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Abstract: The variation of metallic particle size alters the combustion characteristics and dynamic response of W-PTFE-Al 

composites. Combustion test results show that with Al particle size decreasing from 10 µm to 1 µm, W particle size increasing from 

0.1 µm to 7 µm, the reaction energy of W(7 µm)-PTFE(40 µm)-Al(1 µm) reaches 4570.2 J/g in argon environment and 9848.1J/g in

oxygen environment, indicating fine aluminum and coarse tungsten contribute to the increase of reaction energy. Under dynamic

loading, the deflagration time of all four kinds of W-PTFE-Al composites is longer than 500 µs. With the decrease of Al particle size, 

the insensitivity of W-PTFE-Al composites to impact shows a decreasing tendency since the absorbed critical energy before reaction

decreases by 14.0%. With the decrease of W particles size, the insensitivity of W-PTFE-Al composites to impact enhances due to the

absorbed critical energy before reaction increases by 34.8%. The dynamic compression results show that the ultimate strength of 

W-PTFE-Al composites increases by 8.0% with Al particle size changing from 10 µm to 1 µm, but decreases by 10.2% with W 

particle size changing from 7 µm to 100 nm.
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Aluminum (Al)-Polytetrafluoroethylene (PTFE) is a typical 

kind of reactive materials, which undergo severe exothermic 

reactions or explosion under dynamic loading

[1,2]

. In recent 

years, this kind of materials have received broad attention due 

to the special response to dynamic loading

[3]

.

The major research orientations contain composition ratios, 

surface modification, additives and particle size. As for 

composition ratios, the stoichiometric ratio for reaction is 

26.5%Al:73.5%PTFE by weight. And Zhao et al

[4]

investigated the dynamic compression properties of Al-PTFE 

reactive materials with different composition ratios and the 

results indicates that the ultimate strength shows an increasing 

tendency with the increased content of Al. Moreover, the 

content of Al should not be more than 35 wt% or it may result 

in incomplete combustion due to insufficient oxidizing agent 

(PTFE). This result is vital in designing the composition ratio 

of Al-PTFE composites. Songlin Xu et al

[5]

 investigated the 

effects of different Al contents of Al-PTFE on mechanical 

performance and the results show that the tensile strength 

reaches the highest level when the Al content is 6%. In 

addition, the damage behavior of Al-PTFE includes three steps, 

which is the 1st deformation, the 2nd ductile cracks and the 

3rd exothermic reaction. As for surface modification, Brown

[6]

investigated the effect of mechanical activation of high 

specific surface area aluminum with PTFE on composite solid 

propellant and found the beginning reaction temperature of 

activated Al-PTFE powder is lower than that observed with 

non-activated Al-PTFE powder but the burning rate increases 

due to the large specific surface of the activated aluminum. 

However, the low density and low strength of Al-PTFE 

composites severely restrict the application of this kind of 

material. In order to solve this problem, some researchers try 
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to add additives into Al-PTFE composites. One potential way 

is to add tungsten (W) to Al-PTFE composite. In our previous 

work

[7]

, W was added in Al-PTFE composites with different 

mass ratios and the result shows that with the increase of W 

content from 50% to 80%, both the density and strength 

increase obviously while the reaction energy still remains in 

high level. In this paper, 50 wt%W was added to improve

density and mechanical properties of Al-PTFE. The high 

density of W results in that its actual volume ratio in 

W-PTFE-Al (mass ratio: 50%W, 35%PTFE and 15%Al) is 

only 10.6%, which will not severely decrease the reaction 

energy of PTFE-Al. As for particle size of W, Nesterenko et 

al.

[8]

 investigated the mechanical properties of W-PTFE-Al 

composites with different W particle sizes  and the results 

show that reducing W particle size contributes to the increase 

of ultimate compressive strength. Cai et al.

[9]

 observed the 

samples of W-PTFE-Al composites after compressed at the 

strain rate of 4×10

2

 s

-1

 and found severe plastic deformation 

occurs in PTFE by forming nanofiber structure. However, 

researches have been mainly focused on the mechanical 

properties of W-PTFE-Al composites with different particle 

sizes. There are few literatures related to the effect of particle 

size on the combustion characteristics and dynamic response 

which is of great significance when using as reactive 

materials.  

This paper aims at demonstrating the effects of different Al 

and W particle sizes on combustion characteristics and 

dynamic response to impact of W-PTFE-Al composites.

1  Experiment

The W-PTFE-Al composites have the following average 

particle size as shown in Table 1. And the mass ratio of 

W-PTFE-Al composites is 50%W, 35%PTFE, and 15%Al. 

