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ABSTRACT

The ballistic response of the high strength, low alloy (HSLA-100) steel at ambient and temperatures of
-40, -80 and -196°C is investigated in this work. Lambert-jonas equation is used to fit the
experimental results into a curve. The effect of quenching on ballistic behavior of HSLA-100 is also
studied. The experiments are conducted on 3mm thick rectangular specimens impacted by blunt tip
projectiles. The results indicate that for the as-received material, the ballistic limit is nearly the same
for ambient and -40°C temperatures, but increases significantly by 30% and 40% for -80 and -
196°C temperatures, respectively. The same trend is observed for the quenched specimens. However,
the increase of ballistic limit is lower for the quenched specimens and is 16% and 30% for -80 and -
196°C temperatures, respectively. The ballistic test was also simulated using Ls-dyna hydrocode to
examine the effect of parameters such as the specimen’s thickness, the projectile’s tip shape and mass

Residual Velocity

on the ballistic limit of the materials.

doi: 10.5829/idosi.ije.2016.29.12c.14

1. INTRODUCTION

High strength low alloy (HSLA) steels constitute an
important class of steels estimated to be around 12% of
total world steel production. Due to its high strength,
toughness and weldebility, HSLA steels are widely used
in structural applications such as naval vessels,
buildings, canes, power transportation, gas and petrol
pipes, agricultural machineries, ships and submarines
[1-4]. The objective of the HSLA-100 steel production
was a banitic matrix which enjoys a good combination
of the strength and toughness properties [5]. Over the
past recent years, a number of studies have been
accomplished on HSLA steels but these studies are
mostly related to quasi-static and fatigue loadings and
the strength of welded connections made of this type of
alloys [6, 7]. There are foot prints in the literature of
studies on the dynamic behavior of HSLA steels [8, 9].
The effect of heat treatment on microstructure and the
properties of high strength low carbon steels have also
been investigated [10-13]. In general, the properties of
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HSLA alloys have been the subject of many
investigations over the past several decades. These
investigations have mainly focused on microstructural
examinations,  mechanical  characterization  and
metallurgical aspects of HSLA under various loading
and environmental conditions. However, less attention
has been paid to the ballistic behavior of the material
particularly under frigorific conditions. Martineau et al.
[14] investigated the penetration of Tungsten projectiles
into the plate targets made of HSLA-100 alloys within
the range of velocities 800 to 2500 m/sec. In the present
study, the ballistic behavior of HSLA-100 steels was
investigated at ambient and subzero temperatures of
-40, -80 and -196 ‘C. The ballistic limit of the alloy
could be estimated using the semi empirical or
analytical models such as Lambert-Jonas [15] and
Recht-Ipson [16] models. Both models are based on the
conservation of momentum principal defined by:

%mivizzémrvr2+ZE Q)
where, v; and v, are the impact and residual velocities,
respectively. Recht-Ipson model is usually used for the
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cases when a rigid projectile hits a thin target in a
normal direction. Lambert-Jonas model can be used for
oblique impact on thick targets and considers the errors
due to test conditions. In Recht-Ipson model we have:

\% i2 =V r2 +V 520 2)

where, Vs is the ballistic limit. If both sides of Equation
(1) are multiplied by the constant, A, and the power 2 is
replaced by p, the above equation changes to:

vP=Av® -B ®)

where, A and B are constant. Equation (3) is known as
Lambert-Jonas relations and is used to estimate the
ballistic limit in the work. In order to obtain A and B,
the experimental impact-residual velocities curve is
produced using a curve fitting technique for various
values of the power, p. The horizontal and the vertical
axes of the graph are assigned to the impact and residual
velocities, respectively. The value of the impact velocity
at the point where the fitted curve intersects with the
horizontal axis defines the ballistic limit which is shown
by vso. Equation (3) is frequently used for determining
the ballistic limits of materials [17, 18]. The ballistic
limit may be affected by the geometry of projectile and
the target [19, 20] and also by heat treatment of the
material [21]. The effects of the projectile tip shape and
mass and target thickness on the ballistic limit of the
material are also investigated in this work. Furthermore,
the effect of quenching on the ballistic limit of the
material is studied.

