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Abstract: Fine-grained Fe—Al energetic materials have high
reaction enthalpies, and the release energy of the iron
phase and a large portion of the active aluminium phase in
sintered materials enables the replacement of conventional
materials in new types of weapons. To study the energy re-
lease characteristics of fine-grained Fe—Al energetic jets un-
der impact loading, a dynamic energy acquisition system is
established to quantify the energy generated by the re-
sponse of fine-grained Fe—Al energetic jets to impact tar-
gets. The pressure-time curves of fine-grained Fe—Al en-
ergetic jets with different ratios under different impact
conditions are obtained, and a method for calculating the
pressure differential value is proposed to quantitatively de-

termine the energy release values of fine-grained Fe—Al en-
ergetic jets. The energy release mechanism of the Fe—Al en-
ergetic jet is analysed at the micro-level by recovering the
reaction products. The results show that there is an optimal
Fe—Al ratio that attains the greatest energy release effect
from fine-grained Fe—Al energetic jets. With increasing im-
pact energy, the energy released by energetic jets tends to
increase, and an impact energy threshold that saturates the
chemical reaction of energetic materials in the jets exists.
The relationship between the impact conditions and the
energy release value of fine-grained Fe—Al energetic jets is
established.
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1 Introduction

The energy released by the active metal phase in energetic
materials enables the replacement of conventional materi-
als in new types of weapons [1-3]. Researchers have found
that grain refining can greatly increase the strength, com-
bustion enthalpy and reactivity of Fe—Al energetic materi-
als, and it has been applied to explosives and pyrotechnics
[4-6]. Fe/Al composites have high strength and are inert af-
ter sinter hardening under normal conditions. However, un-
der a strong impact load, the impact energy drives the iron
phase and a large amount of the active aluminium phase in
the sintered material to react violently, releasing a large
amount of energy; thus, Fe—Al energetic materials can re-
place conventional inert materials in weaponry, such as
shaped energy jets, and efficiently damage the target.

In recent years, great progress has been made in the study
of Fe—Al composite materials. Jordan et al. [7] investigated the
impact equation of state for Fe—Al mixtures and used light
gas gun loading and explosion loading to obtain the Hugo-
niot parameters of energetic materials with a pressure range
from 2-23 GPa. Wang et al. [8] prepared Fe—Al micro-nano
composite particles with core-shell structures and found that
the thermal reactivity of Fe—Al micro-nano composite powder
was significantly higher than that of raw material Al powder
via DSC analysis. Wang et al. [9] studied the effect of the com-
position ratio on the reaction heat of Fe—Al energetic materi-
als by means of thermal analysis and micro-characterization
and selected the most active Fe—Al ratio.
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Energy release characteristics of energetic materials un-
der high impact loading have also been studied. Ye and Li
[10] experimentally studied the damaging effects of en-
ergetic fragments on targets such as oil tanks. Wang et al.
[11] and Luo et al. [12] studied the relationship between the
pressure and reaction efficiency of energetic fragments in a
confined space. With increasing fragment velocity, the pres-
sure and reaction efficiency in a confined space are in-
creased. Ames [13] carried out an experimental study on
the impact response characteristics of energetic material
specimens. In the above article, the energy release charac-
teristics of energetic materials under impact loading are
studied in the form of specimens or fragments, but few
studies have focused on the application of the energetic
materials of jets. After all, the formation process of the frag-
ment and the jet as well as the mechanism of releasing the
energy are completely different. Therefore, it is necessary to
study the energy release characteristics of energetic materi-
als in jet form.

In view of the shortcomings of the above research, this
study designs a dynamic energy acquisition system to
measure the energy release resulting from the impact of
fine-grained Fe—Al energetic jets on a target plate, estab-
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lishes the relationship between the impact conditions and
the energy release value, analyses the critical impact energy
that induces reactions in fine-grained Fe—Al energetic jets,
and reveals the energy release characteristics by which fine-
grained Fe—Al energetic jets impact the target plate.

2 Experimental Section
2.1 Material Preparation

The average particle sizes of the Al and Fe powders (pur-
chased from the Beijing Xing Rong Yuan Technology Co.,
Ltd.) were 3.8x 10° nm and 3.1x 10° nm, respectively. The Al
and Fe powders were mixed and milled to the nano-level in
a high-energy ball mill (QM-2, Changsha Tianchuang Instru-
ment Factory, high aluminium ceramic balls with 1 mm and
3 mm diameters, ball to powder mass ratio of 10:1). The ro-
tational speed was 200 r/min, and the milling time was
6 hours. The relative mass ratios of Fe to Al are 2:8, 3:7,
4:6,5:5,6:4,7:3 and 8:2, respectively.

