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Abstract: Aluminum/polytetrafluoroethylene (Al/PTFE) composites are a promising category of reactive structural 
materials. In order to improve the mechanical properties and reactivity, Fe particles were introduced into Al/PTFE. 
Quasi-static and dynamic compression tests for Al/PTFE/Fe reactive materials were conducted, and significant strain 
and strain rate hardening phenomena were observed. The compression strength of Al/PTFE with Fe content of 30 wt.% 
reached 191.8 MPa at the strain rate of 5000 s−1, increased by 39% compared to Al/PTFE. The oriented PTFE 
nano-fibers could effectively prevent the propagation of micro-cracks. The impact reaction processes under SHPB and 
drop-weight conditions were observed by high-speed photography technology, and the reactivity was qualitatively 
characterized by a newly-designed device. Based on the results of TG-DSC and XRD analyses, the reaction involving 
Al/PTFE and Al/Fe was clarified. The Johnson−Cook constitutive model was established and the model results   
agreed well with experimental data. Under impact loading, the reactivity was speculated to be the result of multiple 
actions. 
Key words: reactive materials; Al/PTFE/Fe; mechanical behavior; energy release characteristics; impact initiation 
mechanism 
                                                                                                             

 
 
1 Introduction 
 

Reactive structure materials (RSMs) are a 
special category of energetic composites which 
integrate mechanical strength and high energy 
density [1]. Generally, RSMs consist of two or more 
non-reactive solid materials, such as intermetallic, 
metal/polymer, metal hydride/polymer, and 
thermites. They stay inert and insensitive under 
normal conditions, but react violently under intense 
impact or high strain-rate loading, releasing a large 

amount of chemical energy. Due to their excellent 
mechanical properties and energetic characteristics, 
metal/polymer composites are widely used in 
military and civilian applications to replace 
traditional inert units such as reactive fragments, 
anti-missile warheads and oil-well perforation. 
Al/PTFE is a typical metal/polymer energetic 
composite which has sufficient mechanical strength 
and inertness to meet the needs of transportation 
and launch, and can generate high temperature 
(pressure) and release considerable chemical energy 
when subjected to high-speed impact. Therefore, 
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Al/PTFE reactive materials have received 
widespread attention. 

Over the past decades, many researchers have 
made notable progress in the formulation, 
preparation process, impact-initiation reaction 
mechanism and numerical modeling of Al/PTFE 
composites. FENG et al [2,3] found that the 
sintering temperature, mass ratio and Al particle 
size influenced the compressive strength and 
reaction sensitivity of Al/PTFE. A series of 
Al/PTFE specimens [4] with different molding 
pressures were prepared, and impact loading was 
conducted by SHPB. The results showed that initial 
defects inside the specimen could effectively reduce 
the ignition threshold. However, traditional 
Al/PTFE reactive materials have relatively low 
density and mechanical strength. In order to meet 
the actual application requirements, W powder 
(19.3 g/cm3) is usually added into Al/PTFE to 
improve its mechanical properties [5]. WANG    
et al [6] found that with the increase in content of W, 
the quasi-static compressive strength did not change 
significantly, but the dynamic compressive strength 
increased to 132 MPa at the W content of 80%.  
XU et al [7] studied the quasi-static compression 
properties of Al/PTFE/W samples before and after 
sintering, and found that the sintered specimens 
showed obvious strain strengthening effect. CAI  
et al [8] found that under the same mass ratio, a 
relatively high ultimate compression strength was 
observed in Al/PTFE/W composites with fine W 
particles despite higher porosity. This phenomenon 
may be attributed to the formation of mesoscale 
force chains between metal particles. HERBOLD  
et al [9] confirmed that by numerical modeling 
force chains are easier to form among fine metal 
particles, which in turn lead to an increase in 
ultimate compression strength. 

Although adding W to Al/PTFE can greatly 
improve its mechanical behavior, the low reaction 
heat between PTFE and W (0.47 kJ/g) would 
inevitably reduce the damage ability. Thus, many 
researchers have tried to add other strengthening 
phases to improve both mechanical properties and 
reaction heat. WANG et al [10] added Ni into 
Al/PTFE and achieved dynamic compressive 
strength as high as 130 MPa at the strain rate of 
3000 s−1. Moreover, a bilinear relationship was 
observed between stress and log ε. YU et al [11] 
introduced ZrH2 into Al/PTFE and found that the 

compression strength reached a maximum of 
112.7 MPa when ZrH2 content was 5%. Besides, 
special flames were observed, which denoted the 
reaction between ZrH2 and PTFE. In another study, 
Al2O3 and SiC were added into Al/PTFE [12], and it 
was found that the mechanical strengthening effect 
of SiC was more obvious than that of Al2O3. DING 
et al [13] added CuO into Al/PTFE to investigate 
the influence of particle size and mass ratio on 
energy release ability. The energy release ability 
with Al/CuO content of 50% was 3.35 times higher 
than that of Al/PTFE and the energy release rate 
was as high as 63.63%. 