2. MATERIAL AND SPECIMEN

The high strength low carbon alloy, known as HSLA-
100 has been used in this investigation. The chemical
composition of the material as obtained from
spectrometry analysis is shown in Table 1. The wt% of
the elements of the material shown in Table 1 conforms
to the standard composition of HSLA-100 [22, 23]. In
the current study, HSLA-100 steel was used in the form
of as-received and quenched samples. A number of
specimens were heated up to 950°Cc for 40 minutes, were
quenched in water and then were cooled in air [13]. The
stress-strain curves of the as-received and the quenched
specimens were obtained by tensile test. The tensile
specimens were made according to the standard ASTM-
E8. The corrected true stress-strain curves of the
materials are illustrated in Figure 1. The correction of
the curves was performed using Bridgman correction
method [24]. As the figure indicates, the quenching of
the material has caused the yield stress to increase from
870 MPa to about 1100 MPa, the ultimate strength to
increase from 1470 MPa to about 1700 MPa and the
elongation to reduce from 1.2 to 0.74.

The rectangular specimens with 3 mm thickness and
90 mm width were prepared for ballistic tests. The tests
were conducted using blunt-ends cylindrical projectiles
made of high strength VCN150 steel. The projectiles
were heat treated to improve their hardness. A typical
projectile is depicted in Figure 2. As the figure shows,
the specimens are mounted in a sabot made of
polyethylene polymer to decrease the friction and wear
between the launch tube and the projectile.

3. TEST APPARATUS

Quiasi-static tests were conducted on an Instron testing
machine. Ballistic tests were carried out using a gas
gun. The gas gun was able to launch the projectiles of
10 g at the velocities up to several hundred m/s. The gas
gun was equipped with a fixture for holding the
specimens (see Figure 3) and the speed sensors to
measure the impact and residual velocities (see Figure
4).

TABLE 1. Chemical composition of HSLA-100 used in this
work

Cr S P Mn Si C Ti
0.56 0.006 0.007 0.83 0.26 0.06 0.003
w \Y Cu Mo Ni Sh As
0.02 0.003 1.6 0.60 3.85 Trace 0.004
Pb Sn Al Co Nb Zr Fe

0.003 0.005 0.021 0.01 0.03 0.003 Base

as-received specimen

2000 = = = quenched specimen

= 1500 | -~
o /
2 )
— 1000
g
@ 500

0

Figure 1. The corrected true stress-strain curves of the as-
received and the quenched materials

Figure 2. The assembly of the projectile and the sabot
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Figure 4. The speed sensors and the fixture

The design of fixture allowed to create built in and
simple supports for the specimens. Also, having a
hinged door made the quick set up of the specimen
possible for ballistic test. It must be mentioned that the
specimens were cooled down in a cooling media
separately and then were transferred to the fixture for
testing.

4. TEST PROCEDURE

The experiments consisted of (i) quasi-static tensile tests
to characterize the mechanical properties of the as-
received and the quenched specimens, (ii) cooling down
the specimens and (iii) ballistic tests. The results of the
quasi-static tests were presented in section 2. The
ballistic tests were performed at 4 four temperatures of
ambient temperature, -40, -80 and -196°c. For the sub-
zero temperature tests three different cooling chambers
were designed. In all three cooling techniques attempts
were made to produce a cooling chamber with a stable
temperature and to expose the specimens to the cooling
temperature for adequate time to make sure that the
specimens has homogenously been cooled down.

(i) For -40 °c tests, a mixture of methanol and dry
ice was employed. The high thermal capacity of
methanol allowed the dry ice to keep the cooling
chamber in a stable condition. The temperature rise can
be compensated by adding enough ice to the mixture
during the process of cooling.

(ii) For -80°c tests, we used dry ice which keeps the
temperature constant during process of cooling. The
only problem with dry ice was its reduction due to
vaporization. Similar to the previous case, the reduction
of the ice was compensated by adding enough ice to the
cooling chamber during the process of cooling.

(iii) For -196°c, we used liquid nitrogen.

In all three cooling techniques, the specimens were
put in the cooling chamber for 40 minutes which was
found to be enough ‘o reach a constant temperature
throughout the samples.

5. BALLISTIC TEST RESULTS

The ballistic tests were performed on the as-received
and the quenched materials. For each temperature, six
tests at six different velocities were carried out and the
impact and the residual velocities were measured. The
experimental variation of the residual velocity versus
the impact velocity was fitted into a curve using the
Lambert-Jonas model for the powers 1.5, 1.75, 2 and
2.25. Finally, the ballistic limit of the material was
obtained using Equation (3).

