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Abstract: Although the ignition-and-growth model can simulate the ignition and detonation behavior
of traditional energy materials well, it seems insulfficient to simulate the impact-induced deflagration
behavior of reactive materials (RMs) using current finite element codes due to their more complicated
ignition threshold and lower reaction rates. Therefore, a simulation method for the impact-induced
deflagration behavior of a reactive materials projectile (RMP) is developed by introducing tunable
ignition threshold conditions for RMs, and a user-defined subroutine is formed by the secondary
development on the equation of state (EOS). High-velocity impact experiments were performed
to prove the validity of simulations. The results show that the user-defined subroutine for RMs is
competent in simulating the ignition and deflagration behavior under impact conditions, because the
reaction ratio, morphology and temperature distribution of RMP fragments are all well consistent
with experiments, theory, and current reports from other researchers. In this way, the quantitative
study on the deflagration reaction of RMs can be implemented and relevant mechanisms are revealed
more clearly.

Keywords: reactive materials; impact-induced deflagration; simulation; ignition behavior; reaction
ratio; temperature distribution

1. Introduction

When perforating or penetrating the intended target, reactive materials (RMs) will
chemically react due to the shock wave passing through them, thereby increasing the
damaging effects from the combination of the kinetic energy (KE) and chemical energy
(CE) of a reactive projectile [1-3]. RMs are a class of shock-induced energetic materials,
including thermites, intermetallics, metal-polymer mixtures, metastable intermolecular
composites (MICs), and so on. With the benefit of fine mechanical and chemical perfor-
mance, polytetrafluoroethylene based RMs have been extensively researched recently. In
order to investigate their lethality, ground tests have been conducted, and several physics-
based models were established [4-8]. However, RMs are generally formulated to release
appreciable CE under intense dynamic loads (such as high-velocity impact or detonation),
so the activation time is extremely short, making the measurement of many physical quan-
tities very difficult. Consequently, an appropriate analytical tool for RMs is required to
predict target damage beyond that measured under experimental conditions [3]. Popular
dynamic calculation codes, such as ANSYS-Autodyn or Ls-dyna, were employed to predict
the response of energetic materials. In these codes, the simulation results are dependent
on an appropriate material model, which includes the equation of state (EOS), strength
model, failure model, erosion model, and so on. Researchers have paid close attention to
the material model of RMs.
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For the unreacted reactant of RMs, the shock EOS model was used to research the criti-
cal velocity of the reactive materials projectile (RMP) to initiate the covered explosive [9,10],
and Instron compression tests and high-rate split Hopkinson bar experiments were carried
out to determine the parameters of the Johnson-Cook strength model, which can be used to
effectively simulate the deformation and penetration behavior of reactive materials [11,12].
For reaction product, the Jones-Wilkins-Lee (JWL) EOS was used to characterize the ex-
pansion behavior after the chemical reaction of RMs [13]. In fact, compared to the KE
damage caused by traditional inert metal materials, it is mainly the CE that causes the
remarkably high-efficiency damage during the impact events of RMs. The ignition time,
reaction rate, reaction efficiency, and so on, play an important part in the energy release of
CE. In particular, the initiation criterion, which is characterized by the values of the impact
pressure P and its duration T or by the values of an impacting projectile’s velocity V and
diameter d (P>t or V2d criteria), significantly influences the damage event of RMs. The
forest fire model was provided and developed to match pressure-time data obtained from
gauges embedded in the energetic materials in a broader set of experiments [14]. Recently,
the Naval Surface Warfare Center has estimated the impact velocity and pressure initiation
threshold of reactive materials with different particle size with a gas gun experiment [15,16].
They found that the initiation reaction occurs earlier in reactive materials with smaller
particle size; this is mainly induced by the shear band formed in the impact event, and
empirical formulas (#* (c—o7s)! = c)) were proposed to characterize the ignition behavior of
Al/PTFE reactive materials.

The above literature reviews show that the EOS and ignition model for RMs have been
improved. However, an integrated, analytical method to reproduce the high-efficiency
damage caused by RMs has not been presented, to the best of our knowledge. In past
decades, relevant simulations often divided the damage event into two relatively indepen-
dent phases. For example, the damaging effects on concrete targets produced by reactive
material liner shaped charges were researched by dividing the physical process into an inert
impact-penetration stage and an internal deflagration stage for RMs. The shock model was
used to simulate the inert penetration behavior of RMs, and either the JWL or powder burn
model was used to simulate the internal deflagration behavior of RMs [17-20]. Although
the Lee-Tarver model embedded in Autodyn or Ls-dyna can characterize the detonation
performance of high explosives, no interface is provided to adjust the initiation criterion
that is crucial to simulate the damage event for RMs.

