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ABSTRACT 
To study the damage ability of tungsten alloy pre-fragments warhead, its 
forming process is analyzed by static explosion experiment and simulation. 
The velocity attenuation curve of the spherical pre-fragments is obtained 
with a ballistic gun firing experiment, where the tungsten alloy pre-fragments 
penetrate the steel targets at different angles. The results show that in a 
certain range, the velocity attenuation of tungsten alloy pre-fragments with 
certain quality is slow, and the influence of air resistance is small. Compared 
with the theoretical formula, the error rate is also small. At the same time, 
the penetration angle of tungsten alloy preformed fragments is greater than 
30°, which can well complete the penetration of steel targets. The 
penetration effect is significantly reduced when the angle is less than 30°. 
The results can provide a theoretical basis for the research of performed 
fragment warheads. 

1. INTRODUCTION
Fragment killing warhead is one typical conventional warhead. Under the impact of high
explosion, a large number of fragments with certain kinetic energy are formed to destroy the
target. The forms of fragments can be divided into uncontrolled fragments [1], controllable
fragments [2], pre-controlled fragments [3], and pre-fragments [4]. Compared with other
fragment forms, prefabricated fragments are loaded into warheads. When exploding, the shape 
and size of fragments will be fully controlled, which can produce a better destroy effect for
specific targets. The damage effect of fragments mainly includes the quality, dispersion angle,
and speed of prefabricated fragments. The fragment velocity and dispersion angle would be
affected by the detonation mode, the arrangement and the shape of pre-fragments [5-7]. The
divergence angle directly affects the penetration angle between the fragment and the target [8-
9]. Due to the formation of a large number of fragments as well as different shapes and
materials of internal pre-fragments, it is difficult to predict the fragment velocity and
dispersion angle. With the improvement of armor protection capability, ordinary fragments
cannot penetrate the target plate, and the requirements for pre-fragments are getting higher
and higher. Tungsten alloy with higher density is used for pre-fragments [10-13]. The
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traditional experimental methods are difficult to study the formation, velocity, and dispersion 
angle of fragments. With the rapid development of numerical simulation methods, it is 
possible to predict the initial velocity and dispersion direction of fragments [14-16]. However, 
the experimental research on fragment velocity attenuation is rare. To this end, some 
experimental and numerical simulation methods are carried out to the formation of tungsten 
alloy-preformed fragments, the velocity attenuation of fragments, and the damage to target 
plates, so as to provide an important theoretical significance for the damage ability of 
preformed fragments. 

 
2. MATERIALS AND METHODS 
2.1. Static explosive power experiment of pre-fragment warhead 
To obtain the destroy capability of the tungsten alloy pre-fragment warhead, a static explosion 
experiment of the pre-fragment warhead is completed. The pre-fragment warhead is shown in 
Fig. 1, and the static explosion experiment schematic diagram and field experiment layout are 
shown in Fig. 2. The experiment adopts the sector target experiment, and the target plate 
adopts the steel target plate. The distance between steel target plates is 6 m; the thickness of 
the target plates is 0.6 cm; the distance between the wooden target plates is 10 m, and the 
thickness of the target plates is 1.0 cm. Fig. 3 shows the bullet hole used to destroy the shaped 
fragment of a target plate. It can be seen that the pre-fragment warhead has optimal damage 
ability in a certain range. However, due to the large number of fragments, it is impossible to 
determine the velocity of performed fragments by conventional velocity measurement 
methods, and the key damage parameters such as the formation and velocity of pre-fragments 
are analyzed by experimental test. The finite element software is thus used to further study the 
performed fragment shaping, fragment velocity attenuation, and target destroy capability, so 
as to determine the damage capability of the pre-fragment warhead. 
 

 
Fig. 1. Pre-fragment warhead 
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(a) Experiment diagram 

 

 
(b) Field experiment layout 

Fig. 2. Static explosion experiment of the pre-fragment warhead 
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(a) Front of target plate 

 

 
(b) Local magnification on the back 

Fig. 3. Damage of steel target plate 
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2.2. Molding Process Simulation 
2.2.1. Physical Model 
Fig. 4 is the simulation model of an actual pre-fragment warhead, with a certain length-to-
diameter ratio (D and L are the diameter and height of the warhead, respectively). The 
spherical performed fragment material is made of tungsten alloy, and its diameter is r. The 
explosive is 8701; the lining is made of 30CrMnSi steel, and the outer lining is made of 
aluminum alloy. The warhead in the model is simplified to a certain extent. 
 