In order to improve the penetration ability   
of Al/PTFE reactive structural materials, it is 
necessary to ensure a certain density and 
mechanical strength without losing the reaction  
heat. Therefore, in this study, iron (Fe) powder was 
added as reinforcement into Al/PTFE for the first 
time. Fe powder has a relatively high density 
(7.87 g/cm3). Al and Fe can undergo an 
intermetallic reaction, releasing a large amount of 
reaction heat [14,15]. Hence, six kinds of 
specimens with different Fe contents were 
fabricated. Quasi-static and dynamic compression 
tests were conducted to explore the mechanical 
response at different strain rates. Moreover, 
fractured surfaces were observed by SEM and the 
Johnson−Cook constitutive model was established. 
Impact sensitivity tests were conducted, the energy 
release effect was quantitatively characterized by 
improved drop-weight device, and the impact 
reaction processes were recorded by high-speed 
camera. Based on both TG−DSC and XRD analyses, 
the reaction mechanism was clarified. In this 
research, the mechanical properties, impact reaction 
characteristics and initiation mechanism of 
Al/PTFE with different Fe contents were 
investigated, which may provide a reference for the 
formulation, design and application. 
 
2 Experimental 
 
2.1 Raw materials and specimens preparation 

The starting powders used to fabricate the 
specimens have the following average particle sizes: 
Al 20 μm, Fe 20 μm, and PTFE 25 μm. In order to 
obtain the maximum reaction heat, Al/PTFE was 
selected as independent unit, which was mixed in 
accordance with the chemical equilibrium ratio 
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(Al:PTFE=26.5 wt.%:73.5 wt.%). The mass fraction 
of Fe powder ranged from 10% to 50% of the total 
mass. Al/PTFE without Fe was prepared as the 
control sample. The mass fraction of Al, PTFE and 
Fe, and the corresponding theoretical maximum 
density (TMD) are listed in Table 1. 
 
Table 1 Composition and theoretical maximum density 
of Al/PTFE/Fe specimens 

Type 
Mass fraction/% 

TMD/(g·cm−3) 
Al PTFE Fe 

A 26.5 73.5 0 2.31 

B 23.4 66.6 10 2.49 

C 20.8 59.2 20 2.69 

D 18.2 51.8 30 2.93 

E 15.6 44.4 40 3.22 

F 13.0 37.0 50 3.58 
 

The preparation process [16] involved mixing, 
drying, cold isostatic pressing and vacuum sintering. 
First, the raw powders were weighed proportionally, 
and appropriate amount of absolute ethanol was 
added. Then, the mixture was stirred by electric 
mixer and the resulting suspension was placed in a 
vacuum oven. After that, the dried powder was 
placed in a cylindrical mold and cold-pressed under 
the pressure of 300 MPa to obtain the cylindrical 
specimens. Finally, the specimens were placed in a 
vacuum sintering oven at 360 ℃ for 5 h [17]. 
 
2.2 Methods 
2.2.1 Microstructure characterization 

The internal microstructure and fractured 
surfaces were observed using scanning electron 
microscope (SEM, Quanta 200). The sintered 
specimens were analyzed by X-ray diffraction 
(XRD, DMAX−2500×), which covered the 2θ 

range of 10°−90° at a scanning speed of 6 (°)/min. 
2.2.2 Quasi-static compression tests 

Quasi-static compression tests were conducted 
using a Universal Materials Testing Machine (MTS 
810). The specimens were compressed at a constant 
speed of 2 mm/min, which corresponded to a 
nominal strain rate of 1×10−3 s−1. 
2.2.3 Dynamic compression tests 

Dynamic compression tests were carried out 
by a Split-Hopkinson pressure bar (SHPB) system. 
A schematic diagram of the device is shown in 
Fig. 1. The bars were all LC4 aluminum bars. The 
test sample with size of d6 mm × 3 mm was 
sandwiched between the incident bar and 
transmitted bar. Based on the strain pulse signals 
obtained from the strain gauge, the stress−strain 
curves and strain rate were obtained. A high-speed 
camera with the frame rate of 20000 frames     
per second was used to record the compression 
deformation and reaction process. 
2.2.4 Drop-weight tests and qualitative 

characterization of reactivity 
The impact sensitivity of Al/PTFE/Fe reactive 

materials was tested by a standard drop-weight 
device. Twenty specimens of each type with size of 
d10 mm × 3 mm were tested and the impact 
sensitivity was calculated by characteristic drop 
height (H50), at which the specimens have a 50% 
probability of reaction. The testing method is based 
on the “up-and-down” technique [18], and the 
calculation formula is as follows:  

50
1
2

iiN
H A B N

  
= + −  

  

∑                    (1) 

 
where A is the initial height, B is the height interval, 
i is the order of height sequence from 0, Ni is the 
number of reaction events at a certain height, and N 
is the total number of reaction events. 

 

 
Fig. 1 Schematic diagram of SHPB experiment device 
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DING et al [13] designed an energy release 
device based on the report by AMES [19] using a 
standard drop-weight, which can qualitatively 
characterize the reactivity. Hence, this energy 
release device was used and its layout is shown in 
Fig. 2. The working principle of the device is as 
follows. The sample is sandwiched between impact 
plunger and bottom plate. The drop-weight falls 
freely and hits the impact plunger, which further 
strikes the specimen and initiates the reaction. Due 
to the violent explosion, the air in the chamber 
expands rapidly, forming high-pressure gas which 
pushes the piston pipe outward. A plastic board with 
coordinate grid paper was placed perpendicular to 
the high-speed camera and was used together to 
record the displacement−time curves of the piston. 
The pressure sensor placed on the back wall of the 
chamber simultaneously records the pressure−time 
curves. Combining these two complementary 
results, the energy release effect can be more 
accurately characterized through qualitative 
analysis. 
2.2.5 TG-DSC tests 

The thermal reaction process was investigated 
using a thermogravimetry-differential scanning 
calorimetry simultaneous thermal analyzer 
(TG-DSC, NETZSCH-STA449C). The tests were 
conducted under argon atmosphere, and the 
specimens were heated to 800 ℃ at a heating rate 
of 15 ℃/min. 
 
