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ABSTRACT

Artillery projectile 155mm high explosive (HE) extended range full bore boat tail (ERFB BT) and its components 
experience a high pressure loading of the propellant during gun launch. Mechanical properties of an engineering 
material are measured using quasi-static tensile test at room temperature. The materials of the projectile and its 
components are expected to survive time dependent propellant pressure loading inside the gun, which lasts for few 
microseconds. To investigate dynamic mechanical properties of the projectile and its components at medium strain 
rates and elevated temperature, the experimental analysis is undertaken. This research paper aims to examine the 
effect of medium strain rates and elevated temperatures on flow properties of the materials used in the projectile. 
The uniaxial tensile tests at the medium strain rates between 0.01 s-1 to 1 s-1 and at elevated temperatures ranging 
between 150 °C to 500 °C are performed separately. The Considѐre criterion was applied to evaluate strain hardening 
exponent of the materials. Values of strain hardening exponents of shell body and boat tail materials are less than 
that of driving band material. Strain rate sensitivity of the materials is observed to be very low, thus indicating a 
good resistance to plastic deformation. The yield strength and true yield strength of the materials fall with increase 
in temperature. 

Keywords: Quasi-static; Dynamic mechanical properties; Medium strain rate; Strain hardening exponent; Considѐre 
criterion

1. INTRODUCTION
The materials used in artillery projectile 155 mm HE 

ERFB boat tail are subjected to a high acceleration and must 
possess a high strength to survive the firing stresses. The 
structural integrity of the projectile and its components is 
important in internal ballistics. The mechanical properties of 
materials under intense shock loading differ from the properties 
observed in the static loading conditions. Quasi-static tensile 
tests provide the basic design information about materials 
strength; do not describe the correct mechanical behavior of 
material experiencing the intense shock loading occurring 
within a short time. Dynamic tension tests have the range of 
strain rates between 10-1 to 102 s-1. As a consequence, study of 
the flow properties of projectile material is necessary to predict 
the mechanical response of the projectile and its components 
subjected to dynamic loading resulting from the propellant 
during the gun launch conditions. 

In recent past, several researchers have studied the effect 
of elevated temperatures on mechanical properties of non- 
ferrous and ferrous materials, at high strain rates. Li1, et al. 
reported a method to determine strain hardening exponent and 
strength coefficient of 86 kinds of steels. The method developed 
equations relating the strain hardening exponent and strength 

coefficient. Gray III2 reported tensile testing machines with 
servo-hydraulic valves of high capacity, data acquisition and 
high- speed instruments to measure strain rate up to 200 s-1. 
A technique of Split Hopkinson Pressure Bar (SHPB) can be 
used to determine dynamic stress-strain at high strain rate up 
to 2 x 104 s-1 in compression, and moderately lower in tension 
and torsion. The characterization of metals using SHPB with 
a high speed recording was carried out by Nobel3, et al. The 
study investigated the rise in adiabatic temperature during the 
high rate deformation. Li4, et. al. investigated full-range strain 
hardening behaviour of the steels. The study presented the 
formula based on Ramberg-Osgood models that can describe 
the full range strain hardening of steels. 

Shui-sheng5, et al. performed experiment to consider 
effect of medium strain rate range on the dynamic strength of 
metals, brittle materials and polymers. The study showed that 
the dynamic strength of these materials is sensitive to medium 
strain range. A dual-phase microstructure of a high specific 
strength steel (HSSS) was studied by Wang6, et al., considering 
strain rate effect with tensile behaviour. The tensile toughness, 
the ultimate strength, and the yield strength increase as strain 
rate increases. Zhang7, et al. analyzed the study between 
strain rate and flow stress for TC18 titanium alloy subjected 
to different impact loads, different temperatures and different 
strain rates. The study concluded that the yield strength and flow 
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effects between propellant, projectile, confined volume and 
free space. It was concluded that the complex phenomena of 
launch process are characterized by high oscillatory pressure 
profiles and projectile springback. Verberne23, et al. examined 
the solid-solid interaction involving the projectile and the 
barrel. The dynamics of the launch process of the projectile 
inside the gun barrel was studied by conducting finite element 
simulation. The work revealed the effect of the frictional forces 
between projectile and barrel on the projectile’s acceleration 
response at muzzle exit. A 3D dynamic analysis of projectile 
155 mm ERFB BT during gun launch conditions24 using finite 
element code, ABAQuS/Explicit was carried out to investigate 
the plastic deformation of shell body and boat applying true 
stress-strain curves of the materials. The study affirmed the 

Figure 1.  Projectile components: (a) Shell body - AISI 9260 & 
tensile test specimens; (b) Boat tail - Al alloy 7075 T6 
and tensile test specimens; (c) Driving band – CuZn10 
and tensile test specimens.