 
Fig. 4. Finite element model 

 
LS-DYNA software is used to establish the finite element model [17-18]. To obtain better 

molding effect, an ELASTIC material model is used for tungsten alloy per-fragments. The 
plastic follow-up model PLATIC is used for lining and outer lining_ KINEMATIC material 
model, and HIGH_ EXPLOSIVE_ BURN material model. Specific parameters are shown in 
Table 1-3. 
 
Table 1. Model parameters of tungsten alloy prefabricated fragment materials 
(cm-g- μ s) 

𝝆𝝆 𝝁𝝁 𝑬𝑬(Gpa) 
17.9 0.28 0.410 

 
Table 2. Material parameters of 30CrMnSi Steel and LY-12cz aluminum alloy 
(cm-g- μ s) 

 𝝆𝝆 𝑬𝑬 𝝁𝝁 𝝈𝝈𝒚𝒚 FS 
30CrMnSi 7.80 210 0.28 0.235 0.8 
LY-12cz 2.78 72 0.30 0.294 0.3 
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Table 3. 8701 explosive material parameters (cm-g- μ s) 
𝝆𝝆  𝑫𝑫  𝑷𝑷 (Mbar) 𝑨𝑨 (Mbar) 𝑩𝑩 (Mbar) 𝑹𝑹𝟏𝟏 𝑹𝑹𝟐𝟐 𝝎𝝎 𝑬𝑬𝟎𝟎 (Mbar) 

1.7 0.81 0.32 4.48 0.057 4.26 1.1 0.36 0.09 
 

8701 explosive adopts HIGH_ EXPLOSIVE_ BURN material model and JWL equation of 
state: 
 

𝑃𝑃 = 𝐴𝐴 �1 − 𝜔𝜔
𝑅𝑅1𝑉𝑉

� 𝑒𝑒−𝑅𝑅1𝑉𝑉 + 𝐵𝐵 �1 − 𝜔𝜔
𝑅𝑅2𝑉𝑉

� 𝑒𝑒−𝑅𝑅2𝑉𝑉 + 𝜔𝜔𝜔𝜔
𝑉𝑉

                                (1) 

 
where 𝑃𝑃 is the detonation pressure; 𝑉𝑉 is the relative volume; 𝐸𝐸 is the internal energy per unit 
volume; 𝜔𝜔, 𝐴𝐴, 𝐵𝐵, 𝑅𝑅1 and 𝑅𝑅2 are materials. 
 
2.2.2. Molding process analysis 
Fig. 5 is the initiation process of the pre-fragment warhead. After the explosive initiation, the 
warhead starts to expand under the action of detonation gas. The outer lining gradually erodes, 
and the velocity of pre-fragments gradually increases. The fragment velocity tends to be stable 
after it increases to a certain extent. At the same time, the speed of pre-fragments near the 
initiation point is high, and that far from the initiation point is low. As the time increases, the 
pre-fragments form a certain dispersion angle, whose dispersion degree gradually increases. 
One node is picked up every two prefabricated fragments from the top to the bottom, and the 
speed of pre-fragments is shown in Fig.6. The initiation point is at the height of the 357755 
node. It can be seen that the velocity of pre-fragments near the initiation point is relatively 
high, with about 1400m/s, and that at the far initiation point is relatively low, with about 1100 
m/s. Most fragment velocities are concentrated at 1350m/s. The main reason is the 
concentration of the energy released at the moment of explosion, and the more energy acts on 
the fragments. However, as the inner liner and outer liner shells break, the energy release 
begins to disperse and the energy acting on the fragments decreases. 
 

 
(a) 25μs 
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(b) 50μ 

 

 
(c) 75μs 

Fig. 5. Formation of pre-fragments 
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Fig. 6. Pre-fragment speed at different positions 
 
2.2.3. Pre-fragment velocity attenuation calculation 
The resistance of spherical fragments in flight is mainly air resistance [19], which can be 
expressed as follows: 
 

𝐹𝐹 = 𝑘𝑘𝑑𝑑𝜌𝜌𝐴𝐴𝑆𝑆𝑓𝑓�𝑣𝑣𝑝𝑝 − 𝑣𝑣𝑓𝑓1��𝑣𝑣𝑝𝑝 − 𝑣𝑣𝑓𝑓1�                                          (2) 
 
where 𝑣𝑣𝑝𝑝 is the fragment velocity; 𝑣𝑣𝑓𝑓1 is the absolute velocity of air flow; 𝑆𝑆𝑓𝑓 is the windward 
area of fragment in the flow field, and 𝑘𝑘𝑑𝑑 is the air resistance coefficient, with a value of 0.97. 