To obtain a high strength while maintaining activity, the
fine-grained Fe/Al composites were prepared as follows:

(1) The mixed powders were loaded into a custom mould
and sintered in a vacuum hot-pressing sintering furnace
(R—C-ZKQY-07, Chenrong Electric Furnace Co., Ltd.
Shanghai, China), and high-purity nitrogen was used as
a protective gas.

(2) After 15 minutes, the power supply for the heater was
turned on, and the water-cooling system was turned on
when the temperature reached 150 °C. The heating rate
was set to 1°C/min. The sintering pressure was main-
tained at 10 MPa.

(3) After the temperature reached the highest sintering
temperature of 550 °C, the temperature was maintained
for 4 hours; then, the mould was cooled to 300°C at a
cooling rate of 30°C/h. This temperature was main-
tained for 1 hour.

(4) As the temperature was gradually lowered, most of the
pressure was released. After the temperature reached
room temperature, the mould was removed. The prepa-
ration process for the Fe/Al composites is shown in Fig-
ure 1.
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Figure 1. The Temperature Steps of a Sintering Cycle.
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2.2 Test Method

The dynamic energy acquisition system consists of an Fe—Al
composite shaped charge warhead (®40 mm), a charge
(0=1787 kg/m’, detonation velocity is 8390 m/s), a steel
test vessel (380 mm, with a volume of 14.67 L), a pressure
testing system (BZ2202 multi-channel dynamic strain
gauge, TST3125 dynamic test analyser), a pressure sensor
(with a —20~20 kN pressure range, a sampling rate of
20 kHz, a sampling length of 58, a delay of 2 ms, and a
control level of 0.15V), a conductor, front and rear sealing
plates, several Q235 steel target plates with different thick-
nesses, a steel protective plate, a high-speed camera and a
support. The energy acquisition system is shown in Fig-
ure 2. The target plate is fixed to the steel support frame
inside the test vessel by bolts, and a protective plate is
placed between the test vessel and the liner to prevent det-
onation products and minimize the impact on the test sys-
tem. To ensure that the jet enters the test vessel smoothly,
a pressure relief hole of 80 mm is located in the centre of
the protective plate and the front sealing plate. The axis of
the liner is calibrated by a laser, and the heights of the pro-
tective plate and the front sealing plate are adjusted so that
their heights are the same as that of the axis of the liner.
The liner is placed on the launcher and is driven by ex-
plosive action to form a jet, which passes through the pre-
perforated protective plate and impacts the steel baffle to
produce an intense chemical reaction, releasing a large
amount of heat and causing the air in the chamber to ex-
pand into an overpressure condition. The sensor at the
front of the test vessel records the voltage-time signal due
to the energy released by the energetic material in the jet,
and the original signal is smoothed after filtering. The en-
ergy release pressure-time curve is obtained by numerical
calculation.

Two series of experiments were designed to investigate
the effects of the ratio of energetic materials and impact
conditions on the impact energy release characteristics of
fine-grained Fe—Al energetic jets, respectively.

In one set of experiments, the effect of different en-
ergetic materials ratios on the energy release was inves-
tigated. Setting the thickness of the steel diaphragm to
4 mm, the impact target plate tests were carried out for
seven different Fe—Al mass ratios (2:8, 3:7, 4:6, 5:5, 6:4,
7:3, and 8:2) of energetic jets and with pure aluminium,
copper and iron jets as controls, as shown from No. 1 to No.
10 in Table 1.

High-Speed Camera
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B Protective Plate

Dynamic Strain Instrument/|
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Figure 2. Energy Acquisition System.
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Table 1. Experimental Parameters and Results.

