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The Material Behavior and Fracture Mechanism of a Frangible Bullet Composite *
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The quasi-static and dynamic compressive mechanical properties of a bullet composite are investigated using
the scattered spot technique, an electronic universal testing machine, and a Split–Hopkinson pressure bar. The
stress-strain curves under static and dynamic loading are also obtained, and the strain rate effect is analyzed.
The rupture structure is observed under a scanning electron microscope, and the microscopic damage mechanism
of the bullet composite is examined. Results show that the composite is sensitive to the strain rate, such that the
compressive strength of the composite increases with increased strain rate. The relationship of the compressive
strength and elastic modulus with the logarithmic strain rate is nonlinear.
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Frangible bullets are a type of ammunition that
combine new principles with a new material, and are
thus a current research hotspot. Most of the frangi-
ble bullets studied are enclosed in a shell and mainly
used for tank armor or reinforced concrete. In gen-
eral, frangible bullets are made of depleted uranium,
pure tungsten, or high-proportion tungsten alloy.[1−3]

Teyfik et al.[4] experimentally investigated the im-
pact behavior of aluminum alloys 7075 and 5083 and
the high-strength low-alloy steel AISI 4140 under a
7.62 mm armor-piercing projectile. Sukumar et al.[5]
studied the ballistic impact behavior of the high-
strength near-beta Ti alloy 𝛽-CEZ under different
micro-structural conditions against 7.62mm armor-
piercing projectiles. Wu et al.[6] investigated the mi-
crostructure and mechanical properties of a new type
of tungsten alloy used in a penetrator by powder met-
allurgy methods, whereas Du et al.[7] used four differ-
ent tungsten alloy materials to establish the relation-
ship between the dynamic penetration performance of
the frangible material and the static testing param-
eters. In addition, Hazell et al.[8] examined the frac-
ture surfaces and failed cross-sections under light opti-
cal and scanning electron microscopy, and related the
findings to the microstructure of the composite bullet.

Many researchers have studied composite bul-
lets in recent years. Banovic[9] observed the mi-
croscopic fracture mechanisms of Cu-Sn frangible
bullets under quasi-static and dynamic compression,
and Pradipta et al.[10] studied the material behavior
against 7.62 mm deformable projectiles and explored
the behavior of a high-strength armor steel in two
different tempering conditions against 7.62mm de-
formable projectiles. Mates et al.[11] examined the
fracture surfaces and failed cross sections of a com-
posite bullet microstructure via scanning electron mi-
croscopy.

Thus, traditional frangible bullets are mostly man-

ufactured with tungsten alloy material. On the one
hand, the merits of these bullets are high kinetic
energy and strong penetrating power, and they are
mainly used for tank armor or reinforced concrete. On
the other hand, the defect is a complicated process,
with high cost and the inability to satisfy application
requirements in special situations. While the charac-
teristics of composite frangible bullets are low cost,
penetrability to some extent, and they are frangible
and do not excessively rebound and run through tar-
gets, so they do not endanger non-targets and inno-
cent people.

In this Letter, we propose a material for frangible
bullets that is not a tungsten alloy, but a compos-
ite containing mixed and sintered metals and organ-
ics. These materials have penetrability to some extent,
but are more frangible than the tungsten alloy. These
frangible bullets are a new type of ammunition that
possess frangibility, weak penetrating power, and are
low cost. This kind of frangible bullet can be used
by the police, army and aircraft police when carrying
out missions. Research on frangible bullet composites
is limited, and practical applications require further
studies. Thus, the development of a frangible, weakly
penetrating, low-cost bullet has practical significance.

The mechanical properties of the proposed mate-
rial for frangible bullets are examined under quasi-
static and dynamic loading. The properties include
tensile strength, compressive strength, and stress-
strain relationship. The dynamic behavior of the
frangible bullet composite is determined by a Split–
Hopkinson pressure bar (SHPB) experiment based
on a quasi-static test. Scanning electron microscopy
(SEM) analysis is also performed to investigate the
microscopic and macroscopic structural changes of the
frangible bullet’s compressive fracture. The organiza-
tional structure of the material after compressive fail-
ure is observed, the failure mechanisms of the compos-
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ite are analyzed, and stress-strain curves under quasi-
static and impact loading are constructed.