3 Results and discussion 
 
3.1 Microstructure  

The internal microstructures of Al/PTFE/Fe 
composites are shown in Fig. 3. The microstructure 
characteristics of Type B before and after sintering 
are compared, as shown in Figs. 3(a, b). Before 

sintering, there were numerous pores existing 
between metal particles and PTFE matrix, the 
components were arranged loosely, and metal 
particles were exposed outside the matrix. By 
comparison, Fig. 3(b) demonstrates that PTFE 
formed a dense and continuous matrix in which the 
metal particles were embedded tightly, and particles 
were distributed evenly and discretely. In this 
regard, during sintering process, the crystalline 
PTFE turned into amorphous state, the movement 
of viscous PTFE molecules intensified [3], and the 
interface between the PTFE particles disappeared. 
Consequently, PTFE wrapped the metal particles 
and fused together to make it a dense and 
homogeneous whole. 

Figures 3(b−f) show the internal micro- 
structural characteristics of Types B−F after sintering. 
It can be seen that Al and Fe particles were 
surrounded by the continuous PTFE matrix. The Fe 
particles appeared brighter compared with Al 
particles due to their higher atomic number. As 
shown in Figs. 3(b−d), when the metal particle 
contents were relatively low, the harder metal 
particles exerted a certain strengthening effect on 
the matrix. However, excessive Fe particles can 
destroy the continuity and integrity of the matrix,  
as observed in Figs. 3(e, f). In addition, Al and   
Fe metal particles formed a few interstitial pores 
due to non-dense pile up during the cold pressing 
process, which finally remained in the sintered 
specimens [20,21]. 

 
3.2 Quasi-static compression properties of Al/ 

PTFE/Fe specimens 
3.2.1 Quasi-static compression results 

Taking the experiment results of Type C as  
an example, it was found that the true stress−strain 

 

 
Fig. 2 Improved energy release device (a) and layout of drop-weight device (b) 



Xiang-chun XU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 683−700 687 

 

 

Fig. 3 Interior microstructures of Al/PTFE/Fe specimens: (a) Unsintered specimens of Type B; (b−f) Sintered specimens 
of Types B−F, respectively 
 
curves of the triplicate parallel experiments almost 
overlapped together, as shown in Fig. 4(a), which 
indicates good reliability and repeatability of the 
experimental results. 

The true stress−strain curves of Al/PTFE/Fe 
specimens are shown in Fig. 4(b), and their 
corresponding mechanical parameters are listed in 
Table 2. It can be observed that the specimens were 
all elastoplastic materials, which first went through 
a short linear elastic stage, reaching the yield point, 
and then underwent plastic deformation. Significant 
strain hardening phenomenon was observed. 
Subsequently, the relatively weak PTFE matrix 
fractured and the specimen failed. The compression 
strength increased first and then decreased with the 
increase in Fe content. When Fe content was 30%, 
the compression strength reached the maximum of 
108.5 MPa, which increased by 47.2% compared to 
Al/PTFE. However, when the Fe content was higher 
than 30%, the compression strength showed a 
downward trend. When Fe content was 50%, the 
compression strength was still 79.54 MPa, slightly 
higher than that of Al/PTFE. According to the 
results, adding Fe powder to Al/PTFE had a 
significant strengthening effect on the mechanical 
properties. 

 
Fig. 4 True stress−strain curves: (a) Type C in triplicate 
parallel experiments; (b) Six types of specimens under 
quasi-static compression 
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3.2.2 Fracture and reinforcement mechanism by 
SEM 

Al/PTFE/Fe reactive materials are typical 
particle-reinforced composites [22] whose 
mechanical strength mainly depends on the PTFE 
matrix and the interfaces between the metal 
particles and polymers. SEM analysis was carried 
out on the fracture surfaces in order to explore the 
fracture and reinforcement mechanism, as shown in 
Fig. 5. In the elastic deformation stage, the 
deformation was mainly concentrated on the 
crystalline PTFE matrix, and the process was 
reversible. Since metal particles have both higher 
hardness and compressive strength than PTFE 
matrix [23], they could bear more stress loading 
under the same strain during plastic deformation. 
Besides, the “softer” matrix and “harder” 
discontinuous phase combined to enhance the shear 
failure stress [24]. Thus, when Fe content increased 
to 30%, the compression strength increased 
monotonically. As the loading proceeded, the 
specimens were gradually pressed into flat shapes, 
which bore compressive stress in the axial direction 

and at the same time, bore tensile stress in the radial 
direction. Under circumferential tensile stress, 
mode-I open cracks appeared [25], as shown in 
Fig. 5(a). Due to the inhomogeneity of bonding 
strength at the interfaces between metal particles 
and PTFE matrix, metal particles began to slip 
against each other (Fig. 5(b)) and the filled metal 
particles were pulled out of the matrix, resulting in 
“de-bonding” of metal particles from polymers 
(Fig. 5(c)). At the same time, micro-cracks occurred 
and gradually grew into macro-cracks. Finally, the 
relatively weak PTFE matrix fractured, and the 
specimen failed. 