No. Mass Ratio Target Thickness Mass Maximum Pressure

(Fe:Al) (mm) (9) (MPa)

1 0:10 4 286 0.76
2 2:8 4 325 082
3 3:7 4 3.51 1.53
4 4:6 4 384 178
5 5:5 4 4.21 0.51
6 6:4 4 463 040
7 7:3 4 522 042
8 8:2 4 595 035
9 10:0 4 8.17 0.16
10 copper 4 939 0.25
11 4:6 2 384 097
12 4:6 2.5 384 117
13 4:6 3 384 133
14 4:6 35 384 152
15  4:6 4 384 177
16 4:6 45 384 18

17  4:6 5 384 1.78

In another set of experiments, the effect of the impact
conditions on the energy release was investigated. Setting
the mass ratio of Fe—Al to 4:6, seven kinds of steel baffles
with different thicknesses (2-5 mm) were tested as impact
targets, as shown from No. 11 to No. 17 in Table 1. Three
experiments were carried out for each group, and the re-
sults were averaged.

2.3 Dynamic Pressure Testing Theory

Due to the limitations of the experimental conditions, it is
impossible to directly measure the energy released by the
fine-grained Fe—Al energetic jet under impact loading.
Therefore, it is necessary to establish a correlation between
the measured overpressure signal and the energy release
value. First, the pressure signal is divided into two stages:
the rising stage and the drop stage. The rising stage is
equivalent to the sealed chamber environment. Then, the
relationship between the pressure value and energy value
of the sealed chamber is shown in equation (1):

doQ VvV 0p ypV dm
dt  y—10t m(y—1)dt M

where Q is the internal energy increase in the closed cham-
ber, P is the pressure in the chamber, V is the volume of the
chamber, m is taken as the gas mass in the chamber, and y
is the adiabatic index, for which the chosen value is 1.4.
Ames [14] considers that the rising stage of over-
pressure in a chamber takes only a few milliseconds, and
the p-t relationship is basically linear. Therefore, the ex-
istence of pressure relief holes can be neglected in the ris-
ing part of the pressure curve. If the chamber is closed and
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the gas mass in the chamber is constant, then process
equation (1) can be simplified as follows:

74
AQ, :—y— 1Ap (2)

Equation (2) is the relationship between the peak value
of the pressure in the vessel and the increase of the jet re-
lease energy during the rising stage of the pressure curve.
When P reaches the peak value of the pressure, Q,, is the
maximum energy released during the rising stage of pres-
sure. The energy released during the drop stage will be cal-
culated below.

Ignoring the viscous and frictional heat conduction of
the vessel wall, the flow of pressure relief gas can be re-
garded as a one-dimensional steady isentropic flow. An un-
constrained pressure relief vessel is constructed. There is no
heating or heat dissipation flow inside the vessel, and an
ideal gas is used. The upstream and downstream states of
the pressure relief port are set at the standards of 1 and 2.
From the Bernoulli equation:

V2 V2

The relationship between the enthalpy h of gas in the
ideal state and the parameters p and V are substituted into
equation (3) as follows:

v, v
32=§+y%(p1% —p.Va) 4)

For the subsonic flow of gas in the chamber, the veloc-
ity v; of the upstream gas flow is much lower than that of
the downstream gas flow; therefore, the v, term in equa-
tion (4) is ignored. The amount of gas per unit time passing
through the pressure relief hole of area A at velocity v, is
shown in equation (5):

dm Av,
@, (5)

By substituting equation (4) and the equation of state
P=pRT into equation (5), equation (6) can be obtained:

dm  Ap, 2y
dt T2 |R(

12
R e - (7 ©

where p is the gas density, R is the gas constant and T is
the gas temperature. When the upstream pressure is equal
to or greater than the critical pressure, v,=C, equation (6)
can be written as:

dm _Ap, [ 2y [(L)Z/H — 2 )Z%l] v 7)
dt T2 |R(y—1)"y+1 y+1
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The pressure change rate in the vessel can be calculated
according to the equation of state, assuming that the air
. . . dn dm .
temperature remains unchanged. Substituting 3 = 35 into
equation (7) obtains equation (8):

dP _ _RT Ap l(i)% @)
dt V. M VTRY +1

Equation (8) describes the theoretical curve of the pres-
sure variation in vessels with pressure relief holes but does
not consider the effect of a pressure source with con-
tinuous release on the pressure in the vessel. Therefore,
when the energetic jet impacts the target plate, it releases
energy continuously, which slows down the speed of pres-
sure relief in the vessel. The measured pressure value on
the time-pressure curve will exceed the theoretical value.
By comparing the experimental pressure curve with the
theoretical pressure curve, the part of the pressure of the
former over the latter can be used to represent the energy
release of the Fe/Al energetic jet during the pressure drop
stage, as shown in Figure 3. The measured and theoretical
pressures corresponding to the maximum pressure differ-
ence are substituted, respectively, using equations (1) and
(8). By solving the above differential equation, the addi-
tional release potential value Q, in the stage of pressure re-
lief can be obtained. The sum of the energy Q, generated in
the overpressure rising phase and the energy release
amount Q, in the pressure relief phase gives the total re-
lease energy Q; generated by the chemical reaction of the
energetic jet during the penetration process, as shown in
Eq. (9):