(a)

(b)

(c)

stress increase slowly with the increase of the strain rate, and 
the strain value corresponding to the yield strength is reduced, 
and the flow stress decreases with the increase of experimental 
temperature. Runda8, et al. conducted Micro Tensile Tests 
to estimate dynamic mechanical properties of austenite steel 
sheets. At room temperature, the tensile tests were performed 
with various strain rates varying from 0.001 s-1 to 10 s-1. The 
study showed that the increase of strain rate results into a 
decrease in ductility. Clifton9 investigated the high strain rate 
response of polycrystalline metals, and it was observed that 
metals exhibit a strong increase in flow stress for strain rates 
of 105 s-1 and higher. Meyers10, et al. developed the constitutive 
descriptions of mechanical behaviour of metals to investigate 
the instability, slip-twinning transition, grain size effects and 
shock compression. The steel grade 11-12 plays a key role in 
deciding an effect of tensile steel properties on the loading rates. 
The sensitivity is dependent upon the strength level. The effect 
of temperature up to 437 K on the flow properties of materials 
was studied for different metals. Simon13, et al. investigated 
the sensitivities of high strength steel experimentally, and 
the comparisons between five different constitutive models 
predictions and the experimental results were made. As regards 
to Cu alloy, the tensile properties of Cu-Cr-Zr-Ti alloy14 in 
annealed condition were studied with different strain rates 
varying between 10-4 s-1 to 10-1 s-1 at different temperatures  
300 ºC, 450 ºC, 600 ºC and 700 ºC. The study concluded that 
the yield strength and ultimate tensile strength vary with the 
strain rate and temperature. 

The mechanical characterization of aluminum alloy AA 
7449-T7651 was carried out at a high strain rates from room 
temperature up to elevated temperatures15. The experimental 
data was used to derive the constants of the material models, 
Cowpers Symonds and Johnson- Cook. The flow stress and 
maximum stress are affected by temperature as well as strain 
rate. Zhang16, et al. studied an applicability of the theoretical 
formulas of ten alloys; the study concluded that the traditional 
formulas relating strength coefficient, fracture strength, strain 
hardening exponent and fracture ductility can be used only 
under certain conditions. Altan and Boulger 17 used flow stress 
data of metals in the simple formulas to predict the pressure 
required for metal forming. Dieter18, et al. explained the effects 
of testing conditions on flow properties of metals. Poehlandt19 
laid down the procedure for evaluation of stress-strain curves 
by tensile tests. 

Rakvåg20, et al. studied the fracture modes and various 
deformations that may occur in the steel projectiles during 
an impact by carrying out Taylor bar impact tests followed 
by metallurgical investigation of fracture projectile surfaces. 
The study concluded that the mode of fracture of ductile 
projectiles is the combination of tensile splitting and spiral 
shear. Singh21, et al. carried out the study to estimate the 
dynamic yield strength of mild steel , which is impacted by 
the steel balls having velocity between 1900-5200m/s. The 
study showed that dynamic strength of target material i.e. mild 
steel is dependent on impact velocity and strain rate wherein 
the material deformation takes place. yin22, et al. carried out 
a comprehensive multi physics analysis of the launch process 
of precision guided projectiles taking into account the coupled 
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Figure 2.   Experimental setup: (a) Tensile specimen under uniaxial tests at medium rates, and (b) Tensile specimen under uniaxial 
testing at elevated temperature.

(a) (b)

structural integrity of the projectile inside the gun barrel at 
maximum chamber pressure.

Furthermore, many studies related to mechanical 
behaviour and ballistic properties of armor materials were 
reported by the researchers. Thus, the published literature 
work is mainly limited to the impact analysis involving armour 
materials struck by armour piercing projectiles. The estimation 
methods reported by the researchers can only present 
approximate values of strain hardening exponent of metals, 
and cannot replace experimental testing. To obtain reliable 
tensile properties, the experimental testing is essential for the 
accurate design analysis. 