5. 1. Ballistic Limit of the As-received Specimens
The impact and residual velocities of the as-received
material at ambient temperature are given in Table 2.
Lambert-Jonas curve for the as-received material at
ambient temperature, -40, -80 and -196°C are illustrated
in Figures 5 to 8, respectively.

TABLE 2. The impact and residual velocity for the as-
received material at ambient temperature

Vi (mfs) V. (m/s)
147.6 0
293.8 185.2
3158 180.0
337.7 209.1
376.6 251.0
404.4 270.0

[ ] Experimental data == = = P=15

P=1.75 —_— . P2
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P=2.25, R?=0.9058

N
o
o
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o
3

0 200 400 600
Initial velocity (m/s)

Figure 5. Lambert-Jonas curve for as-received material at
ambient temperature
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From these figures, the ballistic limit was obtained. The
results are provided in Table 3. Variation of ballistic
limit versus temperature for various LJ power is shown
in Figure 9. As Table 3 and Figure 9 suggest, the
ballistic limit does not vary significantly from ambient
temperature to -40°c. However, for the lower
temperatures ballistic limit reduces considerably. The
increase in ballistic limit for different temperatures with
respect to ambient temperature is illustrated in Figure
10. As it is observed, the ballistic limit increases by
about 30% and 40% for the temperatures of -40 and -
80°c, respectively.

[ ] Experimental data = = = P=15

— . =P=1.75 —_—P=2
----- P=2.25
500
I P=1.5, R2=0.9507
£ 400 P=1.75, R?=0.9517
2 P=2, R2=0.9459
§ 300 P=2.25,R2=0.9194
S
§ 200
E
& 100
24 ’
4
0 1
0 200 400 600

Initial velocity (m/s)

Figure 6. Lambert-Jonas curve for as-received material at the
temperature of -40°C
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Figure 7. Lambert-Jonas curve for as-received material at the
temperature of -80°C
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Figure 8. Lambert-Jonas curve for as-received material at the
temperature of -196°'C

TABLE 3. Ballistic limits for the as-received material

P Vs (M/s)
Room temperature
15 142.5
1.75 160.7
2 166.0
2.25 103.5
T=-40C
15 139.0
1.75 157.4
2 152.7
2.25 109.6
T=-80C
15 193.1
1.75 207.6
2 163.0
2.25 119.0
T=-196'C
15 199.8
1.75 223.3
2 176.8
2.25 154.0
250 2076 2233
22| 107 1574
’é‘ 150
S 100
2
E, 50
0
Room 40- 80- 196-
temp. Temperature (°C)

Figure 9. Variation of ballistic limit versus temperature for
the as received material
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Figure 10. The increase in ballistic limit for different
temperatures with respect to ambient temperature
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5. 2. Ballistic Limit of the Quenched Specimens
Lambert-Jonas curve for quenched material at ambient
temperature is illustrated in Figure 11. Similar curves
can be shown for -40, -80 and -196°Cc. From these
figures, the ballistic limit was obtained. The results are
provided in Table 4. As Table 4 suggests, the ballistic
limit did not wvary significantly from ambient
temperature to -40°c. However, for the lower
temperatures ballistic limit reduced considerably. The
increase in ballistic limit for different temperatures with
respect to ambient temperature is depicted in Figure 12.

P=1.5
- - - P=?

®  Experimental data
— . =P=175

400

1.5, R?=0.9836
1.75, R?=0.9850
2, R2=0.91502
2.25,R?=0.8914

T UUUT
oI

200

Residal velocity (m/s)

l" 1
100 200 300 400 500
Initial velocity (m/s)

Figure 11. Lambert-Jonas curve for the quenched material at
room temperature

o
o

TABLE 4. Ballistic limits for the quenched material

P Vs (M/s)

Room temperature

15 186.2
1.75 203.5

2 169.8
2.25 123.5

Temperature=-40°C

15 181.1
1.75 196.9

2 161.0
2.25 118.2

Temperature=-80°C

15 228.2
1.75 238.1

2 165.4
2.25 120.2

Temperature=-196°C

15 260.6
1.75 266.8
2 215.6

As it is observed, the ballistic limit increased by
about 15% and 30% for the temperatures of -40 and -
80°c, respectively.

