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Abstract: Many scholars have used experimental research methods to conduct extensive research on
the impact energy release behavior of Polytetrafluoroethylene(PTFE)/Al reactive materials. However,
in numerical simulation, PTFE/Al still lacks the calculation parameters of impact energy release
behavior. In order to obtain the simulation parameters of PTFE/Al impact ignition, the Hill mixture
law was used to calculate the material parameters of PTFE/Al (mass ratio 73.5/26.5), and according
to the Hugoniot curve of PTFE/Al and the γ state equation, the JWL equation of state of a PTFE/Al
unreacted substance and reaction product was fitted with a genetic algorithm. According to the
PTFE/Al impact energy release experiment, the parameters of the PTFE/Al chemical kinetic equation
were determined, and the parameters of the trinomial reaction rate equation were fitted. The obtained
parameters were used in the simulation calculation in LS-dyna to predict the damage of the aluminum
target plate under the impact of the PTFE/Al reactive fragments.

Keywords: PTFE/Al; JWL equation of state; reaction rate equation; numerical simulation

1. Introduction

A reactive material is a compound or mixture that can independently carry out a
chemical reaction and release energy. A reactive material can directly react under external
stimulation without an additional detonating device, which means that the entire fragment
can be composed entirely of reactive materials. Compared with traditional fragments,
reactive fragments can carry more energy. Reactive fragments can cause dual mechanical
and chemical damage to the target, which will significantly increase the damage capability
of the fragments.

Since Willis [1] discovered that PTFE/Al could react under high-speed impact condi-
tions, reactive materials represented by PTFE/Al have gradually been extensively studied.
The PTFE/Al (mass ratio 73.5/26.5) reactive material has a higher calorific value, and its
calorific value is usually 2.4 times that of the TNT reaction calorific value (4.18 MJ/Kg)
at the same volume [2]. PTFE/Al with a high calorific value is expected to be widely
used in the military field. For example, PTFE/Al can be made into reactive fragments,
which have kinetic energy damage, ignition/detonation effects on the charge structure,
and high-temperature effects. The PTFE/Al reactive materials can be fabricated into the
core of a PELE bomb. The PTFE/Al is excited during the penetration of the target, and
the chemical energy released is higher than that of TNT, which can form a larger field of
fragments behind the target.

After years of research, PTFE/Al reactive materials have been comprehensively stud-
ied regarding the preparation process, mechanical properties, constitutive relationship,
reaction threshold, and energy release. Yang [3] studied the influence of the pressing and
sintering process on the mechanical properties of PTFE/Al (mass ratio 73.5/26.5) reactive
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material. The results show that sintering for a long time will decompose a large amount
of PTFE and cause the tensile strength of the material to decrease. Vasant [4] disclosed
a formula and sintering molding process of PTFE/Al reactive material. Compared with
the unsintered sample, the tensile strength of the sintered sample increased by four times,
and the elongation at break increased by three times. Nielson [5,6] proposed a method of
reactive materials prepared by mixing fluoropolymers as a matrix and adding non-oxidized
metals (aluminum, zirconium, titanium, magnesium). A reactive material with good me-
chanical properties and material pore characteristics is prepared by cold pressing and
sintering in this method. Rose [7,8] proposed a feasible method to improve the interface
bonding force between the polymer and the reinforcing filler by using a coupling agent
to enhance the PTFE-based energetic reactive material. Feng [9] studied the influence of
different sintering temperatures on the sensitivity and structural strength of the specimen
and found that when the sintering temperature was 350 ◦C, the sensitivity and structural
strength of the specimen were highest. Raftenberg [10,11] obtained a Johnson–Cook consti-
tutive model of pressed and sintered PTFE/Al (mass ratio 74/26) by using quasi-static and
dynamic compression data with strain rates of 0.1 s−1 and 2900 s−1 at 297 K and 325 K, and
Taylor impact tests at speeds of 104 m/s and 222 m/s were simulated. The comparison
between the simulated boundary shape-time relationship and the actual digital image
shows that the results are in good agreement under the low-speed impact. However, the
deviation between them is more significant when the impact speed is higher, mainly due
to the error caused by the local reaction inside the material.