The current paper presents a comprehensive experimental 
study covering uniaxial tensile tests at various medium strain 
rates and elevated temperatures of AISI 9260, Al Alloy 7075 
T6 and Cu-Zn10 alloy materials, which are used for shell body, 
boat tail and driving band respectively as the projectile main 
components. The study aims to elucidate experimentally the 
strain hardening behavior and flow properties of materials of 
the projectile from the point of view of plastic deformation. 
uniaxial tensile tests are conducted at medium strain rates 
and elevated temperatures separately. Flow properties of 
these materials are investigated experimentally. An effect of 
medium strain rate on material strength of shell body, boat tail 
and driving band is analyzed. The strain hardening behavior of 
the materials due to plastic deformation, and the variations in 
materials true yield strength and true stress with temperature 
rise are studied. 

2. EXPERIMENTAL PROCEDURE AND 
SETUP
To investigate the quasi-static and dynamic tensile 

properties experimentally, fourteen specimens each from shell 
body, boat tail and driving band materials were prepared as per 
the standard ASTM E825 for uniaxial tensile tests as depicted in 

Fig. 1(a-c). In the first stage of experiments, the uniaxial tensile 
tests were performed on the specimens at medium strain rates 
0.000625 s-1, 0.01 s-1, 0.1 s-1, 0.2 s-1, 0.3 s-1, 0.4 s-1, 0.5 s-1 and 1 
s-1. Conventional servo-hydraulic or screw driven tensile testing 
apparatus can measure stress-strain response of materials up to 
1 s-1. The servo-hydraulic system universal Testing Machine 
(uTM), Model: LFV 250 HH, Capacity: 250 kN, Make: Walter 
Bai was used to conduct the tests. Figure 2(a) depicts the 
experimental setup. During the second phase of experiments, 
the uniaxial tensile tests were performed on the specimens at 
the temperatures 27 ºC, 150 ºC, 200 ºC, 250 ºC, 350 ºC and 500 
ºC as per ASTM E2126 on the servo-hydraulic system uTM, 
Model: HA-100, Capacity:100 kN, Make: Zwick Roell as 
shown in Figure 2 (b). The axial extensometer of Gauge Length: 
25.00 mm, Model: 3542-025M-10-ST, Range (Travel): ±10% 
(2.50 mm), Make: Epsilon Technology Corp, Jackson, Wy. 
uSA and the high temperature axial extensometer of Gauge 
Length: 25 mm, Model: 3448-025M-20, Range (Travel): ± 
20% (±5.00 mm), Make: Epsilon Technology Corp, Jackson, 
Wy. uSA were employed for carrying out tensile tests. 

3. FLOW CURVE EQUATION
3.1 Flow Curves or Power Curves Equation of 

Metal
Flow curve of the metals27 is expressed by power curve 

relation as under:
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where K = strength coefficient, ε = true strain, n = strain-
hardening exponent and σ = true stress. If the metal obeys  
Eqn. (1), then the graph of log σ versus log ε up to maximum 
load is a straight line, whose slope is the strain-hardening 
exponent (n). In this study, for determination of strain hardening 
exponent, the tensile tests were performed at quasi-static strain 
rate of 0.000625 s-1. A necking criterion using engineering 
strain is given as under:



OHOL, et al.: ExPERIMENTAL STuDy ON DyNAMIC MECHANICAL PROPERTIES OF PROJECTILE 155 MM ERFB BT MATERIAL

305

Figure 3.  True stress-strain curves at various medium strain rates: (a) AISI 9260, (b) Al alloy 7075 T6, and (c) Cu-Zn10. (these 
curves are plotted only up to maximum stress point.)

(a)

(b)

(c)
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Table 1.  Tensile properties at quasi-static and medium strain rate

Material

Tensile properties

Quasi-static strain rate 0.000625 s-1 Medium strain rate 1 s-1

True yield strength 
(MPa)

True tensile strength 
(MPa)

True yield strength 
(MPa)

True tensile strength 
(MPa)

Alloy steel AISI 9260 900 1300 1030 1380

Al alloy 7075 T6 440 585 550 690

Cu-Zn10 95 350 140 380

(a) (b)

(c)
Figure 4.  Log-log plot of the true stress-strain curves: and (a) AISI 9260, (b) Al alloy 7075 T6, (c) Cu-Zn10.
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where, е = engineering strain and σ = true stress. Following 
relation between the strain hardening exponent and the true 
uniform strain (εu) is treated as the Considѐre criterion:-
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True uniform strain (εu) is defined as the true strain up to 

maximum load. Eqn. (3) is not dependent on the power law 
behaviour28.