However, numerous PTFE nano-fibers were 
also observed on the fracture surface, as shown   
in Fig. 5(e). BROWN and DATTELBAUM [26] 
reported that PTFE fibers usually nucleated at the 
position of stress concentration due to the shear 
localization. KITAMURA et al [27] found that the 
softening effect was caused by plastic deformation, 
and a large amount of oriented PTFE fibrils formed 
in the direction of loading. As shown in Figs. 5(f−h), 
the fibers were usually linked to the fractured 

 
Table 2 Mechanical properties of Al/PTFE/Fe specimens under quasi-static compression 

Type 
Elastic  

modulus/MPa 
Yield  

strength/MPa 
Hardening  

modulus/MPa 
Compression 
Strength/MPa 

Failure strain 

A 491.8 20.5 56.5 73.7 0.91 

B 502.1 21.7 59.9 96.3 1.16 

C 566.3 22.1 64.3 102.5 1.14 

D 564.2 22.5 84.8 108.5 0.99 

E 560.1 20.9 78.2 93.2 0.82 

F 528.7 19.9 67.5 79.5 0.61 

 

 
Fig. 5 Microstructure of fracture surfaces of Al/PTFE/Fe specimens 
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surfaces between two opposite sides of the matrix, 
which also entangled and wrapped metal particles 
to hinder slip. Due to the elasticity of PTFE fibers, 
oriented fibers were able to transfer the stress 
loading and generate a certain resilience to make 
the matrix closer [28]. Moreover, they acted as “a 
bridge” to provide additional resistance to prevent 
the growth of initial micro-cracks and propagation 
of macro-cracks [29], which may be another 
important mechanical reinforcement mechanism. 

When the Fe content exceeded 30%, metal 
particles were more prone to slip because of 
relatively low content of polymer, leading to 
premature failure at low strain rates. Also, 
additional metal particles destroyed the continuity 
and integrity of PTFE matrix, as shown in Fig. 3(f), 
leading to the decrease in compression strength. 
 
3.3 SHPB dynamic compression  
3.3.1 Dynamic compression results 

The signal−time curves and stress-state 
equilibrium curves of Type C sample are shown in 
Fig. 6. Three samples of each type at identical strain 
rate were tested to ensure the consistency. The true 

stress−strain curves of six kinds of specimens at 
different strain rates are shown in Fig. 7, and the 
corresponding dynamic compression properties are 
listed in Table 3. 

Similar to the compression deformation 
behavior under quasi-static conditions, dynamic 
mechanical response of Al/PTFE/Fe specimens 
could be divided into four stages: elastic 
deformation, plastic deformation, failure and 
impact-initiation reaction. Significant strain 
hardening and strain rate hardening phenomena 
were observed in all types of specimens. Both yield 
and compression strengths were improved with 
increase in strain rate. With the increase in Fe 
content, yield and compression strength increased 
first and then decreased at identical strain rate. At 
the strain rate of 5000 s−1, with Fe content of 30%, 
the compression strength was 191.8 MPa, which 
was improved by 39% compared to Al/PTFE. It is 
also worth noting that when the Fe content was 
30%, the compression strength was increased by  
77% compared to quasi-static compression 
condition. When the Fe content exceeded 30%, the 
dynamic compression strength decreased because  

 

 
Fig. 6 Signal−time curves (a) and stress-state equilibrium curves (b) of Type C specimen 
 

 
Fig. 7 True stress−strain curves of six types of specimens under dynamic compression tests at different strain rates:    
(a) 3000 s−1; (b) 4000 s−1; (c) 5000 s−1 
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Table 3 Mechanical properties of Al/PTFE/Fe specimens under dynamic compression tests at different strain rates 

Type 
Strain 

 rate/s−1 
Elastic  

modulus/MPa 
Yield strength/ 

MPa 
Hardening  

modulus/MPa 
Compression  
strength/MPa 

Failure  
strain 

Strain energy/ 
(J·cm−3) 

A 

3000 2015.2 38.9 90.9 117.1 0.79 

61.2 4000 2809.1 42.1 135.6 128.2 0.74 

5000 3677.2 48.7 175.5 138.3 0.64 

B 

3000 2102.5 48.4 126.8 137.8 0.71 

82.3 4000 2857.3 66.7 138.5 147.8 0.67 

5000 3642.1 89.9 181.2 174.6 0.60 

C 

3000 2123.6 55.1 149.3 147.7 0.63 

89.1 4000 2897.2 92.2 158.1 166.6 0.58 

5000 3654.5 94.8 170.2 179.6 0.57 

D 

3000 2133.5 76.5 164.9 171.0 0.57 

91.2 4000 2901.2 104.4 172.5 180.4 0.52 

5000 3685.2 105.8 230.1 191.9 0.49 

E 

3000 2122.3 39.2 159.6 144.6 0.54 

54.1 4000 2854.3 40.2 160.1 162.9 0.43 

5000 3658.1 68.7 171.2 170.8 0.39 

F 

3000 2105.7 28.3 146.5 121.4 0.53 

39.6 4000 2831.2 30.8 150.2 143.6 0.40 

5000 3642.3 62.8 162.1 158.1 0.34 

 
the continuity of PTFE matrix was destroyed and 
the slip between metal particles intensified. When 
Fe content was 50%, dynamic compression strength  
at elevated strain rates ranging from 3×103 to 
5×103 s−1 was higher than that of Al/PTFE, which 
indicated that Fe particles had a remarkable 
strengthening effect on Al/PTFE. However, at   
the same strain rate, when Fe content increased,  
the failure strain decreased monotonically, which 
was different from that under quasi-static 
compression. 
3.3.2 Impact-initiation reaction process analysis 