The particle size of PTFE remains unchanged because in our 

previous work, reducing the particle size of PTFE will make it 

unable to form continuous PTFE matrix after sintering and 

thus severely weaken the mechanical property. The process of 

preparing W-PTFE-Al composite included powder mixing, 

cold isostatic pressing (CIP) and vacuum sintering. The CIP 

process and sintering process are shown in detail in our 

previous work

[6]

. Fig.1 shows the microstructures of W-

PTFE-Al composites. It can be seen that both Al particles and 

W particles are homogenously distributed in a PTFE matrix in 

sample 1#, 2# and 3#. However, in sample 4#, severe 

agglomerations of W nanoparticles occur (SEM morphology). 

Both the densities and relative densities increase with Al 

particle size change from 10 µm to 1 µm but decrease with W 

particle size change from 7 µm to 100 nm as shown in Table 2. 

This phenomenon indicates that samples with fine Al particles 

propel densification compared with samples with coarse Al 

particles. However, samples with fine W particles resist 

densification compared with samples with coarse W particles.

Table 1  Particle size of four types of W-PTFE-Al composites (µm)

Sample No. Al particle size W particle size

PTFE particle

size

1# 10 7 40

2# 5 7 40

3# 1 7 40

4# 1 0.1 40

Fig.1 Microstructures of four kinds of W-PTFE-Al composites: (a) sample 1#: W(7 µm)-PTFE(40 µm)-Al(10 µm); (b) sample 2#: W(7 

µm)-PTFE(40 µm)-Al(5 µm); (c) sample 3#: W(7 µm)-PTFE(40 µm)-Al(1 µm); (d) sample 4#: W(0.1 µm)-PTFE(40 µm)-Al(1 µm);    

(e) SEM morphology of sample 4
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Table 2 Densities of W-PTFE-Al composites

W-PTFE-Al composite Density/g·cm

-3

Relative density/%

1# 3.94 95.9

2# 3.98 96.8

3# 4.03 98.1

4# 3.79 92.2

Calorimeter (Parr 6200) was used to test the reaction energy 

of four kinds of powders in oxygen and argon environment. 

Then the solid products after ignition were analyzed by XRD.

To reveal the dynamic response of W-PTFE-Al composites

to impact, specimens were impacted by split Hopkinson 

pressure bar (SHPB) and the size of specimen is Φ5 mm×3

mm. High-speed photography was performed to record the 

behavior of W-PTFE-Al composites to impact. Then the

absorbed critical energy before reaction can be calculated by 

the formula:

f

0

dE

ε

ε

σ ε=

∫

                                   (1)

in which ε

0

 represents the strain of the yielding point and ε

f

represents the strain of the reaction starting point

[6]

.

In order to analyze the quasi-static and dynamic mechanical 

property of W-PTFE-Al composites, cylindrical samples (Φ10

mm×10 mm) were tested by CMT4305 universal materials 

machine at the strain rate of 10

-3 

s

-1

 and SHPB at the strain rate 

of 10

3

s

-1

.

2  Results and Discussion

2.1  Combustion characteristics

The combustion results are shown in Table 3. In argon

atmosphere, the reaction energy of W-PTFE-Al composites

increases by 13.3% with Al particle size decreasing from 10 

µm to 1 µm. However, the reaction energy of W-PTFE-Al 

composites decreases by 17.9% with W particle size decreasing

from 7 µm to 100 nm. And in oxygen atmosphere, the reaction 

energy of W-PTFE-Al composites increases by 4.6% with Al 

particle size decreasing from 10 µm to 1 µm. But, the reaction 

energy decreases by 12.7% with W particle size decreasing 

from 7 µm to 100 nm. This result indicates that fine Al particle 

can be helpful in increasing reaction energy of W-PTFE-Al 

composites while fine W particle plays a negative role in 

reaction energy of W-PTFE-Al composites. Moreover, the 

reaction energy of W-PTFE-Al composites in oxygen 

atmosphere is much higher than that of W-PTFE-Al composites

in argon atmosphere. This phenomenon indicates that oxygen 

contributes to the reaction of W-PTFE-Al composites.

Fig.2 shows the XRD patterns of W-PTFE-Al composites 

after ignited in oxygen atmosphere. The final reaction 

products in four kinds of W-PTFE-Al composites are 

identified to be AlF

3

, WO

3 

and C. The presence of AlF

3

indicates that Al is oxidized by fluorine from the PTFE. 

Besides, the presence of WO

3

from the reaction between W 

and O

2

at high temperature, indicates W also participates in 

the exothermic reaction in oxygen atmosphere.

2.2  Dynamic response to impact

Under impact loading (strain rate 5900~6200 s

-1

), all 

samples react vigorously, as shown in Fig.3. The deflagration 

time of all kinds of W-PTFE-Al composites lasts for 500 µs.

From the reaction images it can be seen that when Al particle 

size decreases, the initial time to impact is kept in 350 µs. 