OT = Q1 + Qz 9)

According to previous reports, the main mechanism of
the chemical reaction of a metal under impact conditions is
that the shockwave changes the internal structure and or-
der of the material and causes a certain increase in temper-
ature [15], resulting in a high-temperature and high-pres-
sure environment in which a local hot spot forms and a
rapid diffusion reaction occurs. The reaction principle for
energetic materials such as explosives is basically the same.
Therefore, the impact energy level becomes a scale for
judging whether a chemical reaction can be induced in the
energetic material and the degree of reflection. Walker and

_— Peak of Pressure
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Figure 3. The Graphic of the Test Curve.
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Wasley [16] proposed a method for calculating the shock-
wave energy, as shown in equation (10):

E = PU,t (10)

f—mi 2r 2h
= mm{UTn’UT;z} (1)

where P is the pressure of the jet impact loading, Up is the
jet particle velocity, and t is the pulse loading time, as
shown in equation (11), where r is the radius of the jet
when impacting a semi-infinite target, such as thick con-
crete, and h is the thickness of a limited target, such as a
thin steel target (thinner than the jet diameter).

3 Results and Discussion

The energy release characteristics of energetic jets under
different impact conditions are determined according to
the above experimental methods and schemes. The ex-
perimental data are shown in Table 1. High-speed video of
experiment No. 4 with a violent reaction is shown in Fig-
ure 4, while that of No. 6 with a slight reaction is shown in
Figure 5.

Figure 4. High-Speed Video of Experiment No. 4 with a Violent Re-
action.

Figure 5. High-Speed Video of Experiment No. 6 with Little Re-
action.
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3.1 Effect of the Fe-Al Mass Ratio on the Impact Energy
Release Characteristics

As shown in Figures4 and 5, the brightness of the ob-
servation window is the highest when the mass ratio of
Fe—Al is 4:6, and the sparks ejected from the pressure relief
hole are the highest at this ratio, indicating that the chem-
ical reaction of the jet after impacting the target is the most
intense and the pressure formed in the chamber is the larg-
est among the ratios.

Figure 6 shows the pressure-time curve obtained when
different mass ratio jets hit the 4 mm target plate. Table 2
shows the transient release energy, pressure release energy,
total release energy and specific energy calculated from the
test data. Figure 7 is an analysis of the energy release char-
acteristics of fine-grained Fe—Al energetic jets with different
mass ratios.

Figures 6 and 7 show that the total release energy of
the pure aluminium jet is only 30 kJ. This result is because
elemental aluminium is highly agglomerated in a molten
state at high temperatures [17]. After the oxidation re-

~———Fo(20)A1(80)
w===Fe(30)AI(70)
~——Fe(40)AI(60)
=—Fe(50)AI(50)
=—Fe(60)AI(40)
===Fe(70)AI(30)
——Fe(80)AI(20)
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Figure 6. Comparison of Pressure-Time Curves of Fe—Al Energetic
Jets with Different Mass Ratios.
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Figure 7. Analysis of the Energy Release Characteristics of Fine-
Grained Fe—Al Jets with Different Mass Ratios.

action, the surface is rapidly coated with an aluminium ox-
ide film, which blocks the internal aluminium from continu-
ing to react with oxygen. With an increasing iron content in
pure aluminium, the energy release of the fine-grained
Fe—Al energetic jet is greatly improved. When the mass ra-
tio of Fe—Al is 4:6, the peak pressure is reached, and the
peak pressure, pressure release energy and the specific en-
ergy generated by the jet in the closed chamber are the
highest. The specific energy value can reach 21.6 kJ/g, and
the release energy effect is the best, which indicates that
adding the proper amount of iron powder to the alumi-
nium powder during the preparation of the energetic liner
can greatly improve the oxidative energy release efficiency
of aluminium. When the iron mass fraction reaches 50%,
the energy release effect of the Fe—Al jet decreases sharply
to a value even lower than that of the pure aluminium jet,
indicating that the iron content in the Fe—Al composite ex-
ceeds a certain ratio, which hinders the energy release effi-
ciency of the Fe—Al composite material. When the material

Table 2. Comparison of the Impact Energy Release Values of Fine-Grained Fe—Al Energetic Jets with Different Mass Ratios.