Generally, when impacted at a certain strain 
rate, reactive materials would initiate and react 
violently accompanied by bright firelight and black 
smog. When subjected to impact loading, the 
impact and reaction processes can be typically 
divided into four stages. In the first stage, when the 
stress wave propagated from the incident bar to the 
specimen, the sample started to be compressed and 
deformed within 0−100 μs, as shown in Figs. 8(a, b). 
Soon after the plastic deformation (Fig. 8(c)), 
micro-cracks formed and propagated. Some tiny 
fragments were extruded out of the pressure bars, 

and local discrete fire and light were observed, 
which demonstrated that chemical reaction was 
triggered (Fig. 8(d)). After the specimen was 
destroyed completely, discrete fire suddenly became 
more intense and brighter, and grew towards the 
direction of stress propagation (Figs. 8(e, f)). 
During this stage, the rapidly spreading fire and 
hot-spots induced more broken fragments to 
participate in the reaction and sustain the reaction. 
Thus, a larger scale deflagration was observed and 
the growth of fire formed a mushroom-like shape 
(Fig. 8(g)), accompanied by black smoke and a 
deafening sound. The reaction usually lasted 
thousands of microseconds (Figs. 8(d−j)). At the 
final stage, the fire gradually extinguished, and only 
some unreacted fragments were ejected along the 
loading direction (Figs. 8(k, l)). 
3.3.3 Effect of Fe content 

Dynamic compression strength and toughness 
are generally determined by the mass ratio of the 
composites, and play a vital role in impact-initiation 
reaction [30]. The impact reaction processes of 
different types of composites at the same strain rate 
of 5000 s−1 are compared in Fig. 9. 
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As can be seen from Fig. 9(a), Type A had 
longer ignition delay time and its reaction was 
weaker. Only sporadic flames were observed and no 
intense firelight was generated until the end of 
reaction. Upon compression, Type C reacted 
suddenly after the specimen was broken, the flame 
spread rapidly after initiation, and became more 
intense and gathered into a light-ball. There were 
hardly any unreacted fragments after impact. 
Furthermore, Type F did not react at all. Instead, the 
specimen underwent deformation, and numerous 
debris splashed and flew away along the loading 
direction, but no ignition occurred. Combined with 
recorded photographs and the true stress−strain 
curves in Fig. 7(c), it can be concluded that the 
reactivity was closely related to the mechanical 

properties [25]. Hence, the specimen with higher 
compression strength had shorter ignition delay 
time and more intense reaction process. 

FENG et al [2,3] considered that the initiation 
of reaction is more likely to occur in a mechano- 
chemical manner rather than a thermochemical 
manner. During dynamic impact, the specimen 
absorbed the mechanical work from the pressure 
bars, and converted it into internal chemical energy. 
Localized regions underwent rapid or large plastic 
deformation, which in turn generated hot-spots and 
spread through the whole sample. The mechano- 
chemical process could be considered adiabatic due 
to its extremely short occurrence time. The 
mechanical work absorbed by the specimen from 
impact loading per unit volume can be calculated 

 

 
Fig. 8 Typical impact-initiation reaction processes of Type C at strain rate of 5000 s−1 
 

 
Fig. 9 Typical impact-initiation reaction processes of different types of specimens at strain rate of 5000 s−1: (a) Type A; 
(b) Type C; (c) Type F 
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by [31]  

m 

 0
( )dE σ

ε
ε ε=∫                            (2) 

 

where E is the strain energy, εm is the failure strain, 
σ is the stress, and ε is the strain. As seen from 
Eq. (2), the strain energy can be expressed by the 
area enclosed by the true stress−strain curves and 
the coordinate axis. In the case of sufficient impact 
ignition reaction, the calculated strain energy values 
according to true stress−strain curves in Fig. 7(c), at 
the strain rate of 5000 s−1, are listed in Table 3. As 
seen from Table 3, with increase in Fe content, the 
dynamic compression strength and strain energy 
increased first and then decreased, which showed 
the similar trend of reactivity as shown in Fig. 9. In 
other words, the specimen with higher compression 
strength had higher reactivity because it absorbed 
more strain energy. A similar phenomenon was 
reported by FENG et al [3] and SWALLOWE and 
FIELD [32]. They observed that the specimens with 
higher toughness reacted more easily. Although the 
compression strength of Type C was lower than that 
of Type D, the specimen had higher reactivity, 
which was due to the fact that the reactivity was 
more than the absorbed strain energy.  
3.3.4 Fitting of Johnson−Cook constitutive model 

The Johnson−Cook (J−C) model is an 
empirical constitutive model based on a large 
amount of experimental data, which can simulate 
the mechanical response under high strain rate and 
high temperature loading. The model is described in 
detail in literature [33,34] and the equation is 
expressed as  

( ) ( )*
p

0
1 ln 1n mσ A B C Tεε ε
  = + + −    





           (3) 
 

where εp, ε  and 0ε  stand for plastic strain, strain 
rate and reference strain rate, respectively, and A, B, 
n, C and m are material constants. Since the tests 
were conducted at room temperature, the 
temperature softening effect of the materials can be 
ignored. Hence, the equation can be simplified as  

( )p
0

1 lnnσ A B C εε ε
  = + +     





                 (4) 
 

Taking Type D as an example, the data 
obtained from SHPB tests were used to simulate the 
J−C equation. The fitting parameters are listed in 
Table 4, and the comparison between the fitting and 
experimental results is presented in Fig. 10. The 

final J−C model constitutive equation is as follows:  

( )0.91768
p

0
22.5 88.0003 1 0.20406lnσ εε ε

  = + +     





  (5) 

 
Table 4 J−C model parameters obtained from SHPB tests 
at 0ε =1×10−3 s−1 

Material 
constant Fitting value Standard error R2 

A 22.5 0 1 

B 88.0003 0.06223 0.99445 

n 0.91768 0.00108 0.99445 

C 0.20406 0.05135 0.83139 
 

 

Fig. 10 Comparison between fitting and experimental 
results of Type D under different strain rates 
 

As can be seen from Fig. 10, the fitting results 
were in good agreement with the experimental  
data, indicating that the established model could 
effectively describe the mechanical response at 
different strain rates. Considering the actual 
application scenarios of the specimens, such as 
reaction warheads, impact fragments and energetic 
liners, it is difficult to use experimental methods to 
study these high-speed impact behaviors. Therefore, 
the J−C model can be applied to effectively 
predicting the dynamic mechanical response and 
can provide a reference for practical applications. 
 