According to Newton's second law, it is obtained that: 
 

𝑚𝑚𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑

= 1
2
𝑘𝑘𝑑𝑑𝜌𝜌𝐴𝐴𝑆𝑆𝑓𝑓�𝑣𝑣𝑝𝑝 − 𝑣𝑣𝑓𝑓1�

2
                                           (3) 

 
The fragments are evenly distributed outside. Assuming that the air flow field is uniform 

without pressure, the air flow rate is 0, and the sectional area is 𝑆𝑆. The fragment radius 𝑅𝑅 is 
the most important factor affecting the velocity attenuation of spherical fragments, which can 
be expressed as: 
 

𝑣𝑣𝑝𝑝 = 𝑣𝑣0 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑘𝑘𝑑𝑑𝜌𝜌𝐴𝐴𝜋𝜋𝑟𝑟2

2𝑚𝑚
𝑋𝑋� = 𝑣𝑣0 𝑒𝑒𝑒𝑒𝑒𝑒 �−

3𝑘𝑘𝑑𝑑𝜌𝜌𝐴𝐴
8𝜌𝜌𝑝𝑝𝑟𝑟

𝑋𝑋�                           (4) 

 
where substituting the relevant parameters of tungsten alloy pre-fragments into the formula, 
can obtain the attenuation of velocity of spherical pre-fragments with distance. 
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Since there are many pre-fragments in the warhead, the velocity of individual fragments 

cannot be measured by ordinary static explosion experiments. This paper uses a ballistic gun 
to launch a tungsten alloy spherical projectile, and the velocity of the projectile is measured 
by the test paper targets, so as to obtain the variation of the velocity of tungsten alloy 
projectiles with the specific initial velocity in a distance. The experimental arrangement is 
shown in Fig.7. The test target is arranged at 6-13 m, each target with a space of 1 m. From 
Eq. 4 and Fig.8, it can be seen that the theoretical calculation results are consistent with the 
test results. The tungsten alloy pre-fragments decay slowly at a short distance (within 13 m), 
and the influence of air resistance is small. Referring to the theoretical results, it is assumed 
that the target plate is located at 6 m and the velocity of pre-fragments is about 1330 m/s. 
 

 
Fig. 7. Railgun experiment 
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Fig. 8. Comparison of experimental and theoretical pre-fragment velocity 
 
3. RESULTS AND ANALYSIS 
3.1. Damage target simulation model 
Since the pre-fragments are fan-shaped and dispersed under the action of detonation wave, the 
angle of penetration into the target plate is constantly changing. Thus this paper simulates the 
pre-fragments penetration of the target plate at different angles. The penetration of pre-
fragments into the target plate is at high temperature, high pressure, and high strain, 
accompanied by large plastic deformation and damage. Johnson-cook material model is thus 
used to describe the dynamic deformation and failure of preformed fragments and target plate 
materials.  

The model considers that the Mises equivalent flow stress of metal material under 
deformation can be expressed in the form of function𝜎𝜎𝑦𝑦 = 𝑓𝑓�𝜀𝜀𝑝𝑝, 𝜀𝜀𝑝̇𝑝�, which can better couple 
the effects of strain hardening, strain rate hardening and thermal softening. The expression is 
as follows: 
 

𝜎𝜎𝑦𝑦 = �𝐴𝐴 + 𝐵𝐵𝜀𝜀𝑝𝑝𝑛𝑛��1 + 𝐶𝐶 𝑙𝑙𝑙𝑙�𝜀𝜀𝑝̇𝑝/𝜀𝜀0̇��[1 − 𝑇𝑇𝑚𝑚∗ ]                                       (5) 
 
where 𝜀𝜀𝑝𝑝, 𝜀𝜀𝑝̇𝑝 is the equivalent plastic strain and the equivalent plastic strain rate of the material 
element, respectively, and 𝜀𝜀0̇ = 1𝑠𝑠−1 is the reference strain rate. 𝑇𝑇∗ is a dimensionless 
temperature parameter; 𝑇𝑇∗ = 𝑇𝑇−𝑇𝑇𝑟𝑟

𝑇𝑇𝑚𝑚−𝑇𝑇𝑟𝑟
, T, 𝑇𝑇𝑟𝑟 and 𝑇𝑇𝑚𝑚 is the current temperature, reference room 
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temperature, and melting temperature of the material, respectively. Parameter 𝐴𝐴 is the quasi-
static yield strength of the material; 𝐵𝐵 and 𝑛𝑛 are the dynamic strain hardening correlation 
coefficient and index of the material, respectively; 𝐶𝐶 is the strain rate hardening coefficient, 
and m is the thermal softening index. Assuming that 90% of the plastic deformation work is 
converted into heat, the temperature change of the material element can be obtained by 
integrating the stress and the equivalent strain increment:  
 