The purpose of this effort is to combine the divided stages into one by developing the
EOS subroutine based on Autodyn code; then, quantitative research of real-time reaction
can be conducted by using the tunable ignition criteria. A simulation method is proposed
to investigate the impact-induced deflagration behavior of polytetrafluoroethylene based
RMP. This work is of great value in the design of RMPs and understanding their damage
mechanisms more clearly.

2. Experiment
2.1. Specimen Preparation

The Al/PTFE RMPs were prepared by the process of mechanical mixing—cold pressing—
sintering. First, the raw Al and PTFE powders, with Al particle size of 5 um and PTFE
particle size of 34 um (the purity of Al and PTFE are above 98% and 99%, respectively,
according to the vendor’s description), were poured into a container where they were
mechanically stirred with a rotation speed of approximately 20,000 rpm. Then, the sym-
metrical distribution powders were poured into a cold-pressing mold where the pressure
was loaded by a puncher pin on the powders with a linear speed of 5 mm/min. When the
pressure reached approximately 1 MPa, the load speed of the puncher pin was controlled
by pressure increments at approximately 1 MPa/s. The puncher pin did not stop until the
pressure reached 100 Mpa; subsequently, the pressure was kept at this level for 1 min. In
this way, the powders were pressed into a cylinder, then inserted into a vacuum sintering
oven. The oven temperature rose to 375 °C at a rate of 60 °C/h and stayed at 375 °C for
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0.5 h. After that, the oven temperature dropped to 327 °C at a rate of 40 °C/h and stayed
at 327 °C for 1 h. Lastly, during the cooling process, the oven temperature dropped to
ambient temperature at an average rate of approximately 50 °C/h. The density of the RMP
fabricated by this method is close to the theoretical maximum density of 2.27 g/cm?3.

2.2. Experiment Setup

The experiment system was mainly composed of the one-stage gas gun, laser speed
detector, chamber, double-spaced Al plates holder, and high-speed camera, as shown in
Figure 1. After the projectiles were launched by the one-stage gas gun, the two laser beams
(laser speed detector) recorded the speed of the projectiles. An on—off signal, produced by
the veil effect of the projectiles on the laser beams, was used to trigger a high-speed camera;
consequently, the images of the penetration and deflagration behavior of the RMPs on the
double-spaced Al plates was recorded. Eight shots, with the impact velocity ranging from
293 to 652 m/s, were performed to investigate the penetration and deflagration behavior of
RMs. Several square Al plates with a size of 400 x 400 mm? were used in this study and the
distance between the front and rear plate was 200 mm. The size of the projectiles is listed
in Figure 1. The penetration hole and bulges on the front plate (FP) and rear plate (RP)
were used to characterize the penetration behaviors of RMPs and damage effects of the
double-spaced Al plates, while the duration and size of the flame, resolved by high-speed
camera, were used to characterize the deflagration behavior of RMPs.

Chamber Target

One-stage gas gun Projectile Laser speed detector| o
oo

- g

oo
High-speed camera: I:l

1
| LN

Figure 1. Schematic diagram of experimental setup.

2.3. The Damage Effects of Double-Spaced Al Plates

In the eight experiments with velocities ranging from 293 to 652 m/s, all front plates
were perforated, while petalling or plugging damage formed on the backside of the front
plates, depending on the various impact velocities. It is worth noting that there was a
plastic zone (between the red and yellow dotted line in Figure 2) in the vicinity of the
penetration hole in both petalling and plugging damage. On the rear plates, considerable
soot was produced on the frontside because of the chemical reaction by residual RMPs,
while various degrees of bulges were formed on the backside. The typical damage patterns
and details on damage effects are shown in Figure 2 and Table 1, respectively.

Rear plate-Back

Figure 2. The damage patterns on the front and rear plate in shots 10-2 and 12-3.
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Table 1. Experimental results.
: Deflagration Time (us)
Shot Projectile Size  Velocity Hﬁf:g;:::;?er Perforati ; "
erforating mpacting
(@D x L) (mm) (m/s) on FP (mm) FP on RP Fades Away

10-1 15.40 x 15.39 293 ~15.47 210.24 210.24 1629.35
10-2 15.39 x 15.38 342 ~18.01 420.48 998.63 5045.73
10-3 15.40 x 15.36 401 ~24.53 367.92 2890.78 8672.34
10-4 15.41 x 15.21 397 ~20.06 473.04 3521.50 9040.26
12-1 15.40 x 7.64 652 18.62 252.39 378.58 8539.10
12-2 15.50 x 7.76 570 18.73 294.45 3070.71 7697.81
12-3 15.50 x 7.80 550 17.33 210.32 252.39 4374.71
12-4 15.40 x 7.30 620 19.37 126.19 1724.65 8286.71

Notes: FP and RP represent the front and rear plate, respectively. The deflagration time means the duration
of deflagration of RMs: (1) perforating FP means the whole deflagration time caused by the penetration to FP;
(2) impacting RP means the time required for the reaction to increase to maximum from the impact on RP; and
(3) fade away means the time from peak to end of deflagration reaction.