Wang [12] prepared six kinds of Al-PTFE reaction material specimens with different Al
particle diameters by molding and sintering. The impact sensitivity of different specimens
was measured by drop-weight impact experiments on these specimens. The results show
that as the Al particle size increases, the strength and sensitivity of the specimen decrease.
Wang [13] used plane waves to load PTFE/Al (mass ratio 1:1) and found that the lowest
reaction pressure of the PTFE/Al specimen was between 11.93 and 17.98 GPa.

Huang [14] studied the damaging effect of PTFE/Al fragments through experiments,
and the results showed that the detrimental impact of reactive fragments was signifi-
cantly better than that of inert fragments. Through ballistic experiments, Xu [2] found that
PTFE/Al fragments hit a 3 mm steel plate at a speed of 1500 m/s, and the hole diameter
can reach 14 mm. Wang [15] used Vented Chamber Calorimetry [16] to study the energy
release process of PTFE/Al material collision reaction. The author believed that the reaction
degree of material collision energy release and the pressure in the pressure vessel are pro-
portional to the collision speed. Xu [17] studied the influence of PTFE content and sintering
temperature on the combustion performance of PTFE/Al. The results show that with the
increase of PTFE content and sintering temperature, the burning rate, burning intensity, and
flame temperature of the sample all present a trend of first increasing and then decreasing.
PTFE/Al (PTFE content 35%) sintered at 340 ◦C has the best combustion performance.

He [18] had carried out a theoretical and numerical analysis on the threshold velocity
of the reactive fragment of cladding under the condition of impact initiation and estab-
lished empirical formulas including fragment diameter, head shape, target material, and
shell material. Jiang [19] studied the equation of state of PTFE/Al reactive materials and
determined the relevant parameters of the JWL equation of state of reactive materials. AU-
TODYN software was used to simulate the penetration of a PTFE/Al-reinforced penetrator
into a 616RHA steel target. Rosencrantz [20] calculated the state equation parameters of
the ignition growth model of PTFE/Al by theory and simulated the reactive fragment
impacting the multilayer target at high speed based on LS-dyna. Tang [21] established
a two-dimensional model of random distribution of real Al particle size and studied the
impact response and initiation behavior of PTFE/Al particle composites.

According to the literature mentioned above, PTFE/Al reactive materials have re-
ceived much research in material preparation, mechanical properties, and energy release
characteristics and have achieved many excellent results, which provide the basis for the
study of this article. Many accurate experimental results can be obtained through reac-
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tive materials’ impact energy release experiments, but the testing process is cumbersome
(material preparation, experimental site layout, etc.) and it takes much time to carry out
the PTFE/Al impact energy release experiment. Numerical calculations can enable one
to predict experimental results in the absence of experimental conditions rapidly. In past
research, the numerical analysis of PTFE/Al mostly avoided the energy release charac-
teristics of reactive materials, and the J-C constitutive model was chosen for simulation,
which can be applied well even if the materials did not react. However, if the materials
react, the numerical calculation will have significant errors. In order to obtain the impact
energy release simulation parameters of PTFE/Al, the JWL equation of state of unreacted
and reaction products of PTFE/Al (73.5/26.5) was obtained by theoretical calculation, and
the reaction rate equation of PTFE/Al was obtained by fitting experimental data. A set of
parameters for LS-dyna simulation calculations were given, which provided a reference for
predicting the impact energy release behavior of PTFE/Al reactive fragments.

2. Modeling of PTFE/Al Impact Energy Release
2.1. Parameter Determination of JWL Equation for Unreacted PTFE/Al

Lee [22] modified the isentropic equation based on the work of Jones and Wilkins and
found that the better form of the C-J isentropic equation is:

Ps = Ae−R1v + Be−R2v + Cv−(ω+1) (1)

In the formula, A, B, C, R1, R2, andω are constant coefficients, Ps is pressure, v = ν/ν0
is the relative specific volume, and ν0 is the initial specific volume. On the isentropic line,
the change of internal energy E with v is:

Es = −
∫

Psdv =
A
R1

e−R1v +
B
R2

e−R2v +
C
ω

v (2)

The Gruneisen equation of state can be written as [23]:

P(E, v) = Ps +
Γ
v
(E − Es) (3)

In the formula, Γ is the Gruneisen coefficient. Substitute Equations (1) and (2) into
Equation (3) to get:

P(E, v) = A
(

1 − ω

R1v

)
e−R1v + B

(
1 − ω

R2v

)
e−R2v +

ωE
v

(4)

Equation (4) is the standard JWL equation of state. In LS-dyna, the JWL state equation
adopts the expression with the temperature form:

P = Ae−R1v + Be−R2v +
ωcv

v
T (5)

where T is the temperature in energetic material after the shock wave and cv is the specific
heat capacity per unit volume.