3.4 Impact reaction characteristics under drop- 

weight tests 
3.4.1 Impact sensitivity and reaction process 

analysis 
The impact sensitivity of Al/PTFE/Fe 

composites was calculated according to Eq. (1). In 
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order to judge whether the reaction occurred and to 
record the reaction process, a high-speed camera 
was used. The impact sensitivity curves are  
shown in Fig. 11, and the related parameters are 
summarized in Table 5. 

As can be seen from Table 5, with the increase 
in Fe content, impact sensitivity increased first and 
then decreased. When Fe content was 20%, the 
specimen was the most sensitive, which meant that 
Type C reacted more easily under the same impact 
conditions. Considering the mechanochemical 
initiation mechanism, the specimens with higher 
compression strength would have higher reactivity 
because they can absorb more mechanical work. 
Besides, the initiation of reaction has to overcome a 
certain barrier, which is referred to the apparent 
activation energy (Ea) [4]. The reactivity of Al with 
other oxidants is mainly related to its standard 
electrode potential. The more negative the electrode 

potential, the greater the free energy corresponding 
to the element and the higher the activity [5]. The 
electrode potentials of F and Fe3+ are −3.053 and 
−0.771 V, respectively, indicating that the reaction 
between Al and C2F4 is easier than that between Al 
and Fe. However, with the increase in Fe content, 
the compression strength increased but the reaction 
between Al and Fe gradually became dominant, 
which meant that the reaction needed to overcome 
more barriers. Based on the synergy of the two 
factors, Type C under the drop-weight conditions  
had the highest sensitivity. 

Similar to the impact reaction process of 
SHPB, under the drop-weight conditions, Al/PTFE/ 
Fe reactive materials would also be initiated and 
react violently. The reaction processes at the 
drop-weight height of 130 cm were recorded, as 
shown in Fig. 12. Taking Type C as an example, the 
results showed that the specimen underwent severe  

 

 

Fig. 11 Impact sensitivity curves of different types of specimen 
 
Table 5 Impact reaction parameters of different specimens under drop-weight condition 

Type 
Characteristic 

drop-weight height, H50/cm 
Reaction 

delay time/μs 
Reaction 
time/μs 

Overpressure/ 
MPa 

Piston motion  
time/ms 

A 88.5 500 2600 0.089 1.64 

B 86.0 500 2500 0.096 1.58 

C 80.0 400 2400 0.161 1.31 

D 82.5 450 2450 0.145 1.50 

E 90.5 500 1000 0.072 1.82 

F 96.0 550 700 0.061 2.03 
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Fig. 12 Impact reaction processes of different types of specimens under drop-weight condition: (a) Type A; (b) Type C; 
(c) Type F 
 
deformation upon impact loading (Fig. 12(b)). Soon 
after the deformation, the specimen failure occurred 
and some local scattered fragments and flame 
appeared. This indicated the formation of hot-spots 
and the initiation of the reaction, at t=400 μs. As the 
loading proceeded, more fragments took part in the 
reaction and the flame became brighter, which grew 
along the rebound direction of the drop-weight  
and burned out into a mushroom-like shape, at 
t=500−900 μs. Subsequently, the reaction gradually 
extinguished, and only some unreacted fragments 
splashed, at t=2800 μs. As shown in Table 5, when 
the Fe content increased, the reactivity increased 
first  and then decreased. Type C had the shortest 
reaction delay time due to the change in impact 
sensitivity. 
3.4.2 Quantitative energy release tests by newly 

designed drop-weight device 
The impact reactivity judged by the flame size 

alone is inaccurate. Therefore, in order to 
qualitatively characterize the relationship between 
Fe content and impact energy release ability, the 
newly-designed drop-weight device described in 
Section 2.2.4 was used. The corresponding results 
are shown in Fig. 13. 

As can be seen from Figs. 13(a) and Table 5, 
the overpressure value increased first and then 
decreased, reaching the maximum overpressure of 
0.161 MPa with Fe content of 20%. The energy 
release ability characterized by overpressure was 

consistent with the previous results of flame size, 
but more accurate. Under the impact of drop-weight, 
the composites reacted violently and the piston pipe 
moved outward under the overpressure of chamber. 
As can be seen from the displacement-time curves 
(Fig. 13(b)) of the piston pipe, Type C needed the 
shortest time to move the same distance. Driven by 
the overpressure of chamber, the acceleration (a) of 
the piston was the largest, which meant that Type C 
had the highest energy release rate. By comparing 
the overpressure value and piston movement time 
(Fig. 13(c)), the overpressure value with Fe content 
of 20% was the largest, and the corresponding 
piston movement time was the shortest. The 
different test methods mutually verified that the 
experiment equipment and data were feasible and 
reliable, and Type C had the highest reactivity and 
reaction release rate. The impact reaction processes 
using the improved device are shown in Fig. 14. 
Under the overpressure of chamber, the piston pipe 
flew out of the guide sleeve, accompanied by 
splashing fire and a cloud of black smoke. Using 
the newly-designed drop-weight experiment device, 
the energy release effect with different Fe contents 
was qualitatively characterized for the first time. 
 
