ing. Subsequent work on the response of 
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weldments of low alloy, high tensile, firebox 
steel, fully killed mild steel, and silicon killed 
firebox steel was done by Hartbower and Pellini 
(1951a,b) at the Naval Research Laboratory 
(NRL), USA. MIL-STD-2149A (SH) (1990) for
mulated by the U.S. Navy recommends airblast 
as the source of explosive energy to evaluate the 
resistance of the base material and the weld
ments to fracture under rapid loading conditions. 
It also recommends repetitive shock loading on 
the test plate with a reduction in thickness for 
each shot until final strain to fracture. Defence 
Research Establishment Atlantic (DREA), Can
ada, and ARE independently developed under
water EBT to minimise the charge and the envi
ronmental noise nuisance. DREA adopted the 
concept of single shot to qualification to avoid 
the influence of change in material properties 
during intermediate deformation steps (Ahmad et 
al., 1989), whereas ARE studied the propagation 
of dynamic cracks in fatigue precracked notched 
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submarine weld panels using the Flawed Bulge 
Explosion Test (FBET) (Sumpter, 1990. 

In this work, underwater EBT was carried out 
on high strength, low alloy (HSLA) steel plates 
of 4-mm thickness. The experimental work was 
planned in two stages to study the possible dy
namic deformation processes of the material. In 
the first stage, a single shot was exploded against 
separate plates with increasing charge weight un
til fracture. In the second stage, successive shots 
of increasing shock intensity were exploded on a 
single plate until fracture. 

Plates sUbjected to both single and repetitive 
shock exhibited mode-I (large ductile deforma
tion) macroscopic fracture and there was a shift 
to mode-II (tensile-tearing) macroscopic fracture 
as the peak pressure increased, as observed by 
Olson, Nurick, and Fagnon (1993). Plates sub
jected to repetitive shots failed at almost half the 
plastic strain of the plates failed in single shock. 
In addition, just before fracture, the depth of 
bulge at the apex of the plate in single shot was 
considerably larger when compared to that of re
petitive shock. This shows that there is loss of 
ductility after shock loading due to work hard
ening of the plate. Hence, the change in residual 
hardness of the plates subjected to single shock 
was measured to study the behaviour of shock 
hardening. Electron micrography and fractogra
phy were carried out to understand the mecha
nism of failure. 

EXPERIMENTAL 

The HSLA steel used in this investigation was 
cold-rolled, not heat treated (chemical composi
tion and mechanical properties are given in 
Table O. 

The schematic of the box model fixture used 
for the underwater EBT is shown in Fig. 1. The 
test plate (550 x 450 x 4 mm) was inserted be-
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FIGURE 1 Schematic of the EBT fixture. 

x 

tween top plate I and II with an exposed area of 
300 x 250 mm and clamped with case hardened 
bolts and nuts. A rubber gasket was provided 
between the top plate-l and the test plate to pre
vent water leaking into the assembly. The photo
graphic view of the assembly is shown in Fig. 2. 

PEK-l (1.19 TNT equivalent) explosive was 
used for all tests and the detonation was by an 
electronic detonator. The explosive was 
weighed, shaped to a cylinder, inserted into a 
plastic container, and positioned from the charge 
holder (angle projecting from the fixture) at the 

Table 1. Chemical and Mechanical Properties of HSLA Steel 

Chemical Composition (Wt. %) 

C Mn Ni Cr S Si Cu P 

0.12 0.6-0.8 0.8-1.1 0.6-0.9 0.035 max 0.5-0.8 0.4-0.65 0.35 max 

Mechanical Properties 

o-y(MPa) o-u(MPa) Elongation (%) 

400 560 32.58 
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FIGURE 2 Photographic view of the EBT fixture . 

required stand-off of 150 mm with the centre of 
gravity of the explosive coinciding with the cen
tre of gravity of the plate. The electronic detona
tor was then inserted into the explosive with the 
firing cable leading to the firing circuit located in 
a control room at a distance of 50 m from the 
underwater shock tank. The whole set-up was 
immersed into the shock tank (15 x 12 x 10m). 

EBT assembly was taken out of the shock 
tank after each explosion, brought to the prepa-

. ration bay , dismantled , and the test plate was 
removed. A special dial gauge (with an accuracy 
of 0.0 I mm) arrangement was made on the exist
ing shock test machine (MTS-886-360A). The 
depth of bulge and reduction in thickness of the 
plate were measured as shown in Fig . 3. 

Peak pressure of the shock wave incident on 
the test plate was calculated using the empirical 
formula given by Cole (1948) 

_ (WIl3) 1. 13 
Pmax - 55 R (I) 

where P max is peak pressure in MPa, W is (the 
TNT equivalent of) charge weight in kg , and R is 
stand-off in m. 