According to the mass, momentum, and energy conservation relations before and
after the shock wave, the physical quantities of the reactive material after the shock wave
can be calculated [24]:

ρ0(D − u0) = ρ(D − u) (6)

P − P0 = ρ0(D − u0)(u − u0) (7)

Pu − P0u0 = ρ0(D − u0)

[(
E +

u2

2

)
−
(

E0 +
u2

0
2

)]
(8)
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In the formula, P, ρ, and u are pressure, density, and particle velocity after the shock
wave, respectively; P0, ρ0, and u0 are the initial pressure, density, and particle velocity,
respectively; D is the shock wave velocity; E is the total energy, including internal energy
and the energy released by chemical reactions; E0 is the initial internal energy.

In a wide pressure range, the shock wave velocity D in the condensing medium has
the following relationship with the post-wave particle velocity u [25]:

D = C0 + Su (9)

Assuming u0 = 0 and P0 = 0, the two conservation relations Equations (6) and (7) and
the D-u relation can be used to calculate the impact compression line of the unreacted
reactive material:

PH =
C2

0(v0 − v)

[v0 − S(v0 − v)]2
(10)

There are only two unknown constants, C0 and S, in Equation (10), so as long as the
material parameters of PTFE/Al are obtained, the impact compression line of PTFE/Al
reactive material can be obtained. The material parameters of PTFE/Al can be calculated by
the Hill mixture rule, and Equation (11) is the Hill mixture rule. According to Equation (11)
and material parameters of PTFE and Al (see in Table 1), the density, sound velocity, and
Hugoniot parameters of the PTFE/Al(73.5/26.5) reactive material were calculated and the
parameters are recorded in Table 2. According to the material parameters of PTFE/Al, the
impact compression line of the PTFE/Al reactive material was obtained when PTFE/Al
did not react.

Ma = 1/
N

∑
i=1

fi
Mi

(11)

In the formula, Mi is the material parameter and fi is the mass fraction.

Table 1. Material density, sound velocity, specific heat capacity, and Hugoniot coefficient of PTFE
and Al.

Density (g/cm3)
Sound Velocity

(km/s)
Specific Heat Capacity

(J·kg−1·k−1) S

Al 2.78 5.35 8.9 × 10−4 1.49
PTFE 2.15 1.84 1.05 × 10−3 1.71

Table 2. Material density, sound velocity, specific heat capacity, and Hugoniot coefficient of PTFE
and Al.

Density (g/cm3)
Sound Velocity

(km/s)
Specific Heat Capacity

(J·kg−1·k−1) S

PTFE/Al 2.287 2.227 1.002 × 10−3 1.646

Six unknown constant coefficients in the JWL equation of state need to be determined.
cv was determined by the Hill mixture law, and the other five parameters were determined
according to the impact compression line of the PTFE/Al reactive material. Applying the
JWL Equation of state (4) to the Hugoniot curve, Equation (12) is obtained:{

PH = A
(

1 − ω
R1v

)
e−R1v + B

(
1 − ω

R2v

)
e−R2v + ω

v EH

EH = E0 +
1
2 PH(1 − v)

(12)
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When the reactive materials do not react, the initial internal energy E0 of the reactive
material is 0 (regardless of chemical energy), and Equation (13) is obtained according to
Equation (12):

PH =

[
A
(

1 − ω
R1v

)
e−R1v + B

(
1 − ω

R2v

)
e−R2v

]
(
1 + ω

2 − ω
2v
) (13)

Parameters A, B, R1, R2, and ω in Equation (13) were fitted and determined by the
impact compression line of PTFE/Al, and the JWL equation of state when the reactive
material does not react was obtained. A genetic algorithm was used to determine five
parameters in the JWL equation of state of unreacted PTFE/Al reactive material. The
specific calculation method is as follows:

1. In a specific range, a group of A, B, R1, R2, and ω were chosen.
2. In the range of a relative specific volume of 0.6–1, 500 values were taken at equal

intervals to calculate the impact pressure of Equations (10) and (13).
3. Calculate the absolute value of the difference between the impact pressure of

Equations (10) and (13), and then sum 500 sets of results as the objective function.
4. A genetic algorithm was used to optimize and fit five parameters continuously, and

finally, the parameters of the unreacted JWL equation of state were obtained.