3. Numerical Simulation
3.1. Reaction Model of Energy Release Process by RMs

The impact-induced energy release process of RMs can be summarized as follows:
(1) the fragmentation of RM samples; (2) the product of small gas molecules from the
decomposition of the fluoropolymer matrix under impact loading (impact-induced hotspot
or impact-induced fracture); (3) the exposure of reactive metal to small gas molecule
atmospheres; and (4) the burning process of the fragmentized composite particle. For
numerical simulations at the macro scale, the decomposition of the fluoropolymer matrix
and the exposure of reactive metal to small gas molecule atmospheres are usually simplified,
and attributed either to stress concentrated in a local point or temperature. When the stress
or temperature achieve a threshold value, it is considered evidence that the decomposition
of fluoropolymer matrix and exposure of reactive metal to small gas molecule atmospheres
have occurred. In this way, the phenomenological research can be conducted based on
any ignition criterion. However, no apparent interfaces are provided to adjust the ignition
criterion in the ignition-and-growth model in Ls-dyna or Autodyn, which are commonly
used to conduct simulations of the impact-induced burning process of energetic materials.
Consequently, some modifications are required to simulate the impact-induced deflagration
reaction of RMs.

In Autodyn code, the EOS subroutine is used to calculate pressure, energy, and sound
speed as a function of density. When the density of the current timestep is updated and
retrieved from the main program, the new pressure, energy, and sound speed can be
updated by the EOS model, then returned to the main program to calculate other variables.
In the energy release process of RMs, they undergo three material states, including solid
reactant state, solid-gas mixing state, and gas state, in the same particle. Therefore, three
different EOSs are generally needed to model the distinct states, which makes the solving
process complex and expensive. To solve this issue, reaction ratio F is introduced to couple
the equations of state (EOSs) for reactant and reaction product, based on the assumption
of pressure and heat balance. After iterative computations on pressure and temperature,
the reaction ratio, energy, and sound speed can be updated; this is discussed in detail in
Section 3.1.5. In this way, a unitary EOS or reaction model was proposed to describe the
mixture in the reaction zone [21].

3.1.1. EOS of Unreacted Reactant

For unreacted reactant, a shock EOS is employed to describe the pressure state under
impact condition, which takes the following form [9]

T ri—-v, T
PM(Vu,T):PH(Vu)+p‘2 (E—EH):PH(VL,)(l—Z = ”)+p§ CouT (1)
u u u
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{ Py (Vi) = po2(1 = Vi) /1 —s(1 = Vi)* Vi <1
where

Pr(Vu) = pocj (17 — 1) Vi >1
where subscript # denotes unreacted reactant, I' is the Griineisen coefficient, T is tempera-
ture, pg and ¢y are the initial density and elastic wave velocity of the reactant, respectively,
Cy,u is the specific heat capacity, and s is the slope of the shock velocity or particle velocity
fit. Ep is the specific internal energy, which can be calculated as

En(Vi) = 3{co(1 = Vi) /[1—s(1 = Vu)]}* Vu<1

2 )
En(Vy) = %cgvu(viu _ 1) Ve >1

3.1.2. Ignition Criterion

The chemical reaction of RMs occurs when the particles obtain enough energy. Gen-
erally, mechanical, thermal, optical, electrical, chemical, and acoustic stimuli can cause
the ignition of RMs. Under the impact-initiation scenario, ignition behavior often occurs
in the shear band, so the peak stress has been employed to judge the appearance of the
ignition event by the Naval Surface Warfare Center [15,16]. They point out that the RMs
do not ignite at the beginning of the collision, but have an ignition delay time, which
can also be interpreted as the time for the material to absorb energy under certain stress
conditions. As described in Equation (3), when the stress exceeds the ignition threshold
ots, the term that represents the impulse on the left side of the equation accumulates with
time. When it reaches a constant c, the local RMs may be ignited. In contrast, the ignition
of RMs substantially starts with the decomposition reaction of fluorine polymer. When the
instantaneous temperature reaches the critical decomposition temperature, the chemical
reaction may also be stimulated. Therefore, the following expression is used to model the
ignition behavior for RMs.

t“(a—UTs)b =c or T=Ty 3)

where ¢ and ors are real-time stress and ignition threshold stress, respectively; t is ac-
cumulated time in which the o exceeds ots; 4, b, and ¢ are constants; T is instantaneous
temperature; and Tj is critical decomposition temperature of fluorine polymer contained
in RMs.

3.1.3. EOS of Reaction Product

The JWL EOS is usually used to describe the state of the reaction product. The pressure
and specific internal energy, respectively, can be calculated as follows [22]

By (Vp, T) = ARV 4 peRelo 4 S0, 7 @)
r

A rv, , B _ryv
E,(Vp, T) = (Rle 1”+R—26 2% ) /po + CopT (5)

where subscript p denotes reaction product and A, B, Ry, Ry, and w are constants.