Samples were prepared from fractured sur
faces for scanning electron microscopic (SEM) 

fractographic examinations. Samples were also 
prepared from the fractured edges by polishing 
and etching with 2% nital solution for observing 
adiabatic shear. A JEOL model T330 scanning 
electron microscope (SEM) was used. Samples 
were made from the apex of the plates subjected 
to single shock and their hardness was measured 
using a Vickers Crayford Kent instrument. 
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FIGURE 3 Schematic of the dial gauge set up for 
thickness and bulge depth measurement of exploded 
plate . 
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Table 2. Rupture Results of HSLA Steel 

PEK-I 
Depth of Bulge (0101) Thinning (%) 

Shot Weight P max Single 
No. (g) (MPa) Shot 

1 5 64 12 
2 10 83 23 
3 15 96 26 
4 20 108 32 
5 30 125 46 
6 40 139 50 
7 50 151 52 
8 60 162 65 
9 70 172 72 

10 80 194 

"Plate ruptured. 

RES ULTS AND DISCUSS IO N 

Rupture 

The underwater EBT results on HSLA steel 
plates are summarised in Table 2. A series of 
photographs of the test plates subjected to single 
shock loading is shown in Fig . 4. On close exami
nation of the boundary lines, there is evidence of 
shear lift of the top surface that corresponds to 
mode-I macroscopic fracture as observed by 
Olson et a!. (1993). Initiation of mode-II macro
scopic fracture along a side is observed in Fig. 5 
and corresponds to rupture of the plate subjected 

Repetitive Single Repetiti ve 
Shot Shot Shot 

12 1.25 1. 25 
23 2.50 2.50 
29 3.75 4.00 
33 4.75 4. 75 
47 6.25 7.50 
58 7.25 10.00 

12.50 12.00" 
16.25 
21.25 
22.50a 

to single shock and a peak pressure of 193.5 
MPa. Tearing on a corner and two sides with 
rotation about other corners and tearing of all 
three sides were noticed (Fig . 6) and correspond 
to mode-II fracture in repetitive shock. 

For single and repetitive shock the reductions 
in thickness after rupture were 22.5 and 12%, 
respectively. Percentage reduction of thickness 
of the plates as a function of depth of bulge is 
shown in Fig. 7, and it can be observed that the 
depths of bulge before rupture were 72 mm in 
single shock and 58 mm in repetitive shock. The 
inferior plastic deformation performance of the 
plate subjected to repetitive shock is due to the 

FIGURE 4 Mode-I fracture in single explosive loading. 
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FIGURE 4 (Con tinued) 

fact that after each explosion the plate was work 
hardened (Murr , 1983) resulting in increased flow 
stress and decreased ductility. The immediate 
conclusion that can be derived is that the MIL
STD-2149 (SH) standard is conservative in its 
approach . Further, from Fig. 7 it can be observed 
that the depth of bulge and the reducton in thick
ness are almost linear in relation to repetitive 
shock and parabolic in relation to single shock. 
The empirical relations governing the deforma
tion characteristics are given by 

T = O.195D - 1.554 for repetitive shock (2) 

and 

T= O.0024D2 + O.17 lD - 3.86 for single shock 
(3) 

where T is the percentage thinning and D is the 
depth of bulge at the apex of the exploded plate 
mmm. 

The effect of peak pressure on the depth of the 
bulge for single and repetitive shock is shown in 
Fig. 8 for which the empirical relation is 

D = O.55Pmax - 22. 17. (4) 
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FIGURE 5 Tearing at one edge in mode-II fracture of plate subjected to single explosive 
loading. 

From Eq. (4) it can be inferred that there exists a 
threshold peak pressure (40.3 MPa) for which the 
depth of bulge is zero. In other words , the perma
nent deflection of the plate takes place only 
above this peak pressure . Substituting th is in Eq. 
(1 ), the following parameter is obtained: 

(WIl3) R = 0.7594. (5) 

This nondimensional number, which may be 
called a dynamic yield number (DYN) , is mate
rial , thickness , and fixture specific and can be 
used for evaluating the onset of dynamic yield for 
the given explosive and stand-off. For example, 
taking the stand-off of the explosion experiments 
as reference value (150 mm), the weight of the 
TNT charge explosive that can set dynamic yield 
is 1.48 g. Alternately , if the value of (W I/3IR) is 

\ 
\ 

FIGURE 6 Mode-II fracture of plates subjected to repet itive shock. 
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FIGURE 7 Dependence of percentage thinning on 
depth of bulge for single and repetitive shock. 

less than DYN, the explosive response of the 
material is within its yield limit. If (w 113/R) is 
more than DYN, the permanent deformation is 
set in the material. 