The results indicated that the increase in ballistic
limit for the quenched specimens was less than that for
the as-received materials. The increase in ballistic limit
for the quenched material with respect to the as-received
specimens is shown in Figures 13 and 14.

6. NUMERICAL SIMULATIONS

It is obvious that ballistic limit of a material depends on
the material’s properties and geometry particularly the
thickness and the projectile geometry specifically its tip
shape.

The results provided in section 5 were obtained for 3
mm thick plates impacted by blunt projectile with a 6
mm diameter. In this section, the effect of the specimen
thickness and the projectile mass and tip shape on the
ballistic limit is studied by numerical simulation. The
simulations are also validated by experiment. The
validated model is then employed to predict the ballistic
limit for different test conditions. The simulations are
performed using the well-known hydrocode, Ls-dyna.

300

o 938.1 266.8
@ 205.5 196.9
E 200
E 150
S 100
2
T 50
m

0

Room temp. 40- 196-

Temperature (°C)
Figure 12. Variation of ballistic limit versus temperature for
the quenched material

BT=40°C DOT=-80°C 0OT=-196°C

0 _—
10 -4.18

Change in ballistic limit
(%)

Figure 13. The increase in ballistic limit for different
temperatures with respect to ambient temperature for the
quenched material



G. Majzoobi and S. Moradi / IJE TRANSACTIONS C: Aspetcs Vol. 29, No. 12, (December 2016) 1747-1756 1752

30

S 2 25.19

=25

S 19.48

£ 2

8 14.69

2 15

=

< 10

£

S 5

g

S 0
Room 40- 80- 196-
Temp.

Temperature (°C)

Figureld4. The increase in ballistic limit for the quenched
material with respect to the as-received specimens.

6. 1. Numerical Modeling  The numerical model as
shown in Figure 15, consisted of the specimen and the
projectile. A three-dimensional analysis was employed
for the solution of the problem. The simulations
converged for 79200 and 972 solid elements for the
specimen and the projectile, respectively.

The projectile was assumed rigid and the behavior of
the specimen was defined by Johnson-Cook material
model. The contact surface was modeled by
3D_ERODING_SURFACE_TO_SURFACE elements.
The constants of Johnson-Cook model were determined
from quasi-static tensile tests using an Instron testing
machine and dynamic tensile tests using a Split
Hopkinson Bar apparatus. The results are given in Table
6.

Mat_Add_Errosion was used for damage evaluation.
According to this criterion, a damaged element is
removed from the model when stress or strain exceeds a
pre-defined level. Gruneizen equation of state is used in
the simulations. The constants of the equation are given
in Table 7.

6. 2. Validation of Numerical Simulations The
numerical simulations were performed for the as-
received material at six velocities used in the
experiments. The results are compared in Table 8. It is
seen that for the velocity of 147.6 m/s the projectile did
not penetrate the target. This was confirmed by both the
experiment and the simulation.

LSDYNAUSER INPUT
Tima = 000016659

Figure 15. Finite element model of the ballistic test assembly

TABLE 6. The constants of Johnson-Cook model used in the
simulations

A B n c

820 620 0.48 0.15

TABLE 7. The constants of Gruneizen equation of state

c Initial Initial
S S: Sy A internal relative
(mfs)
energy volume
5400 1586 O 0 217 O 0 1

TABLE 8. A comparison between the experimental and
numerical residual velocities

Vi V: (FEM) V. (Exp.) Error (%)
147.6 0 0 0
293.8 176.4 185.2 -4.7%
315.8 204.6 180 13.6%
337.7 226.7 209.1 8.4%
376.6 262.4 251.2 4.4%
404.4 308.8 270.6 14.1%

As Table 8 suggests, the difference between the
experiments and the simulations is not as significant.
The error varies between 4.4% and 14.1%. Variation of
the specimen’s mass versus time predicted by
simulation is depicted in Figure 16. From the figure, the
reduction in the specimen’s mass can be calculated as
6.7 g. The mass of the fragment of the specimen which
was cut out by the projectile after perforating the
specimen (shown in Figure 16), obtained from the
experiment, was 0.65g. This gives an error of about 3%
which is quite acceptable.