3.1.4. Reaction Rate

The ignition-and-growth model of explosive initiation is employed to characterize the
impact-induced initiation behavior of RMs. The chemical reaction rate for the conversion
from unreacted explosive to reaction product consists of three physically realistic terms: an
ignition term of a small explosion occurs soon after the shock wave; a slow growth term of
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reaction speed as this initial reaction goes on; and a reaction completion term with a rapid
reaction rate. The form of the reaction rate equation is [9]

X

il—f =1I(1- F)b <£ -1- a) +G1(1— F)°FPY 4+ Gy(1 — F)°FSP* (6)
0

where I, G1, Gy, a,b, ¢, d, e, g, x, y and z are adjustable coefficients for energetic materials.
F = 0 indicates the reactant did not react, and the variables are calculated by the equations
of unreacted reactant. F = 1 indicates the chemical reaction is complete, and the variables
are calculated by the equations of reaction product. If 0 < F < 1, this indicates the chemical
reaction is ongoing and the mixture is made of reactant and deflagration product, and the
variables are calculated by introducing a mixing rule.

The three portions of the ignition-and-growth model exhibit distinguished chemical
reaction rates during the three physically realistic terms discussed above. This model
contains three more parameters: FMXIG, FMXGR, and FMNGR. The ignition rate is set
equal to zero when F > FMXIG, the growth rate is set equal to zero when F > FMXGR, and
the completion rate is set equal to zero when F < FMNGR. Therefore, if no ignition criterion
is employed, it is the constant “a” that dominates early ignition reactions, which could be
considered the ignition criterion or threshold. When the compression of some particles
increases to a value that is large than “a”, the chemical reaction rate increases according
to the ignition term. At this stage, the slow growth and completion term is approximate
to zero as the “F”, which is nearly zero in the early phase of ignition. The parameters
contained in this model can be obtained through an explosive shock experiment with an
iterative approach that adjusts the parameters until the simulation results agree with the
test results [14].

3.1.5. Mixing Rule

An EOS subroutine in Autodyn is mainly required to update the specific internal
energy and pressure. When F = 0 or F = 1, relevant calculations can be done by Equations
(1), (2), (4) and (5). When 0 < F < 1, the mixture is composed of unreacted reactant and
reaction product. After the reactant is activated, the specific internal energy is defined as

E(V,T,F) = (1—F)E, + FE, + (1 - F)Q @)

where Q is reaction heat released by reactive materials per unit of mass.

During an update process in a calculation circulation of an EOS subroutine, pressure
and temperature equilibrium is assumed in the mixture. The temperature is first calculated
based on the first law of thermodynamics. The differential form of specific internal energy is

48 = (50) 52V + (51, 07+ (5), o

= JdV + CodT + HdF

®)

According to the first law of thermodynamics, the internal energy absorbed by a small
region of the material during a change from one state (or time) to another equals the heat
(or energy) input into the region minus the work done by the region in the action of the
internal pressure forces. This can be expressed in the relation dE = —PdV. Combining this
with Equation (8), one can obtain the temperature increment

CodT = —(P + J)dv — HdF )

In this paper, the heating effects produced by artificial viscosity and plastic work are
included in the simulation, so Equation (9) becomes

CodT = —(P + ] + q)dv — HAF + Wogic (10)
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where g is artificial viscosity, Cy is constant-volume specific heat of energetic materials.

In this way, the temperature in a small region could be estimated based on the param-
eters of the former timestep. Then, the pressure of unreacted reactant and reaction product
could be obtained by the (V, T) form of EOS, including Equations (1) and (4). The pressures
in the unreacted and the gaseous phases of the RMs depend on the relative volume of the
two phases, which is defined as follows

V=01-F)V,+FV, (11)

When the relative volume of the mixture is returned by main routine, the model
iterates on the relative volume of the unreacted reactant until it meets pressure equilibrium
with the reaction product, then the derived pressure P is returned. Meanwhile, the specific
energies of unreacted and gaseous phases are obtained from Equations (2) and (5). The
reaction rate can be calculated by Equation (6), and the specific energy of the mixture is
calculated by Equation (7).

Finally, the local sound speed can be estimated as

c - [ [ [T
T Vido T NVdy do T Voo dy
_ 1 . [q _p\(%Pu 4 9pu oT 3E,\ dnu 9pp | 9pp 9T 9y dipp
= \/po [(1 F)(am, +taT o an ) ay TE\ay, T aT o, @, ) @y

where 77 = 1/V and subscripts u and p denote the unreacted reactant and reaction product,
respectively.