Figure 1 is the Hugoniot curve and the JWL curve obtained by fitting. It is found
that there are some differences between the two curves at low-pressure conditions, but at
high-pressure situations, the two curves are in good agreement. The standard deviation of
the difference between the two curves under 500 relative specific volumes is 0.0019 Mbar.
The five parameters obtained by fitting are recorded in Table 3.

Figure 1. Hugoniot curve and fitted JWL curve.

Table 3. Parameters of JWL equation of state of unreacted PTFE/Al.

A (MBar) B (MBar) R1 R2 ω

16.274 −3.530 5.72 4.0 1.65

2.2. Parameter Determination of JWL Equation of Reaction Product

The JWL equation of state parameters of the reaction product usually needs to be
subjected to a cylinder test. The obtained experimental data are calibrated to the JWL
equation of state to obtain the JWL equation of state parameters. However, the detonation
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velocity of the PTFE/Al reactive material (mass ratio 73.5/26.5) is low, PTFE/Al is not easy
to produce a stable detonation process in the experiment, and accurate experimental data
cannot be obtained to fit the JWL equation of state of the reactant. Studies [26,27] have
shown that, for condensed explosives with a density higher than 1 g/cm3, the γ equation
of state can be used to describe the P-V relationship of the reactants, which can be used to
fit the parameters of the JWL equation of state. γ law equation of state can be expressed as:

p = KAv−γ = KAργ (14)

In the formula, KA and γ are constants related to the properties of explosives. The
parameters on the C-J surface have the following relationship [23]:

ρH =
γ + 1

γ
ρ0 (15)

vH =
γ

γ + 1
v0 (16)

pH =
1

γ + 1
ρ0D2 (17)

The relational expression on the C-J surface is brought into Equation (14), and the
calculation expression of the constant KA is obtained:

KA = pHvγ
H =

D2

(γ + 1)v0

(
γv0

γ + 1

)γ

(18)

The adiabatic index is a function of the volume and temperature of the detonation
product and is related to the composition and density of the material. Study [27] pointed
out that the adiabatic index of detonation products of condensed explosives can be approx-
imately determined as follows:

γ =
(1.01 + 1.313ρ0)

2

1.558ρ0
− 1 (19)

In the formula, ρ0 is the initial density of the reactive material. The density ρ0 and
detonation velocity D of the explosive is needed to calculate KA and γ. Additionally, the γ
state equation of the PTFE/Al is obtained. In the text, the density is 1.185 g/cm3 and the
detonation velocity is 2.21 km/s [28].

A genetic algorithm was used to fit the JWL equation. According to the γ state
equation, five parameters in Equation (4) were determined. The fitting method was the
same as the fitting of the JWL equation of state of unreacted PTFE/Al. In the fitting process,
the specific heat capacity of the reaction product was taken as 1.457 × 103 j/(kg·k) [20],
and the internal energy E in the JWL equation of state is

E = E0 + CvT (20)

In the formula, E0 is the chemical energy of the reactive material, and T is the impact
temperature of the reactive material. In the process of calculating the JWL equation of
state of unreacted PTFE/Al, the pressure of PTFE/Al under different relative specific
volumes is obtained, and Equation (5) is rewritten to obtain Equation (22) for calculating
the impact temperature:

T =
v

ωcv
(Ae−R1v + Be−R2v − PH) (21)

In this formula, PH is calculated by Equation (13). Figure 2 is the γ state equation and
the fitted JWL equation of state curve. It is found that the difference between the two fitted
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curves is very small by comparing the two curves in the diagram. Within the fitting range,
500 values are taken at equal intervals to calculate the standard deviation of the difference
between the two curves, and the calculated standard deviation is 8.57 × 10−6 MBar. The
fitted parameters of the JWL equation of state of PTFE/Al reaction products are recorded
in Table 4.