Mass Ratio m p,® Q,d Q¥ Q® Q;/m
(9) (MPa) (KJ) (KJ) (KJ) (KJ/9)

2:8 3.25 0.82 29.8 16.0 458 14.09

(Fe—Al)

3:7 3.51 1.53 56.0 17.8 73.8 21.03

(Fe—Al)

4:6 3.84 1.78 64.9 18.2 83.1 21.64

(Fe—Al)

5:5 4.21 0.51 18.5 7.3 25.8 6.13

(Fe—Al)

6:4 4.63 0.40 14.6 6.2 20.8 449

(Fe—Al)

7:3 5.22 0.42 15.3 53 20.6 3.95

(Fe—Al)

8:2 5.95 0.35 12.7 4.8 17.5 2.94

(Fe—Al)

Al 2.86 0.76 239 6.1 30.0 10.49

Cu 9.39 0.25 - - - -

Fe 8.17 0.16 - - - -

E-The average mass of the liner. ®'The peak value of the overpressure. ““The transient energy release. "The pressure release energy. “The

total energy release.
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is pure iron, the pressure in the vessel is the lowest among
all of the studied composites.

In addition, by observing the overpressure-time curve
formed by the jet with an iron mass fraction of 20%-40%,
it can be found that a short overpressure plateau is formed
in the pressure relief section after the overpressure peak, in-
dicating that the fine-grained Fe—Al energetic jet under this
ratio still has a period of energy release reaction in the pres-
sure relief stage; thus, the total release energy is better than
that found using other ratios.

Taking the reaction residuals of the Fe—Al mass ratios of
3:7, 4:6, and 5:5, the chemical composition analysis and
comparison results are shown in Figure 8. The reaction
product of the pure Al jet impinging on the 4 mm target
plate was subjected to mesoscopic analysis. The results are
shown in Figure 9. Comparing Figures 8 and 9, it can be
seen that the compositions and contents of the recovered
reaction products are approximately the same for Fe—Al
mass ratios of 4:6 and 3:7, and the products are composed
mainly of AlL,O; and Fe;0,, with small amounts of Fe,0;, alu-
minium and iron. No intermetallic compounds of Fe—Al
were detected, indicating that the two kinds of propor-
tioned jets experience a large amount of highly heated alu-
minium and that the iron oxidation reaction and alumi-
nothermic reaction occur to a great extent during the
collision of the target; in addition, because there is no
Fe—Al combined reaction with a low calorific value, the en-
ergy release efficiency is high. When the mass ratio of Fe—Al
is 5:5, the recovered powder contains a large amount of in-
termetallic compounds, such as Fe,Al;, FeAl; and Fe—Al, and
only small amounts of metal elements and metal oxides are

© AlFFe
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Figure 8. XRD Patterns of the Reaction Products with Fine-Grained
Fe—Al Jets Impinging on 4 mm Target Plates.
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Figure 9. XRD Patterns of the Reaction Products with Pure Al Jets
Impinging on 4 mm Target Plates.
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found, indicating that a large amount of aluminium prefer-
entially combines with iron elements and forms an inter-
metallic compound with a low enthalpy. Only a small
amount of aluminium participates in the oxidation reaction,
which is verified from a mesoscopic perspective, revealing
that the excess iron will hinder the aluminium oxidative en-
ergy release reaction. Most of the reaction products recov-
ered after the pure aluminium jet impinges on the 4 mm
target are aluminium elements that are not involved in the
oxidation reaction, and only a small amount of alumina is
found, indicating that the oxidation reaction rate of the alu-
minium jet under a high impact energy is not fast; the re-
sults obtained by microscopic analysis are consistent with
the macroscopic test results in Figure 4.

3.2 Effect of the Impact Energy on the Energy Release
Characteristics of Fe-Al Energetic Jets

Figure 10 shows the overpressure-time curve of energy re-
lease after data processing. Figure 11 shows the relation-
ship between the impact energy and the energy release
function. Figure 12 shows the XRD spectra of the recovered
products. Table 3 compares the overpressure and energy
release values of the different test schemes.