Small-caliber frangible bullets that possess frangi-
bility, weak penetrating power, and are low cost have
extensive application prospects in the international
market. Research on small-caliber frangible bullets
can promote the development and commercial value
of domestic ammunition technology.

The proposed frangible bullet material is a kind of
composite containing mixed and sintered metals and
organics. Thus, the composition and mechanical prop-
erties of the material are experimentally examined by
initially determining the relative elemental contents
of the composite. Subsequently, the bullets are pro-
cessed to become experimental samples, whose prop-
erties under quasi-static and dynamic loading are then
analyzed.

Micro-spectrum analysis technology and chemical
analysis are performed to determine the relative el-
emental contents of the composite, and the results
are shown in Table 1. Unlike conventional bullets,
the composite-made frangible bullets are not entirely
made of metal, and are comprised of about 30% non-
metallic elements.

The quasi-static mechanical properties of the ma-
terial are examined by processing the bullets into
long cylindrical and flat cylindrical specimens. A
tensile machine combined with the pasting strain-
gauge method and the three-dimensional scattered-
spot method is used to investigate the compressive and
tensile properties of the material. Given that frangi-
ble bullets are kinetic-energy bullets, the properties
of the composite under impact loading must be ex-
amined to develop and optimize the frangible bullet
composite. The strain-rate and stress-strain proper-
ties of the composite under impact loading are also
studied using an SHPB.

A tensile machine combined with the pasting
strain-gauge method is used to study the elastic mod-
ulus, Poisson ratio, and compressive strength of the
material. The beam of the tensile machine constantly
moves down and directly acts on the specimen. The
mechanical parameters of the material are measured
using pasting strain gauges along the axle and radius
directions of the specimen. The elastic modulus, yield
stress, and compressive strength limitation are deter-
mined by the force-displacement curve, and the Pois-
son ratio is determined using the strain-gauge data.

The tensile properties of the material are examined
by a quasi-static compressive test using an electronic
universal testing machine and the three-dimensional
scattered-spot method. Force is applied onto the flat
cylindrical specimen along the diameter direction, and
the two parts perpendicular to the applied-force di-
rection are affected by tension. When the stress value
exceeds the tensile strength of the material, tensile
fracturing occurs in the specimens. Black and white
paint are first alternately sprayed on the surface of the
specimen, which forms an artificial speckle pattern.

The specimen is then placed in the electronic uni-
versal testing machine for compressive loading. The
surface of the specimen is irradiated with cold light.
Meanwhile, the speckle images of the specimen surface
are recorded during the deformation process using two
CCD cameras. The initial time and deformation re-
sults are shown in Fig. 1. Finally, the stress-strain
curves and tensile strength of the material can be cal-
culated using analysis software.

(a) (b)

Fig. 1. Speckle images of the surface of the specimen in
a quasi-static compressive test: (a) initial time, (b) struc-
tural deformation.

The SHPB is widely used to investigate the com-
pressive, tensile, and fracture properties of compos-
ites under different impact loadings and varied strain
rates. The high-strain-rate properties of composites
have been extensively studied in the past decade.[12]
Manmohanet al.[13] investigated the compression be-
havior of aluminum syntactic foam and established
full stress-strain diagrams for strain rates ranging
from quasi-static to 1400 s−1 using a modified SHPB.
They found that the foam appears to be more sen-
sitive to the strain rate. We previously investigated
the dynamic fracture properties and damage mecha-
nism of glass fiber polymer composite-embedded ZnO
whiskers by using a Split–Hopkinson pressure bar,[14]
and found that the mass percentage of ZnO has little
influence on the dynamic fracture toughness. Xue et
al.[15] investigated the behavior of porous iron under
compression loading using a servo-hydraulic machine
and an SHPB. They found that the material has bilin-
ear behavior over the tested strain rates. The poros-
ity directly affects the yield strength and post-yield
behavior of the material. We also previously inves-
tigated the dynamic tensile properties of glass-fiber
polymer composites embedded with ZnO whiskers by
SHPB and discussed the strain rate effect on the me-
chanical behavior.[16]