3.2 Influence of Strain Rate on Flow Properties of 
Materials 
Strain rate affects true stress-strain graph. Flow stress 

increases as strain rate increases. Each type of mechanical test 
has a range of strain rate. It is known as the rate of change of 
the strain per unit time. Its unit is the reciprocal of second. 
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(a)

(b)

(c)

Figure 5.  True stress vs. engineering strain curves: (a) AISI 9260, (b) Al alloy 7075 T6, and (c) CuZn10. (These curves are plotted 
only up to maximum stress point.)
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4. DYNAMIC MECHANICAL BEHAVIOR OF 
PROJECTILE MATERIALS  

4.1 True Stress True Strain Curves   
To understand the plastic flow of the materials of the 

projectile, true stress-true strain curves at 0.01s-1 , 0.1s-1, 0.2s-1, 
0.3s-1, 0.4s-1, 0.5s-1 , 1s-1 were plotted applying the following 
Eqns:
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where, ε is true strain and e is conventional or engineering 
strain.
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where, σ is true stress and s is conventional or engineering 
stress. The Eqns (5)-(6) are applicable up to maximum load. 
The true stress-true strain curves of the materials plotted up to 
maximum stress points are shown in Fig. 3(a-c).

The tensile properties at the quasi-static strain rate 
0.000625 s-1 and at maximum medium strain rate 1 s-1 are 
obtained from the experiments. The true yield stress and true 
tensile stress values of the materials are shown in Table 1.

4.2 Strain Hardening Exponent (n) of Projectile 
Materials
Initially, the log-log profile of the true stress-strain curve 

of each material is considered to obtain the strain hardening 
exponent (n). Figures 4 (a-c) show the log-log profiles of the 
true stress-stress graphs of AISI 9260, Al Alloy 7075 T6 and 
Cu-Zn10 materials, respectively. 

The non-linear relations are observed in the log-log graphs 
of the materials, which transpire that the materials do not 
follow Hollomon equation. Samuel29 showed that all materials 
illustrate the deviation from an ideal Hollomon equation at a 
low strains. To get value of n, the Considѐre construction is 
adopted and a curve of true stress versus engineering strain 
at strain rate 1 s-1 is plotted for each material based on the 
experimental values. Applying Eqn (3), n is determined from 
the Considѐre construction as shown in Fig. 5(a-c). The values 
of n obtained are given in Table 2.

from the respective plots as shown in Fig. 6 (a-c). m values of 
AISI 9260, Al alloy 7075 T6 and Cu-Zn10 materials are given 
in Table 3.

4.4 Effect of High Temperature on Mechanical 
Behavior
To study the effect of high temperatures on the mechanical 

behavior of the materials for shell body, boat tail and driving 
band, the uniaxial tensile tests at strain rate 0.000625 s-1 were 
performed on the specimens at the temperatures 27 ºC, 150 
ºC, 200 ºC, 250 ºC, 350 ºC and 500 ºC as per the standard 
ASTM E21. Figure 7(a) depicts the curve of yield strength 
vs. temperature. The relation between true yield stress and 
temperature is shown in Fig. 7(b).

5. RESULTS AND DISCUSSION
The flow behavior of materials of the projectile is depicted 

in true stress-strain graphs of materials. The true stress-strain 
graphs of materials were plotted at different strain rates on the 
basis of experimental data up to true tensile strength point as 
shown in Fig. 3(a-c). Strain hardening rate of CuZn10 is found 
to be relatively higher than that of AISI 9260 and Al alloy 7075 
T6. The main reason for the high rate of strain hardening of 
CuZn10 material is due to the fact that CuZn10 is annealed 
material whereas other two materials are heat treated. For 
different strain rates, the curves of the true stress-strain reveal 
that there is not much change in flow stress pattern. Thus, the 
materials are not very strain rate sensitive. 