Adiabatic Shear 

The deformation of the test plate during explo
sive loading is a rapid process that introduces a 
high rate of strain. The work of plastic deforma
tion during explosive loading is converted almost 
entirely into heat that is not dissipated to the 
surroundings due to short duration and raises the 
temperature in the strain concentrated zones of 
microstructure. The plate under dynamic loading 
experiences thermoplastic instability because the 
flow stress increment due to work hardening is 
compensated by the flow stress decrement due to 
thermal softening as observed by Sundararajan 
(1984). Aided by this flow instability, localisation 
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FIGURE 8 Dependence of depth of bulge on peak 
pressure for single and repetitive shock. 
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of strain takes place within a band of microstruc
tural inhomogeneity that leads to permanent 
fracture. Formation and propagation of a crack 
and multiple crack propagation at the edge of the 
exposed area of the plate due to adiabatic shear 
are shown in Fig. 9 (a, b). It was observed that 
microstructural features are different at the shear 
cracks. This is because the molten metal rapidly 
solidified at phases that are different from the 
parent material. Physical observation of the frac
tured edges showed a brownish yellow colour 
suggesting heavy oxidation during melting. 

Fractography 

The fractography of the plates failed in repetitive 
shock is shown in Fig. 10. It is observed in Fig. 
10(a) that void and inclusion of a hexagonal parti
cle served as microcrack nucleation sites. The 
growth of microvoids and their coalescence is 
observed as dimple features in Fig. 10(b). These 
characteristic features show that the test plate 
failed in the ductile mode, absorbing an enor
mous amOl,lnt of energy before fracture (Dieter, 
1988). Ductile failure is obviously desirable from 
the ship designer's point of view because the re
sistance of the plate material to underwater ex
plosive damage depends on its ability to absorb 
energy and undergo large plastic deformation be
fore the onset of fracture (Sumpter, 1987). The 
transition from the ductile to brittle mode offrac
ture during explosive loading is influenced tre
mendously by lowering the test temperature as 
observed by Sumpter (1991). However, studying 
the effect of temperature on the material under 
investigation is beyond the intended scope of this 
work. 

Shock' Hardening 

Shock loading, different from conventional load
ing (Murr, 1983), results in significant hardening 
and strengthening that arises from shock wave 
propagation while the residual strains are small. 
There is a particular residual hardness associated 
with the plate after passage of a particular inten
sity of shock wave. The dependence of residual 
hardness on peak pressure is shown in Table 3 
and Fig. 11. It was observed that there was an 
increase in hardness from 1700 to 2280 MPa for 
plates subjected to single shock, which is nearly 
35%. The reduced ductility of the plate subjected 
to repetitive shock loading was attributed to 
shock hardening associated with plastic deforma-
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Table 3. 

Sl. No. 

I 
2 
3 
4 
5 
6 
7 
8 
9 

FIGURE 9 Scanning electron micrograph of ad iabatic shear: (a) initi ation and propaga
tion of a crack and (b) multiple crack propagation. 

Shock Hardening Effects on HSLA Steel 

Pmax Vickers Hardness 
(MPa) (MPa) 

0 1700 
83 1720 
96 1770 

108 2090 
125 2130 
139 2180 
15 1 2250 
162 2260 
172 2280 

tion after each shot. The change in dislocation 
density , the formation of twins, and their correla
tion to shock is beyond the scope of this work. 

CONCLUSIONS 

Mode-l and mode-II macroscopic fractures were 
observed distinctly in plates subjected to single 
and repetitive shock. 

The dynamic plasticity of the plate subjected 
to repetitive shock was adverse ly affected due to 
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FIGURE 10 Fractography of plate failed in repe titi ve shock: (a) hexagonal particle inclu
sion and init iation of microc rack from void and (b) dimple features. 

shock hardening. MIL-STD-2149A (SH) specifi
cation that recommends successive shock load
ing with thinning of the plate after every shot , 
thus seems to be a conservative material qualifi
cation procedure. 

There exists a nondimensional parameter 
(DYN) that is material , fixtu re , and thickness 
specific. In underwater shock loading th is DYN 
can be used to evaluate the dynamic yie ld onset 
for the given explosive weight and stand-off . 

Rapid loading in underwate r explosion re
sulted in adiabatic shearing of the plate due to 

locali sed melting and sol idification of the micro
structure at inhomogeneities. Single and multiple 
shear crack initiation and propagation were ob
served due to adiabatic shearing . The micro
structure of the shear cracks was distinctly dif
fere nt from the parent material. 

Fractographic examination of the failed plates 
showed that the microscopic fracture was in the 
ducti le mode with dimple features and micro
cracks ini tiating from voids and inclusions. 

There was significant influence of the propaga
tion of shock wave on the residual hardness of 
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the HSLA steel. Although the microstructural 
changes associated with shock hardening were 
not studied, it could be concluded that there was 
a 35% increase in hardness in the ruptured plate. 

The authors are grateful to Rear Admiral R. S. 
Chaudhry, A VSM, VSM, Director, Naval Science and 
Technological Laboratory, for his constant encourage
ment and permission to publish this article. 
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