6. 3. Numerical Results Similar to the
experiments, the residual velocities were obtained from
the numerical simulations for the six impact velocities
used in the ballistic tests and the Lambert-Jonas curves
were obtained for the LJ powers mentioned above. The
LJ curves are illustrated in Figure 17.

The ballistic limit was obtained from the figure. The
experimental and numerical ballistic limits are
compared with each other in Table 9. As the Table
suggests, the minimum difference is obtained for the
power of 2.

6. 3. 1 The Effect of Projectile Tip Shape Three
different tip shapes including blunt, conical and
hemispherical (oval) were studied in this work. The
residual velocities obtained for blunt and oval nose
shapes are compared in Table 10. As the Table
indicates, the maximum difference is about 16% which
is not as significant.
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Figure 16. Variation of specimen mass versus time (mass is in
ton and time in seconds)
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Figure 17. Lambert-Jonas curve for as-received material at

ambient temperature

TABLE 9. A comparison between the experimental and
numerical ballistic limits

It can be drawn out that the oval nose increases the
residual velocity but not very considerably. The residual
velocities obtained for blunt and conical nose shapes are
compared in Table 11.

As the Table indicates, the maximum difference is
about 20% which is not as significant. It is concluded
that the conical nose increases the residual velocity but
not very considerably. The ballistic limits for blunt,
hemispherical and conical nose shapes are compared in
Tables 12 and 13. As the Tables suggest, the ballistic
limit decrease for both the conical and hemispherical
nose shapes but the decreases is not remarkable.

6. 3. 2. The Effect of Target Thickness In order
to study the effect of specimen thickness on ballistic
limit, two specimens with 2 mm and 3 mm thickness
were modeled for the ballistic test simulation. The
ballistic limits for the two specimens are given in Table
14. As the Table indicates, the increase in thickness
significantly decreases the residual velocity. However,
the increase depends on the impact velocity such that it
reduces with the increase of the impact velocity. The
ballistic limits for the two thicknesses are compared in
Table 15. As it is seen, the increase in ballistic limit is
nearly the same for all LJ powers.

TABLE 11. A comparison between the residual velocities
obtained for blunt and conical nose shape

Vi V, (Blunt) V,(Conical) Difference
147.6 0 0 0
293.8 176.4 198.7 12.6%
315.8 204.6 2455 20.0%
337.7 226.7 272.7 20.3%
376.6 262.4 317.4 19.0%
404.4 308.8 3423 10.8%

P Vso(FEM) Vso(EXPp.) Error
15 187.2 1425 31.4%
1.75 203.5 160.7 26.7%
2 160.9 166.6 -3.4%
2.25 117.2 103.5 13.2%

TABLE 12. A comparison between the ballistic limits for
blunt and conical nose shape

TABLE 10. A comparison between the residual velocities
obtained for blunt and oval nose shape

P Vso(Conical) Vso(Blunt) Difference
15 175.7 187.2 -6.1%
1.75 193.2 2035 -5.1%

2 144.8 160.9 -10.0%
2.25 103.8 117.2 -11.4%

Vi V, (Blunt) V, (Hemispherical) Difference
147.6 0 0 0
293.8 176.4 185.2 5.0%
3158 204.6 2359 15.3%
337.7 226.7 264.1 16.5%
376.6 262.4 306.0 16.6%

404.4 308.8 339.1 9.8%

TABLE 13. A comparison between the ballistic limits for
blunt and hemispherical nose shape

P Vso(Hemispherical) Vso(Blunt) Difference
15 177.6 187.2 -5.1%
1.75 195.4 203.5 -3.9%

2 142.1 160.9 -11.7%
2.25 101.6 117.2 -13.3%
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TABLE 14. A comparison between the residual velocities for
the two thicknesses

TABLE 16. A comparison between the residual velocities for
the projectile masses

Vi V, (2mm) V: (3mm) Difference
147.6 0 0 0
293.8 248.5 176.4 40.8%
3158 2845 204.6 39.0%
3377 300.3 226.7 32.5%
376.6 349.0 262.4 33.0%
404.4 388.9 308.8 25.9%