The failure characteristics of the composite in the
test have been extensively elucidated by analyzing the
composite’s fracture surface in past research. Liu et
al.[17] evaluated the microstructure, micro-hardness
dry sliding and wear resistance of Cr3Si/𝛾-Fe compos-
ite coating by SEM. Yue et al.[18] studied the excel-
lent sensing properties of the ZnOSnO2 composite via
SEM and transmission electron microscopy, and Lan
et al.[19] observed the surface morphologies of TiO2

films by SEM. They found that the surface morpholo-
gies of TiO2 films are determined not only by the dis-
persion methods, but also by the percentage of TiO2

076202-2

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 30, No. 7 (2013) 076202

powder in the dispersing system. CAO et al.[20] stud-
ied the dynamic response and fracture mechanism of
novel structural radar absorbing material by means of
the split Hopkinson pressure bar (SHPB) and SEM.

To explain the failure characteristics of the com-
posite in the test intuitively and to understand the
anti-impact performances of different components of
the composite, the rupture sections of the specimens

are observed by the SEM method. The relationship
between the structure and properties of the compos-
ite is determined, and the failure mechanisms of the
composite are analyzed.
Table 1. The relative elemental contents of the composite.

Elements S K Ca Fe Cu W
Relative contents (%) 21.29 6.38 1.13 1.20 30.49 39.51

Table 2. The geometric dimensions of the specimens in the test.

Serial number
Dimensions of specimens

Experiment items
Diameter (mm) Length (mm)

1 6 14 Compressive strength
2 9 4 Tensile strength
3 10 12 Dynamic compressive strength

Table 3. The parameters of the material under quasi-static
loading.

Property
9.37 1.35 1.62

(10−4s−1) (10−3s−1) (10−4s−1)
Compressive strength (MPa) 29.7 30 31.2

Tensile strength (MPa) 4.6 4.3 4.5
Elastic modulus (MPa) 1176 1198 1270

Poisson ratio 0.319 0.327 0.317

Table 4. The parameters of the specimens under dynamic
loading.

Property 1030 s−1 1580 s−1 1628 s−1 1750 s−1 1900 s−1

Compressive
95 100 101 103 104

strength (MPa)
Failure strain 0.0062 0.0083 0.0051 0.0054 0.0045

Elastic
18.43 19.62 20.75 22.43 23.87

modulus (GPa)
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Fig. 2. The stress-strain curves of the specimen under
quasi-static loading.

The geometric dimensions of the specimens used
in the aforementioned test are listed in Table 2. Fig-
ure 2 shows the compressive strength-strain curve of
specimens under quasi-static loading. The inset is the
tensile strength-strain curve of the specimens, and the
curves are obviously nonlinear. The yield stage of the
material is not obvious. The compressive strength is
not high, i.e., between 29 and 32MPa, and the tensile
strength is very low, i.e., between 4.3 and 4.6 MPa.

Quasi-static compression tests of the composite are

conducted a total of six times. The test for measur-
ing the compressive strength of the long cylindrical
specimen and measuring the tensile strength of the
flat cylindrical specimens are conducted three times.
By controlling the downward speed of the tensile ma-
chine’s beam to change the strain rates of the speci-
men in the compressive process, the strain rates are
fixed between 9.37×10−4 s−1 and 1.62×10−3 s−1. The
load values, specimen deformation values, and strain
values of each sampling point in the experiment can be
obtained and used to determine the quasi-static me-
chanics parameters of the composite, and the results
are listed in Table 3.
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Fig. 3. The compressive strength-strain curves of two ma-
terials.