Figure 2. γ state equation curve and JWL curve of PTFE/Al products.

Table 4. JWL equation of state parameters for PTFE/Al reaction products.

A (MBar) B (MBar) R1 R2 ω

0.2195 0.0166 4.420 1.495 0.006

2.3. Parameters Determination of Reaction Rate Equation

The mechanistic interpretations of solid-state kinetics are based on the concept of a
single-step reaction as given by [29]:

dy
dt

= k(T) f (y) (22)

In the formula, y is the degree of chemical reaction, t is the time, k(T) is the tem-
perature relationship of the rate constant, and f(y) is the reaction mechanism function.
Arrhenius proposed the rate constant–temperature relationship by simulating the equilib-
rium constant–temperature relationship:

k(T) = A0 exp(− Ea

RuT
) (23)

In the formula, Ea is the activation energy, A0 is the pre-exponential factor, T is the
temperature, and Ru is the gas constant. In order to have a similar form to the rate equation
of the trinomial ignition state equation, the Manpel reaction model was selected, and f(y) is
the following formula:

f (y) = 1 − y (24)

Put k(T) and f(y) into Equation (23) to get Equation (25):

dy
dt

= A0 exp(− Ea

RuT
)(1 − y) (25)

When the temperature is known, there are only two unknown constants in Equation (26).
If A0, Ea, and the initial temperature are known, the reaction degree of the reactive material
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at the end of the reaction can be calculated. Wang [15] obtained the reaction degree of the
PTFE/Al reactive fragments under different impact pressures through the impact energy
release experiments. Table 5 records the reaction degree and impact pressure of 20 groups
of experiments, and Figure 3 shows the relationship between the reaction degree and the
impact pressure.

Table 5. The relationship between collision pressure and reaction degree of PTFE/Al [15].

Number Collision Pressure
(Gpa)

Reaction
Degree Number Collision Pressure

(Gpa)
Reaction
Degree

1 5.74 0.325 10 6.93 0.532
2 5.83 0.389 11 7.25 0.555
3 5.89 0.365 12 7.54 0.611
4 5.9 0.325 13 7.7 0.619
5 5.95 0.405 14 8.03 0.611
6 6.12 0.365 15 8.61 0.635
7 6.7 0.421 16 8.86 0.651
8 6.75 0.492 17 9.32 0.595
9 6.85 0.476 18 9.47 0.643

Figure 3. The corresponding relationship between collision pressure and reaction degree.

In the process of heat transfer between PTFE/Al and air, Equation (26) is assumed to
calculate the decrease in temperature of the reactive material:

∆T = C(T − T0) (26)

In the formula, C is a constant, T is the current temperature, and T0 is the initial
temperature. The relationship between the collision pressure and the reaction degree of
PTFE/Al in Table 5 was used to determine the parameters of the reaction rate equation.
The specific steps are as follows:

1. The shock temperature corresponding to the shock pressure was calculated by
Equation (21), and the relationship between impact temperature and reaction de-
gree was obtained.

2. A0, Ea, and C were selected within the given range.
3. The reaction rate of the PTFE/Al reactive material at the current temperature was

calculated through Equation (25).
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4. The time step was set to 1 ms, and the reaction degree and temperature of the PTFE/Al
reactive material at the next moment were calculated through Equations (27) and (28).

y2 = y1 + α × t (27)

T2 = T1 +
α × Q

Cv
− ∆T (28)

5. In the formula, α is the reaction rate of PTFE/Al, y1 and T1 are the current reaction
degree and temperature, and y2 and T2 are the reaction degree and temperature at
the next moment.

6. Steps 3 and 4 were repeated until the PTFE/Al reaction rate was less than 10−4, and
the reaction degree of PTFE/Al at the end of the reaction was obtained.

7. According to the impact temperature of the experiment, the final reaction degrees of
the 18 sets of data were calculated. We subtracted the obtained reaction degree from
the experimental reaction degree and took the absolute value of all the differences
and summed them as the objective function.

8. A0, E0, and C parameters were obtained by optimizing and fitting the objective
function, and the three parameters are shown in Table 6.