TABLE 15. A comparison between the ballistic limits for the
two thicknesses

P Vso(2mm) Vso(3mm) Difference
15 139.2 187.2 -25.6%
1.75 158.1 203.5 -22.3%

2 127.2 160.9 -20.9%
2.25 89.9 117.2 -23.3%

6. 3. 3. The Effect of Projectile Mass The initial

mass of the projectile was 3.95 g. In order to examine
the effect of mass on ballistic limit, a projectile with
7.89g was also used in the simulation. The residual
velocities for the two projectile masses are given in
Table 16. As the Table indicates, for the impact velocity
of 147.6 m/s, no penetration occurred for 3.95 g mass
projectile while the 7.89 g projectile completely
perforated the target. The ballistic limits for the two
projectile masses are compared in Table 17. As the
Table suggests, the increase of projectile mass
diminishes the ballistic limit. The reduction, however,
depends strongly on LJ power and varies from 13% to
about 29%.

6. DISCUSSION

The change of ballistic limit with temperature may be
due to two possibilities; the change of microstructure or
mechanical properties of the material. It has frequently
been reported in the literature that no microstructural
change occurs in the material at sub-zero temperatures.
Therefore, the first possibility is completely ruled out.
In order to examine the effect of temperature on
mechanical properties of the materials, a number of
specimens were tested at the strain rate of 1000s™ using
a tensile Hopkinson bar and at room temperature, -40, -
80 and -196°c. From each test, the tensile stress-strain
curve was recorded and the yield and ultimate strength
were measured. The results are given in Table 18. As
the results indicate, the decrease of temperature gives
rise to the increase of yield and strength of the
materials. Typical SEM pictures are illustrated in Figure
18.

V, (projectile V, (projectile

Vi mass=3.95gr) mass=7.89gr) Difference
147.6 0 37.8 -
293.8 176.4 2324 31.7%
315.8 204.6 255.2 24.7%
337.7 226.7 277.9 22.6%
376.6 262.4 316.8 20.7%
404.4 308.8 344.4 11.5%

TABLE 17. A comparison between the ballistic limits for the
two projectile masses

Vso(projectile Vso(projectile

P mass=7.89gr) mass=3.95gr) Difference
15 133.6 187.2 -28.6%
1.75 138.6 203.5 -31.9%

2 138.9 160.9 -13.7%
2.25 100.8 117.2 -14.0%

TABLE 18. Yield and ultimate strength for different test
conditions

T Yield stress (MPa) Ultimate strength (MPa)
Room Temp. 1500 2000
-40°C 1500 2000
-80°C 1600 2200
-196°C 1900 2600

As the figure suggests, for the room temperature and -
40°c, the fracture surface is quite dimpled without any
trace of cleavage. Although, the density of dimples is
clearly higher for room temperature the ductile fracture
mechanism seen for both room temperature and -40°C
tests verifies the similarity between the ballistic limits
for these two temperatures. The fracture surface for -
80°c, as observed in Figure 18(c), is a mixture of dimple
and cleavage. The surface for -196°C is completely
cleaved and shows a quite brittle fracture mechanism for
this temperature.

The rate sensitivity of the ballistic limit depends on
the temperature and increases with the decrease of
temperature. In fact, the dislocation pile-ups which act
as barrier to further movement of dislocations at higher
strain rates cause more hardening at sub-zero
temperatures so that the fracture mechanism changes
from completely ductile at room temperature to fully
brittle at -196°c.
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(d)
Figure 18. SEM pictures of fracture surfaces of the
specimens tested in tension (a) Room temperature; (b) -40,
(c) -80, and (d) -196°C

7. CONCLUSIONS

For the materials tested in this work and the test

conditions, the following conclusions may be drawn:

1. For the as-received material, the ballistic limit is
nearly the same for ambient and -40°C temperatures,
but increases significantly for -80 and -196°C
temperatures, respectively.

2. The increase of ballistic limit is lower for the
quenched specimens and is 16% and 30% for -80
and -196°c temperatures, respectively.

3. The increase of projectile mass diminishes the
ballistic limit.

4. By increasing the thickness of the specimen from
2mm to 3mm, the ballistic limits increased about 20
to 25%.

5. The ballistic limit decreased, for both the conical and
hemispherical projectile’s nose shapes. The
maximum reduction was about 13% for p=2.25.

6. The fracture mechanism of the materials changed
from completely ductile at room temperature to
fully brittle at -196°C.
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