3.5 Chemical reaction mechanism of composites 
3.5.1 Thermal behavior under TG-DSC tests and 

XRD tests 
In order to investigate the thermal reaction 
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Fig. 13 Qualitatively energy release effect of different 
Al/PTFE/Fe reactive materials: (a) Overpressure−time 
curves; (b) Displacement−time curves of piston;      
(c) Histogram of overpressure and movement time 
 
process of Al/PTFE/Fe composites, TG-DSC tests 
were carried out, and the results are shown in 
Fig. 15. Two endothermic peaks and one 
exothermic peak (two exothermic peaks in type C) 
were observed in the thermal decomposition 
process. 

The endo-peak-A started at 310 ℃, which was 
the melting endothermic peak of PTFE. During this  

 

 
Fig. 14 Impact reaction process using newly-designed 
device of Type C 
 

 
Fig. 15 TG-DSC curves of different types of specimens: 
(a) Type A; (b) Type C; (c) Type E 
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stage, the PTFE changed from crystalline to 
amorphous state and there was no mass loss in TG 
curves. The exo-peak-B started at 400 ℃ in 
Fig. 15(a), accompanied by a sharp decline in TG 
curves, which corresponded to the thermal 
decomposition of PTFE into gas C2F4 and the 
chemical reaction between Al and C2F4 [35]. The 
reaction heat was 1225 J/g. However, when Fe 
content was 20%, the exo-peak-B started at 400 ℃, 
and the reaction heat was 612 J/g, as shown in 
Fig. 15(b). After Peak B, another exo-peak-C 
appeared at 585 ℃, corresponding to the 
intermetallic reaction between Al and Fe [36,37]. 
The corresponding reaction heat was 210 J/g. As Fe 
content increased to 40%, the exothermic peaks 
between Al/PTFE and Al/Fe merged together, as 
shown in Fig. 15(c). This could be because 
excessive Fe powder acted as a dispersant and 
decreased the contact areas between Al and PTFE, 
causing the reaction temperature of Al/PTFE to 
shift backward. Since the reaction heat per unit 
mass of Al/Fe compound is lower than that of 
Al/PTFE, the entire reaction heat of the specimens 
decreased with the increase in Fe content. The 
endo-peak-D started at 650 ℃, which corresponded 
to the melting endothermic peak of unreacted Al 
powder. The detailed parameters of the exothermic 
Peaks B and C are listed in Table 6. 

After TG-DSC tests, XRD tests were carried 
out to detect the reaction products and clarify the 
reaction process. Type C samples after sintering at 
360, 550, 600 and 700 ℃ were collected and the 
residues were analyzed. The corresponding results 
are shown in Fig. 16. Before sintering, the 
composite was mainly composed of pure Al, Fe and 
(C2F4)n phases. After sintering at 360 ℃ for 5 h, the 
specimen only underwent a series of physical 
changes without the formation of new phases. Due 
to the decomposition of PTFE, the reaction between 
Al and PTFE occurred and the new phase of AlF3 
was formed, which was indicated by the residues  

collected after sintering at 550 ℃. However, there 
were also two low-intensity AlFe diffraction peaks 
in the pattern, which showed that the reactions 
between Al/PTFE and Al/Fe were not in a 
progressive order. They had similar reaction 
temperature ranges and a competing reaction may 
exist. After sintering at 600 ℃, which was after the 
exo-peak-C in Fig. 15(b), the phases were not 
changed, but the intensity of AlFe phase increased 
significantly. This result demonstrated that the 
diffusion rate and intermetallic compound reaction 
between Al and Fe powders were accelerated. After 
sintering at 700 ℃, the intensity of AlFe phase 
continued to increase. However, there was no 
diffraction peak of FeF3 in the pattern, which 
showed that the reaction between Fe and gas (CF2)n 
did not occur. According to the above results, the 
chemical reaction process may occur as follows: 
 

2 4 2

2 4 3

(     C F      )(s) (CF ) g ,  1.71 kJ/g
4Al 3(     C F      ) 4AlF 6C,  
    8.53 kJ/g
Al+Fe AlFe,  0.606 kJ

(

g

)

/

n H

H
H

→ ∆ =+
 + → +


∆ =−
 → ∆ =−  

( 6 ) 

 
3.5.2 Initiation mechanism upon impact 

Over the past few years, initiation mechanism 
has been extensively studied. AMES [19] proposed 
shear induced reaction mechanism using the Taylor 
impact tests, and observed that the hot-spots 
originated from the high-shear strain zone. ZHANG 
et al [38] used a quasi-sealed test chamber to study 
the impact response characteristics by varying the 
impact velocities, and proposed a thermochemical 
model which considered the reaction efficiency. The 
simulation results were consistent with the 
experimental results. FULLER et al [39] found that 
the impact velocity played a vital role. At impact 
velocities from 200 to 800 m/s, the elevated 
temperature at crack tips could reach 300−1000 ℃, 
which was high enough to initiate reaction. 