𝛥𝛥𝛥𝛥 = 0.9∫ 𝜎𝜎𝜎𝜎𝜎𝜎
𝜌𝜌𝐶𝐶𝑣𝑣

                                                         (6) 

 
The unit failure of projectile and target materials adopts Johnson-book's cumulative 

damage failure mode. When the cumulative equivalent plastic strain increment of the material 
element reaches the critical failure strain, that is,∑𝛥𝛥𝜀𝜀𝑝𝑝 = 𝜀𝜀𝑓𝑓, the corresponding material 
element is deleted in the calculation, and the material is considered to be fracture failure. The 
expression of 𝜀𝜀𝑓𝑓 is: 

 
𝜀𝜀𝑓𝑓 = [𝐷𝐷1 + 𝐷𝐷2 𝑒𝑒𝑒𝑒𝑒𝑒 𝐷𝐷3 𝜎𝜎∗][1 + 𝐷𝐷4ln𝜀𝜀̇∗][1 + 𝐷𝐷5𝑇𝑇∗]                             (7) 

 
where 𝜎𝜎∗ = 𝜎𝜎𝑚𝑚/𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 is the dimensionless ratio of hydrostatic pressure to the equivalent 
plastic stress, and 𝐷𝐷1 − 𝐷𝐷5 are material constants. 

 
3.2. Eroding single surface 
Erosion contact type is set. The muzzle velocity of the projectile is 1300m/s; the material is 
tungsten alloy, and the thickness of the target plate is 6mm thick steel plate. The relevant 
parameters of the material model of tungsten alloy and armor steel are given in [20-22], as 
shown in Table 4. 

 
Table 4. J-C material model parameters of tungsten alloy and 603 steel (cm-g- μ s) 

 tungsten alloy 603 steel 
𝑬𝑬/MPa 410 206 
𝑮𝑮/MPa 120 81.4 
𝝆𝝆 17.9 7.83 
𝒗𝒗 0.28 0.33 

𝑨𝑨/Mbar 0.01510 0.0012 
𝑩𝑩/Mbar 0.00177 0.0051 

𝒏𝒏 0.12 0.26 
𝑪𝑪 0.016 0.014 
𝒎𝒎 1.00 1.03 

𝑻𝑻𝒎𝒎/K 1723 1793 
𝑻𝑻𝒓𝒓/K 293 293 

𝑪𝑪𝒗𝒗/(J·kg-1·K) 134 477 
𝑫𝑫𝟏𝟏 2.0 2.0 
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(a) 15° 

 

 
(b) 30° 

 

 
(c) 45° 
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(d) 60° 

 

 
(e) 75° 
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(f) 90° 

Fig. 9. Damage effect of penetrating the target plate at different angles 
 

 
Fig.10. Residual velocity of fragment at different penetration angles 
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Fig. 9 shows the damage to the target plate at different penetration angles. When the target 

plate material is 604 steel, the thickness is 6mm, and the penetration angle is 15°. At this time, 
the spherical projectile cannot penetrate the target plate, and the contact part between the 
projectile and the target plate breaks. Some spherical projectiles are embedded in the target 
plate, and the other half of the non-contact projectile part jumps. When the penetration angle 
is more than 30°, the spherical projectile can well destroy the target, and some spheres are still 
embedded in the target. As the penetration angle increases, the fragmentation degree of the 
projectile decreases; the sphere embedded in the target plate decreases, and the damage pit 
area decreases. The residual velocity of corresponding fragment after penetration is extracted 
as shown in Fig. 10. When the penetration angle is 15°, the spherical projectile bounces off. 
When the penetration angle is more than 30°, the residual velocity of the projectile decreases 
with the decrease of the penetration angle. The experimental results show that the tungsten 
alloy pre-fragment warhead can basically destroy the steel target. Only when the penetration 
angle is small, the ability to destroy the target plate will be reduced, and the tungsten alloy 
fragments that penetrate the target plate will also be reduced. 

 
4. CONCLUSION 
The simulation and experimental results show that the tungsten alloy pre-fragment missile 
warhead can be well formed and destroyed. The following conclusions are drawn: 
 
1) The tungsten alloy per-fragment warhead can form a lot of skin damage after initiation. 

The velocity of skin damage is relatively high near the initiation point and low at the far 
initiation point. At the same time, the fitting results of the theoretical formula of the 
contrast velocity attenuation are consistent with the experimental results. The attenuation 
of the skin-breaking velocity is small in a certain distance. 

2) The tungsten alloy per-fragment can well destroy the steel target. When the damage angle 
is greater than 30°, it can penetrate the 6mm steel target. As the penetration angle 
increases, the residual velocity of the tungsten alloy fragment is high. 
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