The failure modes of the frangible bullet compos-
ite under quasi-static loading are shear fracture and
stratified damage. Banovic et al.[21] also found a sim-
ilar failure mode in a study on the compressive prop-
erties and failure mechanisms of Cu-Sn frangible bul-
lets. The damage angle and corresponding fracture
strengths of the material increases with increasing
strain rate.

To verify that the composite studied is suitable to
be a frangible bullet core material, we compare the
dynamic compressive strength of the composite un-
der a strain rate of 1030 s−1 with the dynamic com-
pressive strength of the tungsten alloy material, which
was tested by Dong et al.[22] under a strain rate of
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1000 s−1; the curves are shown in Fig. 3. It is illus-
trated that the dynamic compressive strength of the
composite is 95MPa, while that of the tungsten alloy
material is 1240 MPa, and this value is 13 times that
of the composite. This means that the composite is
more frangible than the tungsten alloy material.

Figure 4 shows the dynamic compressive stress-
strain curves of the composite. The curves are linear
in the initial loading stage, and they belong to elastic
deformation. The curves obviously present nonlinear
characteristics and the material has an apparent yield
stage with increased load. When the stress reaches the
limitation, the specimens undergo compressive failure.
The curves decline when the strain value is >0.01, i.e.,
the material has no load-bearing capacity. The ul-
timate strength of the specimens is not high within
1000–2000 s−1, i.e., about 103MPa.
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Fig. 4. The dynamic compressive stress-strain curves of
the specimens.

0 1 2 3 4 5 6

0

20

40

60

80

100

 

 Compressive strength,
      experimental data

 Fit of compressive strength
 Elastic modulus,

      experimental data
 Fit of elastic modulus

Log ( )

C
o
m

p
re

ss
iv

e
 s

tr
e
n
g
th

 (
M

P
a
)

4

8

12

16

20

24

28

 
E

la
st

ic
 m

o
d
u
lu

s 
(G

P
a
)

Fig. 5. The compressive strength and elastic modulus of
the composite under different strain rates.

The SHPB experiments are conducted a total of
five times by controlling the speed of the projectiles
in the SHPB system to change the strain rate of the
specimen in the compressive process. The strain rates
are between 1000 s−1 and 2000 s−1. The strain values,
stress values, and elastic-wave velocity values of each
sampling point in the experiment can be obtained and
used to determine the dynamic mechanics parameters
of the composite. The results are shown in Table 4.

The correlation of the elastic modulus and com-
pressive strength with the strain rate by the con-

structing curves of the compressive strength and elas-
tic modulus vs the logarithmic strain rate is shown in
Fig. 5. The composite has a strain-rate reinforcement
effect, i.e., both the compressive strength and elas-
tic modulus increase with the increasing strain rate.
The relationship of the compressive strength and elas-
tic modulus with the logarithmic strain rate is non-
linear, i.e., the composite has a nonlinear strain-rate
strengthening effect.

Figure 5 also shows that the quasi-static compres-
sive strength is about 30 MPa. By contrast, the dy-
namic compressive strength reaches 105MPa when the
strain rate is 1900 s−1, and this value is 3.5 times that
of the quasi-static’s compressive strength. Thus, the
composite shows strain-rate sensitivity in the com-
pressive process. In this study, the strain-rate sen-
sitive coefficient proposed by Suo et al.[23] is used to
discuss the strain-rate sensitivity of the composite. By
defining the strain-rate-sensitive coefficient as 𝑚, the
formula is as follows:

𝑚 =
𝜕 ln𝜎

𝜕 ln 𝜀
=

log(𝜎2/𝜎1)

log(𝜀̇2/𝜀̇1)
, (1)

where 𝜀̇1 is the reference strain rate, 𝜎1 is the failure
stress under a reference strain rate, 𝜀̇2 is the true strain
rate, and 𝜎2 is the failure stress under the true strain
rate. The value of 𝑚 indicates the incremental stress
with the increasing unit strain rate and depends on the
material, the size of the crystal, the dislocation den-
sity, the deformation temperature, and the strain rate.
When 𝑚 > 0, the flow stress of the material improves
with the increasing strain rate. When 𝑚 < 0, the flow
stress decreases with the increasing strain rate. When
0.3 < 𝑚 < 1, the material has super-plasticity.[24−26]
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Fig. 6. The curves of the strain-rate-sensitive coefficient
vs the strain rate.