However, when W particle size decreases, the initial time to 

impact delays from 350 µs to 400 µs. Comparing images of 

samples under high strain rate loading reveal that the reaction 

severity of W-PTFE-Al composites shows an increasing 

tendency with the decreasing of Al particle size; however, 

with the decreasing of W particle size, the reaction severity of 

W-PTFE-Al composites shows a decreasing tendency.

From the true stress-time curves in Fig.4a, the true stress 

can be determined by the initial time point and thus the 

corresponding initial point in the true stress-strain curves, as 

shown in Fig.4b, can be determined. Then the absorbed 

critical energy before reaction of sample 1#, 2#, 3#, and 4# is 

calculated, which are 307.7, 299.7, 274.5 and 356.6 J/cm

3

respectively. It can be seen that the absorbed critical energy 

before reaction decreases by 14.0% with Al particle size

changing from 10 µm to 1 µm. However, the absorbed energy 

increases by 34.8% with W particle size changing from 7 µm 

to 100 nm. This phenomenon is due to fine Al particles 

increase the total interface area between metallic particles and 

PTFE, which weakens the insensitivity to impact of composites.

But, severe agglomerations of W nanoparticles decrease the 

total interface area between metallic particles and PTFE, which 

enhances the insensitivity to impact of composites.

The remnants of four kinds of W-PTFE-Al composites after 

impact are shown in Fig.5. It is found that the reaction

Table 3 Reaction energy results of W-PTFE-Al (J·g

-1

)

Atmosphere 1# 2# 3# 4# 

Ar 4033.3 4410.7 4570.2 3750.7

O

2

9411.3 9696.3 9848.1 8600.9

Fig.2  XRD patterns of W-PTFE-Al composites after ignited in 

oxygen atmosphere
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Fig.3  Pictures of W-PTFE-Al composites under impact loading: (a) sample 1#: W(7 µm)-PTFE(40 µm)-Al(10 µm); (b) sample 2#: W(7 

µm)-PTFE(40 µm)-Al(5 µm); (c) sample 3#: W(7 µm)-PTFE(40 µm)-Al(1 µm); (d) sample 4#: W(100 nm)-PTFE(40 µm)-Al(1 µm).

Impact occurs at 0 µs

Fig.4  Hopkinson bar test results of four W-PTFE-Al composites:

(a) true stress-time curves and (b) true stress-true strain curves

completeness shows an increasing tendency with decreased Al 

particle size. However, the reaction completeness shows a 

decreasing tendency with decreased W particle size. W(7 µm)- 

PTFE(40 µm)-Al(1 µm) shows the highest reaction completeness.

By analyzing the initial time to impact loading, reaction 

severity, the absorbed critical energy before reaction and 

reactive completeness of composites, it can be concluded that

the insensitivity to impact of W-PTFE-Al composites shows a 

decreasing tendency with decreased Al particle size but

exhibits an increasing tendency with decreased W particle

size.

2.3  Quasi-static and dynamic compression properties

Fig.6a shows the true stress-strain curves of all four kinds 

of W-PTFE-Al composites obtained from the quasi-static 

compression test. The degree of strain hardening effect is 

obviously different for all four kinds of W-PTFE-Al 

composites. With the decreasing of Al particle size, the strain 

hardening effect shows an increasing tendency. However, with 

decreased W particle size, the strain hardening effect shows an 

obviously decreasing tendency which can be attributed to the 

agglomerations of W particles. Among all four kinds of 

composites, sample 3# shows the strongest strain hardening

effect, indicating that reducing Al particle size and increasing 

W particle size contribute to improving mechanical property.

Moreover, no failure occurs of all composites which indicates

good ductility. 

Fig.6b shows the true stress-strain curves of four kinds of 

W-PTFE-Al composites obtained by SHPB. The corre-

sponding compressive strengths of samples 1#, 2#, 3# and 4# 

are 100, 106, 108 and 97 MPa, respectively. The critical 

failure strain (approximately 0.30) shows little change among

all four kinds of composites. It can be seen that the ultimate
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Fig.5  Retrieved solid remnants of W-PTFE-Al composites after ignition: (a) sample 1#, (b) sample 2#, (c) sample 3#, and (d) sample 4#

Fig.6 True stress-strain curves (a, b) and microstructure (c, d) of W-PTFE-Al composite after impact: (a) true stress-strain curves under

quasi-static loading (strain rate 10

-3 

s

-1

), (b) true stress-strain curves under dynamic loading (strain rate 2300~2450 s

-1

), (c) nanofiber of 

PTFE in W-PTFE-Al composites after impact, and (d) undeformed W and undeformed Al in W-PTFE-Al composites after impact

strength of W-PTFE-Al composites increases by 8% with Al 

particle size decreasing from 10 µm to 1 µm. This result can 

be attributed to the improvement of densification and better 

interface bonding. However, the ultimate strength of 

composite decreases by 10.2% with W particle size changing

from 7 µm to 100 nm. Coupled with the microstructure of 

sample 4# in Fig.1d and Fig.1e, agglomerations of W 

nanoparticles are responsible for this decrease of the strength 

of the composites. The unchanged critical failure strain of all 

four kinds of composites can be attributed to the facts that 

plastic deformation mainly concentrates on PTFE, which is a 

decisive factor to the critical failure strain while both W 

particles and Al particles show little deformation as shown in 

Fig.6c and 6d. In addition, obvious strain hardening effect can 

be seen in true stress-strain curves of all four kinds of 

W-PTFE-Al composites.