(12)

3.1.6. Program Implementation in Autodyn User’s Subroutines

Autodyn provides several subroutine interfaces for options such as material models,
boundary conditions, and so on. The material model subroutines, such as EOSs, strength
models, failure models, and erosion models, are commonly developed depending on
user demand. In order to characterize the impact-induced initiation and energy release
behavior of RMs, the EOS subroutine, including parameters initialization, parameters
check, interfacial design, and solve loop, that dominates the pressure response and energy
transformation, is developed in this work. The solve loop of the developed EOS subroutine
is listed in Figure 3.

When called by the main program, the EOS subroutine checks whether the current cy-
cle is the first cycle. If so, it initializes user-defined variables to zero, else it retrieves variable
values from the previous timestep. Then, it estimates the temperature using Equation (10)
so the pressure can be calculated with corresponding EOS models. Meanwhile, the local
sound speed of a small region is estimated using Equation (12). Afterward, it updates
ignition expression on the left side of Equation (3) using the pressure calculated in the
current timestep. If this meets the ignition criterion, it updates the reaction fraction in
Equation (6), else it implies the chemical reaction does not occur in this small region. Finally,
it updates the specific energy using the new reaction ratio.

3.2. Constitutive Model

During the penetration process, the deformation and yield of materials on the impact
interface between projectile and target dominates the damage effects on the target plate. In
order to reproduce the deformation and yield behavior of the structures (RMP and Al plate),
the Johnson—-Cook strength model, which represents the strength behavior of materials
subjected to large strains, high strain rates, and high temperatures, especially in problems
of intense impulsive loading due to high-velocity impact, is employed in this study. This
model defines the yield stress as

o= (A+Bsy) (1+c1né;‘,)(1—Tg) (13)
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where ¢, is the effective plastic strain, é:, is the normalized effective plastic strain rate, Ty is
the homologous temperature = (T — Troom)/ (Teit — Troom), and A, B, C, N, and m are five
material constants.

I variables initialization I

Retrieving variables
from former timestep

IUpdate temperature by eq ( lO)I

F =?

l F=0 'O<F<l F=1 l
Calculate p and ¢ Calculate p by mixing Calculate p and ¢
from unreacted rule based on eq (11), from reaction
reactant EOS by then calculate ¢ by eq product EOS by
eq (1) and (12) (12) eq (4) and (12)
L | |

v

Update ignition
expression by eq (3)

="Meet ignition Criterion

Yes

Ilpdate reaction Fraction By eq (6I

—I Update specific energy by eq (7) I

Figure 3. The solve loop of EOS subroutine.

When impacting the target with a high velocity, the projectile may suffer large defor-
mation or even failure as a result of the high pressure caused by this event. The failure of
materials means they can resist compressive but not tensile load, so the failure model is
often employed to simulate the ejection behavior of fractured debris. Many failure models,
such as minimum pressure, principal stress and strain, cumulative damage, and so on, are
all permitted in Autodyn code. The Johnson—Cook failure model, which is commonly used
to characterize the ductile failure of materials, is employed in this study. It consists of three
independent terms that define the dynamic fracture strain as a function of pressure, strain
rate, and temperature:

* Lk A
of — (Dl + DyePs? ) (1 +D,Iné )(1 +DsTy), D= 2878 (14)

where Ae is an increment of effective plastic strain, &f is failure strain, ¢ is mean stress
normalized by the effective stress, and D1, Dy, D3, D4, and Ds are constants. The Johnson—
Cook failure model essentially shows cumulative damage. The ratio of the incremental
effective plastic strain to effective fracture strain for a considered particle is defined as
the damage factor. The material is assumed to be intact until damage = 1.0. When failure
occurs in some particle or element, the contained materials can no longer sustain tension.

3.3. Finite Element Model

The finite element model of RMP impacting double-spaced aluminum plates is shown
in Figure 4. The impact and deflagration phenomenon of RMS is a highly nonlinear transient
dynamic event; therefore, a meshless SPH method was employed to avoid the interruption
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of the simulation, which may be induced by severe deformation or distortion of the meshes
used in the Lagrange or Euler methods. The purpose of an SPH method is to describe
the continuous material with a group of interacting particles that bear various physical
quantities, including mass, speed, etc. By solving the dynamic equation of the group of
particles and tracking the movement of each particle track, the mechanical behavior of the
whole system can be obtained. In this simulation, the separation distance between particles
was set to 0.25 mm, and approximately 11,500 particles were used for the finite element
model. The space between the two aluminum plates, one with a thickness of 2 mm and the
other 4 mm, was set to 200 mm.

2mm 4mm

|_| AL2024
200mm

A
\

p15.5mm [

Figure 4. Scheme of simulation model.