Table 6. PTFE/Al chemical kinetic equation parameters.

A0 (ms−1) Ea (J·mol−1) C

1.428906 × 10−2 13.5937 2.26671 × 10−2

In order to conveniently use these parameters in LS-dyna, the PTFE/Al chemical
kinetic equation is used to calibrate the ignition model parameters of LS-dyna. In LS-dyna,
the reaction rate equation is a trinomial ignition growth model:

∂F
∂t = FREQ × (1 − F)FRER(V−1

e − 1 − CCRIT)EETAL + GROW1 × (1 − F)ES1FAR1 pEM

+GROW2 × (1 − F)ES2FAR2 pEN (29)

The values of fmxig, fmxgr, and fmngr were taken as 0. Under different initial reaction
degrees, different pressures, and reaction degrees, the reaction rate equation parameters
were fitted by Equation (25). The calculated parameters of the PTFE/Al ignition state
equation are shown in Table 7.

Table 7. Parameters of ignition growth model for PTFE/Al.

GROW2 (MBar−enus−1) ES2 AR2 EN Fmxig Fmxgr Fmngr

58.10991 1 0 1.54498 0 0 0

3. Numerical Simulation of Impact Energy Release of PTFE/Al

The impact ignition simulation parameters of PTFE/Al were used to predict the
damage caused by the impact of the reactive fragments on the target plate. At present, the
commonly used finite element calculation methods include the Lagrange method, the fluid–
structure coupling method, and the smooth particle method. Because PTFE/Al reactive
fragments will generate many gaseous products after impact ignition, the fluid–structure
coupling method was used to simulate and calculate the simulation process.

3.1. Numerical Simulation Model

The target plate is an aluminum target plate of 100 × 100 × 3 mm, and the four sides
of the target plate are restrained by total displacement. The air zone of φ40 × 75 mm is
set in the center of the target plate along the axial direction, and the boundary of the air
domain is set as a non-reflective boundary. The PTFE/Al reactive fragment is filled 2 mm
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in front of the target plate, and its size is φ10 × 12 mm. The initial velocity of the fragment
is 798 m/s. Figure 4 is a schematic diagram of the simulation model.

Figure 4. Simulation model of impact energy release of PTFE/Al reactive fragment.

3.2. Numerical Simulation Results

The obtained PTFE/Al simulation parameters are used to simulate the impact of
the PTFE/Al reactive fragments on the aluminum target plate. Numerical calculation
results show that φ10 × 12 mm PTFE/Al reactive fragments can penetrate the target plate
at a speed of 798 m/s. Figure 5 is the process of projectile-target deformation. During
the penetration process, the damage shape of the target plate is approximately square,
and the average destruction diameter of the target plate is 19.75 mm, shown in Figure 6.
Zhang [30] experimentally measured that the failure diameter of a 3 mm aluminum target
plate under the impact of a 5 mm PTFE/Al reactive fragment at a speed of 798m/s was
25 mm. Compared with the experimental results, the error of the simulation calculation
results is 26.58%.

Figure 5. The process of projectile-target deformation.
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4. Conclusions

This article introduces the method of determining the parameters of the JWL equation
of state of unreacted explosives and the JWL equation of state of detonation products in
the process of impact initiation of PTFE/Al, and how to determine the parameters of the
explosive reaction rate equation based on the experimental data of impact initiation.

According to the conservation relationship between the front and back of the shock
wave array and the D-u relationship, the Hugoniot curve of PTFE/Al is obtained, and the
parameters of the JWL equation of state of unreacted PTFE/Al are determined using a
genetic algorithm.

According to the γ-law equation of state, the genetic algorithm was used to determine
the parameters of the JWL equation of state for the PTFE/Al reaction product.

According to the PTFE/Al impact energy release experiment, the chemical kinetic
equation parameters of PTFE/Al were determined, and the parameters of the trinomial
ignition growth model were fitted.

The simulation calculation was performed in LS-dyna to simulate the process of a
φ10 × 12 mm PTFE/Al reactive fragment hitting a 3 mm aluminum target at a speed of
798 m/s. The simulation results show that the failure diameter of the aluminum plate is
about 19.75 mm. In the simulation, the failure diameter of the aluminum plate is about
19.75 mm, which can be used to predict the experimental results.
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