3  Conclusions

1) The reaction energy of W-PTFE-Al composites in both

argon and oxygen atmosphere increases with Al particle size 

changing from 10 µm to 1 µm but decreases with W particle 

size changing from 7 µm to 100 nm, indicating fine Al particle 

can be helpful in enhancing reaction energy of W-PTFE-Al 

composites while fine W particle plays a negative role in 

enhancing reaction energy of W-PTFE-Al composites.

2) Under impact loading (strain rate 5900~6200 s

-1

), the 

dynamic response of composites with different particle sizes

varies obviously. The insensitivity of W-PTFE-Al composites 

to impact shows a decreasing tendency with decreased Al 

particle size but exhibits an increasing tendency with 

decreased W particle size according to the absorbed critical 

energy before reaction.
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3) Under dynamic compression loading, the ultimate 

strength of W-PTFE-Al composites increases by 8% with Al 

particle size decreasing from 10 µm to 1 µm, which can be 

attributed to the improvement of densification and better 

interface bonding. However, the ultimate strength decreases 

by 10.2% with W particle size decreasing from 7 µm to 100

nm which is due to the severe agglomerations of W nano-

particles. The critical failure strain remains unchanged among 

all composites which can be attributed to the fact that plastic 

deformation of composite mainly concentrates on PTFE.

4) The influence of Al particle size can be attributed to the 

characteristics of densification as well as the change of total 

interface area between metallic particle and PTFE. The 

influence of W particle can be attributed to agglomerations of 

W particles, which will change the total interface area between 

metallic particle and PTFE.

References

1 Pourmortazari S M, Hajimisadeghi S S, Kohsari L et al. Fuel[J], 

2008, 87(2): 244.

2 Chen X, Zhao J, Pan G P. Applied Mechanics and Materials[J],

2014, 528: 144

3 Xu S L, Yang S Q, Zhang W. Phys: Condens Matter[J], 2009, 21: 

285 401

4 Zhao Pengduo, Lu Fangyun, Li Junling et al. Chinese Journal of 

Energetic Materials[J], 2009, 17(4): 459 (in Chinese)

5 Xu Songlin, Yang Shiqing, Xu Wentao et al. Chinese Journal of 

High Pressure Physics[J], 2009, 23(5): 384 (in Chinese)

6 Brown S D, Charsley E L, Goodall S J et al. Thermochimica 

Acta[J], 2003, 40(1): 53

7 Wang Liu, Liu Jinxu, Li Shukui et al. Mater Design[J], 2016, 92: 

397

8 Herbold E B, Nesterenko V F, Benson D J et al. Appl Phys[J], 

2008, 104: 103 903

9 Cai J, Walley S M, Hunt R J A et al. Mater Sci Eng A[J], 2008, 

472: 308

��������W-PTFE-Al �	
��
����������

���

1

����

1,2

�	 


1

���


1,2,3

�� �

1

�� �

1

�	��

1

(1. ��������� 100081)

(2. �	
��
������������� 100081)

(3. ������������������ 100081)

� ������ !"#$%&'()*+, W-PTFE-Al -.�
$/012345678/029:;<=>?�@AB"%&

C 10 µmDE 1 µm�F"%&C 0.1 µmGE 7 µm�W(7 µm)-PTFE(40 µm)-Al(1 µm)-.�
HIJJKL$M79NO 4570.2 J/g�H

PJJKLM79NO 9848.1 J/g8Q>?RSB"%&3T�F"%&UVWW-PTFE-Al-.�
M79NX$YZ8H�	[\L�

4]W-PTFE-Al-.�
/0^_`a� 500 µs8@AB"%&$RS�M7bcdefDg 14%�hijk12lmLDno8@A

F"%&$RS�M7bcdefGZ 34.8%�hijk12lmpGno845qr;�<=>?�@AB"%&C 10 µmDE 1 µm�

W-PTFE-Al-.�
$sqtuYZ 8.0%v@AF"%&C 7 µmDE 100 nm�W-PTFE-Al-.�
$sqtuDg 10.2%8

����-.�
v/012vijv4567

wxyz{|}~���1991�������������
����� 100081���{010-68913937�E-mail: zhangxinbo123@gmail.com