4. Result and Discussion
4.1. Penetration Mechanism

The relatively heavier projectile, with a length-diameter ratio of approximately 1:1,
produced irregular circular damage patterns on the front side of front plates, which was
mainly caused by the unstable flight attitude of RMPs with relatively low kinetic energy.
The lighter RMPs, with a length—diameter ratio of approximately 0.5:1, was fabricated to
enhance the shot velocity. When the velocity of the RMPs reached above 550 m/s in this
study, regular circular penetration holes were found on the front side of the front plates.
As analyzed in Refs. [2-26], the RMPs impacting the thin plate with a low velocity were
likely to produce petalling damage patterns, whereas high-velocity RMPs impacting thick
plates were likely to produce plugging damage patterns. Hence, it is inferred that there
is a minimum velocity that intensifies the stress suffered by the plate material to its shear
strength, which could lead to the ultimate plugging damage. The relevant mechanisms
may be considered as follows.

Generally, if the stress generated in the target plate material in contact with the
cylindrical part of the projectile at low velocity is less than the shear strength of the target
plate material in the early part of the impact, then the material does not fracture until
it moves with the projectile for some distance, resulting in the petalling damage pattern
on the plate. A higher velocity increases the stress to the shear strength of the target
immediately after impact, resulting in the plugging damage pattern instead. In addition,
when the aluminum plate is impacted at a velocity that produces plugging damage, two
shockwaves propagate forward into the target and backward into the projectile. Because
the considered impact velocity (<600 m/s) is much lower than the propagation velocity
of shockwaves (>6000 m/s), the homogeneous stress in the Al plate is formed in a very
short time compared to the penetration time, so it is reasonable to assume that every
particle velocity in the plugger is the same. Furthermore, the plugger velocity, or the
penetration velocity, reaches a steady level shortly after the initial impact time, so one can
take the penetration velocity as a constant under the current impact conditions. The force
equilibrium relationship on the plugger can be described as

PpCppiCi (UOp - UOt)

A;=1-A 15
Ppcp"‘PtCt s 1 ( )
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where p and C are density and sound speed of related material, respectively; vy is the initial
velocity of related material; A is the contact area on the impact interface; A; and T are the
lateral area of the plugger and the shear stress implied on it, respectively; and the subscripts
p and t denote the projectile and target, respectively.

The left side of Equation (16) represents the force that accelerates the plugger, whereas
the right side is the resistance to the penetration. If the value of the left side is larger than
that of the right side, or, for the given materials of projectile and target, if the velocity
difference between them is high enough to produce a force exceeding the resistance force
produced by the shear strength of the target plate, the plugger is formed immediately after
impact; otherwise, the projectile will fly with the target in the vicinity of the impact interface
for a longer distance before a penetration hole is formed. In the latter case, more remarkable
bulges are found (as shown in Table 1), and petalling damage is produced. Taking T as the
value of the shear strength of the plate material, one can calculate the minimum velocity
for plugging damage from Equation (15) for the known projectile and target materials, the
diameter of projectile, and the target thickness. The contact area A; is usually larger than
the initial section area of projectile as a result of a mushrooming effect. In this study, we
considered Aj; the initial section area for simplification, A; = ntD? /4, and the lateral area
of the plugger was considered A; = mDh. Additionally, it is important to mention that the
strain rate effect led to a higher shear strength of the considered materials, so a higher
velocity was required for RMPs to produce plugging damage. Substituting the parameters
into Equation (15), especially when vg; = 0, one can obtain a simplified linear relationship
between the minimum velocity for plugging damage and target plate thickness / for given
projectile diameter D,
ppCp + 0tCt

Vo, = 4T'h
o7 ppCpptCeD

(16)
where 7/ denotes the dynamic shear strength. Under current experiment conditions, we
calculated vy, to equal 496 m/s when taking 7’ as 200 Mpa, which is reasonable because the
minimum velocity for plugging damage in our experiments was between 401 and 550 m/s.

4.2. The Impact-Induced Deflagration Behavior

A high-speed camera was employed to investigate the impact-induced deflagration
event produced by RMPs, the typical pictures are listed in Figures 5 and 6. As shown,
a strong fire light is observed immediately after the impact event, indicating that the
deflagration reaction is induced by the impact on the front plate. The fire light lasted
several hundred microseconds, then gradually fades, and the residual fragments appear in
Figures 5 and 6¢. The residual fragments impact the rear plate with a relatively low velocity
in the following moments, resulting in a more powerful deflagration reaction subsequently.
At this time, the fire light lasts for an extended period, several milliseconds, implying
more chemical energy was released after the second impact. Finally, the impact-induced
deflagration reaction is finished, with the fire light fading away. The deflagration times for
the impact on the front and rear plate are shown in Table 1.