Based on the above experimental results and 
 
Table 6 Parameters of Peaks B and C of different types of materials 

Type 
Peak B  Peak C 

Onset  
temperature/℃ 

Peak  
temperature/℃ 

Heat release/ 
(J·g−1)  Onset  

temperature/℃ 
Peak  

temperature/℃ 
Heat release/ 

(J·g−1) 

A 400 556 1225  − − − 

C 400 541 612  585 595 210 

E 510 580 683  − − − 

— — 
— — 
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Fig. 16 XRD patterns of residues of Type C specimen at 
different temperatures 
 
analyses, it is speculated that the initiation of 
reactive materials upon impact proceeds in a 
mechanochemical manner. When subjected to 
different strain rates, the specimens underwent   
an intense chemical reaction after they were 
completely broken, whether in drop-weight tests or 
in the SHPB tests. The specimens experienced 
severe plastic deformation during this stage. 
Moreover, due to the shear localization, mode-I 
open cracks formed, then the hot-spots formed at 
the crack tips and the reaction was triggered. It was 
inferred that the reactivity of Al/PTFE/Fe 
composites under dynamic impact was due to the 
multiple actions of uniformity of preparation, 
reaction heat of the specimen itself, absorbed strain 
energy, and the reaction initiation threshold. 
Besides, it was observed from fractured specimens 
in Fig. 5 that after plastic deformation, the 
constituents were laminated. There was also 
localized flow and sliding among the three 
constituents, which promoted the mixing of 
ingredients. This resulted in a reduction in the 
diffusion distance and further promoted the reaction. 
Furthermore, due to the high-speed impact and the 
rapidly propagating cracks, the surface impurities, 
especially inert alumina shell, were torn apart and 
the active aluminum was exposed, which promoted 
the reaction [3]. 

The mechanism of the formation of hot-spots 
varied with different materials and experimental 
conditions. Hence, the major formation mechanisms 
of hot-spots were summarized as follows: (1) Crack 
tips heating mechanism [40]: Under high-speed 
impact, the reactive materials undergo severe 

plastic deformation. Hence, a strong stress field is 
generated at the crack tips, resulting in the increase 
in temperature and formation of hot-spots. (2) 
Dislocation avalanche mechanism [41]: The 
dislocations in the strong shear strain area interact 
to release the energy of the dislocation band, and 
then generate hot-spots. (3) Bubble compression 
mechanism [42]: When the bubbles in the reaction 
material are compressed, they quickly heat up and 
form hot-spots. (4) Pore collapse mechanism [43]: 
When the impact waves propagate to the pores, the 
asymmetric collapse of the pores forms a jet stream, 
which generates heat and raises the local 
temperature, thereby forming the hot-spots.      
(5) Adiabatic shear mechanism [44]: The reactive 
materials undergo severe plastic deformation under 
impact loading, forming adiabatic shear bands. The 
friction at the surfaces of the particles increases  
the local temperature and forms hot-spots. The 
research on the formation mechanism of hot-spots 
also requires the application of new detection 
methods, such as thermocouple technology, infrared 
detection [45], and data modeling [46], which 
would be of great importance for the practical 
application of energetic materials. 
 
4 Conclusions 
 

(1) The specimens showed elasto-plastic 
characteristics. The compression strength reached 
the maximum of 108.5 MPa with Fe content of  
30%, which was increased by 47.2% compared to 
Al/PTFE. Fractured surfaces were observed, and it 
was found that the oriented PTFE nano-fibers could 
prevent the propagation of cracks and increase the 
toughness of the composites. 

(2) Dynamic compression tests were 
conducted by SHPB at elevated strain rates, and 
significant strain and strain rate hardening 
phenomena were observed. The compression 
strength reached 191.8 MPa at the strain rate of 
5000 s−1 with the Fe content of 30%, which was 
increased by 39% compared to Al/PTFE. The 
Johnson−Cook constitutive model was fitted,  
which may provide a reference for engineering 
applications. 

(3) Drop-weight tests were used to characterize 
material sensitivity, and the reactivity was 
qualitatively characterized for the first time      
by a newly-designed device. TG-DSC and XRD 
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analyses were conducted, which showed the 
decomposition of PTFE, Al and gaseous C2F4 
reaction, and Al/Fe intermetallic reaction. 

(4) Under impact loading, it was speculated 
that the impact initiation reaction occurred in a 
mechanochemical manner. The reactivity of 
Al/PTFE/Fe composites was likely due to the 
multiple actions of reaction heat of the material 
itself, absorbed strain energy and reaction initiation 
threshold. Besides, different formation mechanisms 
of hot-spots were summarized. 
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摘  要：铝/聚四氟乙烯(Al/PTFE)复合材料是一种非常有前景的反应结构材料。为了提高材料的力学性能和反应

性，将 Fe 颗粒加入 Al/PTFE 反应材料中。对 Al/PTFE/Fe 反应材料进行准静态和动态压缩试验，观察到明显的应

变和应变率硬化现象，且当Fe含量为30%(质量分数)时，在5000 s−1的应变率下，抗压强度达191.8 MPa，较Al/PTFE

提升了 39%。定向的 PTFE 纳米纤维丝能有效地阻碍裂纹的扩展。通过高速摄影对霍普金森杆和落锤冲击下的能

量释放进程进行观察，且通过新设计的装置对反应活性进行定量表征。结合 TG-DSC 和 XRD，明确了 Al/PTFE

和 Al/Fe 之间的反应。通过霍普金森杆的实验数据建立 Johnson−Cook 本构模型，模型结果与实验数据吻合较好。

在冲击状况下，材料的反应性是多重行为的结果。 

关键词：反应材料；铝/聚四氟乙烯/铁(Al/PTFE/Fe)；力学性能；能量释放特征；冲击引发机理 

 (Edited by Xiang-qun LI) 