It is observed from Fig. 4(a-c) that the materials do 
not follow Hollomon relation. Strain hardening exponents 
calculated by applying the Considѐre criterion make clear that 
the strain hardening exponent of CuZn 10 material is higher 
than the strain hardening exponents of AISI 9260 and Al alloy 
7075 T6 materials. This is possible because the materials have 
been given different types of heat treatment. The annealed 
material has exhibited a high strain hardening exponent, 
which holds good in agreement. It clearly reveals that the 
high strength materials viz. Alloy steel AISI 9260 and Al alloy 
7075 T6 have low strain hardening exponent than CuZn10 
having a low strength. The yield strength of the materials 
drops with increase in temperature. From Figures 7(a-b), it 
is observed that as temperature increases the yield stress and 
true yield stress of the materials decrease due to the effect of 
temperature on deformation of the material. Al alloy 7075 T6 
being precipitation hardenable, it is predicted that Al alloy 
7075 T6 has exhibited precipitation coarsening between the 
temperature 200 ºC to 350 ºC , thereby showing rapid drop in 
yield stress and true yield stress. Moreover, during gun launch 
conditions, the projectile remains inside gun barrel between the 
temperature 135 ºC to 170 ºC for maximum 50 millisec. Hence, 
the temperature effect on the yield strength of materials is less 
significant for plastic deformation of the projectile materials. 

6. CONCLUSIONS
This manuscript describes about various experiments 

carried out for the dynamic behavior of shell body material- 
alloy steel AISI 9260, boat tail material - Al Alloy 7075 and 
driving band material - CuZn10 by uniaxial tensile tests 

Table 2. Strain hardening exponent of materials

Material

Engg strain 
at true tensile 
strength
(eu)

True uniform 
strain
εu = ln(eu + 1)

Strain 
hardening 
exponent 
(n)

AISI 9260 0.13 0.12 0.12
Al alloy 7075 T6 0.13 0.12 0.12
Cu-Zn10 0.48 0.39 0.39

4.3 Strain Rate Sensitivity (m) 
Strain rate sensitivity (m) is measured by plotting two true 

stress-strain curves at different strain rates and comparing the 
true stress levels at a fixed strain30. The following equation is 
used:
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The values of ε1, ε2, σ1 and σ2 of each material are obtained 
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(a)

(b)

(c)

Figure 6.  True stress vs. strain curves at two different strain rates: (a) AISI 9260, (b) Al alloy 7075 T6, and (c) Cu-Zn10. (These 
curves are plotted only up to maximum stress point.)
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Table 3. m values of the materials

Material
True 
strain, 
ε

Strain rate, ε
(s-1)

True stress, σ
(MPa)  m

ε1 ε2 σ1 σ2

AISI 
9260 0.05 0.1 0.2 992 1163 0.23

Al alloy 
7075 T6 0.06 0.000625 0.01 567 604 0.02

Cu-Zn10 0.1 0.01 0.1 221 228 0.01

.

. .

(a)

(b)
Figure 7.  Plots of: (a) Yield stress vs. temperature, (b) True 

yield stress vs. temperature.

performed at medium strain rates and further characterization 
at elevated temperatures. Based on these experimental results, 
following inferences were drawn: 

Alloy steel AISI 9260 being a BCC material has exhibited • 
higher strain rate sensitivity compared to Al alloy and Cu-
Zn10 alloy, which are FCC materials
It is revealed that strain rate influences the flow stresses • 
at lower plastic strains. The flow stress of these materials 
increases as the strain rate increases 
On comparison between the tensile properties at the quasi-• 

static strain rate 0.000625 s-1 and at maximum medium 
strain rate 1 s-1, it is identified that the change in the true 
yield strength is more than the change in the true tensile 
strength 
The materials of the shell body, boat tail and driving band • 
have exhibited excellent dynamic tensile properties at 
medium strain rate ranging from of 0.01 s-1 to 1s-1. There 
is no major variation in the strain hardening exponents of 
the materials, which shows that the shell body and boat 
tail possess a good resistance to the plastic deformation 
at medium strain rates. The mechanical behavior of 
driving band is in good agreement with the norm of design 
stipulation. It has shown a high rate of strain hardening 
after yielding
The yield strength and true yield strength of shell body, • 
boat tail and driving band materials drop with increase in 
temperature. However, the yield strength and true yield 
strength of boat tail material i.e. Al alloy 7075 T6 drop 
rapidly between the temperature 200 ºC to 350 ºC. The rapid 
drop in strength is attributed to precipitation coarsening 
of the Al alloy 7075 T6 between this temperature range. 
The drop in the strength of Al alloy 7075 T6 between 
this temperature range has no any adverse effect on the 
structural integrity of the projectile because the projectile 
remains inside the gun barrel having temperature less than 
200 ºC to 350 ºC during gun launch conditions
The comprehensive experimental analysis shows that the • 
mechanical properties of the projectile 155 mm ERFB BT 
materials survive the medium strain rates.
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