The characteristics of fire light, such as appearance time, intensity, size, and so on, are
closely related to the ignition and reaction ratio of RMPs. However, because of the shielding
effect of fire light and insufficient testing methods at present, it is extremely difficult to
study the ignition and relevant reaction mechanisms of RMPs in a high-velocity impact
event. Based on this consideration, the numerical simulation method was developed to
reproduce the impact-induced deflagration behavior using computer codes. An EOS with
tunable ignition threshold was written in Autodyn codes for RMs, and simulations were
carried out under the same conditions as the impact experiments, the results of which are
shown in Figures 5 and 6. In the pictures, the scale represents the reaction ratio (ALPHA)
of every particle included in the simulation model. In this way, the ignition behavior, time-
resolved reaction ratio, and temperature distribution of RMPs were obtained. The energy
and error time histories are illustrated in Figure 7, which indicates the energy balance at a
good level, and the simulation results discussed in detail in the following part is reasonable.
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Figure 6. The impact-induced deflagration behavior of RMP with a velocity of 550 m/s.
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Figure 7. The energy and error versus time histories.

4.3. The Ignition Behavior

Generally, RMs are considered impact-initiated materials, so high-dynamic mechan-
ical load is likely to be required to ignite RMs. In this impact-initiation scenario, one-
dimensional impact stress is characterizing the ignition behavior [15,16]. However, quasi-
static compression after a specific heat treatment procedure for RMs is also a resultful way
to induce the rapid deflagration [26,27], though the chemical reaction may be suspended a
short time after ignition because it is difficult to propagate the deflagration in high-density
RMs, which may be attributed to the relatively lower deflagration pressure compared
to high-energy explosives. Additionally, the ignition behavior of thermal, optical, and
electrical stimuli can be found in Refs. [28-33]. In essence, the RMs could be successfully
ignited when suffering enough energy stimuli. Based on the above analysis, we determined
that the equivalent plastic stress and temperature are the main factors that dominate the
ignition behavior of RMPs.

Figures 8 and 9 illustrate the typical ignition process of RMs at 160 ps after impact.
When impacting the plate at 342 m/s, the ignition occurs at the strongest shear zone
between the edge of the RMP and Al plate immediately after impact (Figure 8b). Then more
RMs are activated to deflagration on the fracture surface (Figure 8d). It is interesting to
note that the front side of the RMP fails to ignite, though it suffers the maximum pressure
during the impact event, resulting in a cone of uninitiated RM fragments flying toward the
rear plate. This phenomenon confirms that the ignition mechanisms of RMs are more likely
to be attributed to shear instead of pressure, because the ignition result in this simulation is
well consistent with the experiment result by Raftenberg [34]. When the impact velocity is
enhanced to 550 m/s, more RMs are activated as a result of stronger shear effects between
the edge of the RMP and plate (Figure 9d). Nevertheless, several RM fragments still fail to
ignite (Figure 9e).

The relevant ignition mechanism can be analyzed based on the curves of ignition
indicator, reaction ratio, pressure, and temperature versus time at the gauges set on the
front side of the RMPs, as shown in Figures 8f and 9f. A high-pressure pulse is produced
first after impact. However, we use equivalent plastic stress as the indicator of ignition.
The equivalent plastic stress is divided into two parts in Autodyn. One part is hydrostatic
pressure calculated by EOS; the other is deviator stress calculated by a constitutive model.
Although the pressure is high, the integral indicator of ignition constant does not increase
remarkably, indicating that the required stress threshold has not been reached at this time.
After this, the forward-propagating compression wave is reflected by the free surface of the
front plate, resulting in a rarefaction wave propagating backward to the RMP, which leads
to a sharp decline in pressure on the materials. The rarefaction wave may also enhance the
particle velocity change in the RMP, which causes high stress in RMs. Then, the indicator of
ignition increases linearly to the value set by user (the value was set to one in this study). At
this time the deflagration is successfully induced, and the pressure of the mixture of reactant
and deflagration product is calculated based on the pressure and temperature equilibrium.
As a result of the deflagration, massive chemical energy is released. The released energy
exists in the form of pressure, potential energy, and internal energy. The pressure and
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Reaction ratio

temperature are remarkably enhanced by the increase of reaction ratio ALPHA. As shown
in Figures 8f and 9f, when ALPHA increases to one, which indicates the deflagration stops
at this time, the pressure and temperature of the particle present a declining trend.
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Figure 9. The typical ignition process of RMPs with a velocity of 550 m/s.

4.4. The Energy Release Behavior of RMPs

160

—o— Ignition indicator —=— Reaction ratio —e— Pressure —— Temperature

ssure/GPa-Temperature/K

The energy release behavior of RMPs can be represented by a time-resolved reaction
ratio. To get a time-resolved reaction ratio of an RMP for quantity research in the penetration
and deflagration process, a subroutine executed at the end of every calculation circulation
is compiled. The reaction ratio of an RMP is defined as

_ L

Y m;

(17)



Crystals 2022, 12, 471

14 of 17

where m; denotes the mass of every particle contained in the RMP and «; corresponds to
the reaction ratio of the particles.