Figure 10 and Table 3 show that as the thickness of the
target increases, the impact energy of the jet increases, and
the pressure peak and transient energy release values of
the fine-grained Fe—Al energetic jet increase. When the tar-

Pressure (MPa)

003
Time (s)

Figure 10. Comparison of the Pressure-Time Curves of Target Plates
with Different Thicknesses.
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Figure 11. Fitting the Relationship Between the Impact Energy and
Energy Release Function.
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Figure 12. XRD Spectra of the Reaction Products with Different
Thicknesses.

Table 3. Comparisons of Pressure and Energy Release Values of
Different Testing Schemes.

ol

Steel Plate Impact Energy - Q, Q, Qr

Thickness (mm)  (J/mm?) (MPa)  (KJ) (KJ) (KJ)

2 56.1 0.97 356 35 39.1
2.5 67.3 1.17 429 84 51.3
3 79.1 1.33 488 11.1 59.9
3.5 94.2 1.52 55.7 13.6 693
4 103.5 1.77 64.9 18.2 83.1
4.5 121.1 1.8 66.0 23 89.0
5 134.5 1.78 653 228 88.1

get thickness is 4.5 mm and the impact energy is 121.1J/
mm?, the total release energy of the Fe—Al energetic jet
reaches a peak of 89 k). When the thickness of the target
plate exceeds 4.5 mm, the release energy of the fine-
grained Fe—Al energetic jet does not increase further, which
indicates that the chemical reaction of the energetic materi-
al in the jet reaches saturation due to the existence of a
shock energy threshold of 121.1 J/mm? According to the
regular pattern shown in Figure 10, the function of the rela-
tionship of the response induced by the shock energy load-
ing of the fine-grained Fe—Al energetic jet is fitted by Q=
49.89—1.4781+ 0.031°—1.29x 10~*P (Q: total release energy;
I: impact energy), as shown in Figure 11.

It can be seen from Figure 12 that in the low impact en-
ergy recovery product, the elemental aluminium content is
the highest, small amounts of intermetallic compounds are
found, and no substantial amount of Fe;0, is formed, in-
dicating that the aluminium oxidation reaction and the
Fe—Al intercalation reaction occur mainly under low impact
energy conditions. The high impact energy scheme recov-
ers only a small amount of metal elements and metal com-
pounds, most of which are Al,O, and Fe;0,, indicating that
a great quantity of oxidative reactions of Fe and Al and
thermite reactions are induced by the high impact energy.
It can be inferred that the chemical reaction took place as
shown in Eq. (12), (13) and (14):

Al +3/40,1/2 Al,O, (12)
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Fe +2/30, = 1/3 Fe;0, (13)
Al +3/8 Fe;0, = 9/8Fe + 1/2Al,0; (14)

4 Conclusions

This paper primarily studies the impact energy release char-
acteristics of fine-grained Fe—Al energetic jets by construct-
ing a dynamic energy acquisition test system. The influence
of different material ratios and impact conditions on the en-
ergy release characteristics of fine-grained Fe—Al energetic
jets is obtained. The results reveal the mechanism of fine-
grained Fe—Al energetic jets as they are released by impact
loading. The following conclusions are drawn from the
study:

(1) Under the same impact conditions, the jet with an
Fe—Al mass ratio of 4:6 has the highest pressure peak
of 64.9 kJ, a release pressure of 18.2 kJ and a total re-
lease energy of 83.1 kJ, which is the highest release en-
ergy among the studied ratios.

(2) The energy released by the jet composed of iron par-
ticles with a mass fraction of 30%-40% in pure alumi-
nium reaches 21.64 kJ/g, which is twice that of the pure
aluminium jet and greatly improves the oxidative en-
ergy efficiency of aluminium. When the mass fraction of
iron exceeds 40%, the energy efficiency of the jet re-
lease is reduced.

(3) The reaction behaviour of the fine-grained Fe—Al en-
ergetic jet under impact conditions is related to the im-
pact energy. The aluminium oxidation reaction and the
Fe—Al intercalation reaction occur mainly under low im-
pact energy conditions, and a great number of oxida-
tive reactions of Fe and Al and thermite reactions are
induced by the high impact energy. With increasing im-
pact energy, the overpressure peak and energy release
of fine-grained Fe—Al energetic jets increase. There is an
impact energy threshold of 121.1 J/mm? that saturates
the chemical reaction of the energetic material in the
jet.
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