By considering the ultimate strengths of the
quasi-static and dynamic conditions, the strain-rate-
sensitive coefficients of the quasi-static and dynamic
conditions can be calculated. The calculated strain
rates are from 9.37× 10−4 s−1 to 1.62× 10−3 s−1 un-
der the quasi-static, and from 1000 s−1 to 1900 s−1

under the dynamic condition. The results are shown
in Fig. 6. The material is insensitive to the strain rate
in the area of low strain rate, and the sensitivity coef-
ficient is very low. On the other hand, the material is
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sensitive to the strain rate in the area of high strain
rate, and the sensitivity coefficient is higher than that
for the low strain rate. Thus, the strain rate sensi-
tivity of the composite increases from quasi-static to
dynamic conditions. The experimental results show
that 𝑚 increases with the increasing strain rate and
that the increasing strain rate can lead to increasing
stress.

To elucidate the failure characteristics of the com-
posite in the test, SEM is performed to analyze the
rupture surface of the specimens. The relationship
of the material’s transformation from microscopic de-
formation to macroscopic deformation, as well as the
failure characteristics and failure mechanisms of the
composite in the test, are also determined.

240 mm 80 mm80 mm

80 mm 80 mm

(a) (b) (c)

(d) (e)

Fig. 7. The microscopic appearance of the composite af-
ter fracturing for different strain rates: (a) 1030 s−1, (b)
1580 s−1, (c) 1628 s−1, (d) 1750 s−1, (e) 1900 s−1.

Figure 7 shows SEM images of polished, washed,
soaked in liquid acetone, and cleaned bullet composite.
The metal material is the larger bulk surrounded by
organic material (small particles). Figure 7(a) shows
that the edge of the specimen is approximately 25∘
of the fracture angle. Both metal and organic ma-
terials exist around the crack, and organic materials
are dominant and have a higher residual stress-strain
concentration at a high strain rate. The metal ma-
terials are influenced by shear stress and squeezed by
organic materials on both sides. With the increas-
ing strain rate, the metals and organic particles are
compressively deformed along the loading direction
to adapt to the strain needs. Taking into account
the change in cracks in Figs. 7(a)–7(e), the cracks and
damage are deduced to be further aggravated with the
increasing strain rate. They begin to be destroyed at
the boundary position and then slip to produce the
entire fracture surface. Ultimately, tiny macroscopic
cracks develop, and the main compressive failure mode
of the composite at high strain rates is therefore the
shear fracture of metals and organic particles along
the loading direction. With the increasing strain rate,
the angles and sizes of the cracks constantly increase,
and the compressive strength of the composite also
continuously increases. The experimental results are
the same as those of Narayanan and Linda.[27]

In summary, quasi-static and dynamic compressive
loading experiments are carried out to measure the
compressive strength, tensile strength, failure strain,
and elastic modulus magnitudes of a frangible bullet
composite. Stress-strain curves are then constructed.
The composite is found to have a nonlinear strain-
rate reinforcement effect, i.e., both the compressive
strength and elastic modulus increase with the in-
creasing strain rate. The composite is also found to
be strain-rate sensitive, and the strain-rate sensitive
coefficient is used to determine the material’s strain-
rate sensitivity. With the increasing strain rate, 𝑚
increases, which shows that the increasing strain rate
can lead to increased stress. Finally, the observed fail-
ure modes and failure mechanisms of the composite
are observed with a high-speed camera, and macro-
scopic and microscopic images are obtained.
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