The time-resolved reaction ratio of an RMP with an impact velocity of 342 and 550 m/s
is shown in Figure 10. As analyzed above, the deflagration starts when the indicator of
ignition constant reaches the preset value. After perforating the front plate, the reaction
ratio of RMPs increases remarkably. Then, however, there is an approximate flat in the
curve of the reaction ratio of RMPs, which implies the flameout of overall deflagration.
This simulation result can be verified by the sharp decay of fire light in the experiments,
and it does not greatly change until the residual RM fragments impact the rear plate. Then,
partial RMs ignite at the second impact and the reaction ratio increases to a new level. It
can be also seen from the pictures that the deflagration quantity after impact on the front
and rear plate is dependent on impact velocity. When the impact velocity is 340 m/s, the
deflagration quantity after impact on the front plate is less than 550 m/s (the reaction
ratio rises to 9% for 340 m/s while 19% for 550 m/s). The indicator of ignition constants
of uninitiated RMs accumulated during the first impact, so the impact on the rear plate
induces more RMs to be deflagrated. The final reaction ratio increases with the impact
velocity, but neither their final reaction ratio nor reaction efficiency reaches one, indicating
that partial RMs in the RMP fail to ignite under current impact conditions.

—o—342m/s
70% —e— 550m/s
60% |-
50% |-
=
S 40%
Q
I
B 30% |-
20% |
10% |-
0%
1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Time/us

Figure 10. The time-resolved reaction ratio of RMP versus time.

The fragmentation of the RMs projectile is likely the prerequisite condition for ignition
because of the non-self-sustaining reaction in RMs. The fragmentation is mainly caused by
accumulation of damage related to the plastic deformation or plastic work. From Figure 10,
one can conclude that the higher deflagration reaction degree includes two parts. First,
after perforating the first plate, the plastic work absorbed by the cylindrical surface of the
projectile is higher, inducing more RMs to react. Second, on the front of the rear plate, more
reaction is induced. The reason may be that more damage has been produced inside the
projectile after perforating the first plate with a higher velocity, and the higher residual
velocity of RMs will also produce more serious fragmentation of RMs inside the residual
penetration body after impact on the rear plate, resulting in higher reaction degree of the
RMs projectile.

4.5. The Temperature Rise Effect

According to the first law of thermodynamics, the massive chemical energy released
by the deflagration reaction will be transformed into pressure, potential energy, and internal
energy of deflagration product. High pressure can cause the rapid expansion of product
while internal energy heats the product to a high temperature. The early evolution of
pressure and temperature is shown in Figures 8f and 9f. In Figure 11, the later temperature
distribution of RMs at the impact on the rear Al plate is shown. The maximum steady
temperatures are 2901 and 3154 K for the impact velocities 342 and 550 m/s, respectively.
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This temperature is consistent with the results captured by the infrared framing camera and
transient pyrometer in Ref. [8]. The chemical energy released during the impact process
can be estimated as

4A1 + 3(—CaFy—) — 4AIF; + 6C +2379.61 k] (18)

TE‘“E’;B“I‘““’ K (a) 342m/s T“‘“gclr;;“’“ K) (b) 550m/s
E 2640 2868

2380 2583
= 2120 =1 2297
= 1860 2012 ™
1 1599 1726 ST SR
1 1339 1441 HN 'wﬁ‘:
L 1079 1155

818.6 : 869.8
I 558.3 i 584.3

298.0 ¥ 298.0

Figure 11. The temperature distribution at impact on the rear plate.

Assuming that the released chemical energy is absolutely transferred to internal energy
of deflagration products, then the temperature could be estimated considering specific heat
capacity of the deflagration products. Taking the values of the specific heat capacities of
AlF3 and C as 100.831 and 21.609 J/mol-K, respectively, the calculated temperature for the
deflagration products is approximately 4464 K. The lower temperature in the simulation
can be attributed to persistent expansion of the particles during or after impact, which leads
to external work acting on surrounding particles, resulting in a cooling effect for relevant
particles according to the first law of thermodynamics.

5. Conclusions

To understand the mechanisms of impact-induced deflagration reactions by RMPs
more clearly, a simulation method is presented in this study. High-velocity impact exper-
iments were performed to prove the validity of the simulations. The ignition indicator,
reaction ratio, pressure, and temperature distribution are analyzed in detail. The results
show that the equivalent plastic stress is more likely to dominate the ignition of RMs instead
of the high-pressure pulse produced immediately after impact, because no remarkable
increase of the ignition indicator was observed when the pressure reached its maximum
value during impact. The history curve of reaction ratio and temperature distribution of
RMPs was obtained using a numerical simulation. The increasing trend of the reaction ratio
is well consistent with the change of radiated fire light in experiments, and the calculated
temperature is reasonable compared to experiment results reported in other studies. In
summation, the presented simulation method is able to reproduce the impact-induced
deflagration behavior of a reactive materials projectile.
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