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Abstract: The mixed cellular materials with soft matrix are a new type of cushioning and protective materials which have
excellent energy absorption properties. In order to study the effect of strain rate on the mechanical behaviors of this kind of
materials, uniaxial tensile and compression experiments were conducted on the artificial cartilage foam (ACF) material, at
different velocities to obtain the stress-strain curves of the ACF material under different strain rate conditions. Based on the
obtained stress-strain curves, the elastic moduli and material strengths of the ACF material were gained under different strain
rate conditions. And the comparative tests of the ACF material and expanded polypropylene (EPP) material of the same size
and thickness under multiple impacts were carried out by a drop-hammer impact test machine. By comparing the impact
responses of the two materials under single and multiple impact loads, the energy absorption characteristics, and the stability of
the energy absorption characteristics of the two materials were analyzed. The results reveal that the ACF material is a strain

rate-sensitive material, and the stress-strain curves under different strain-rate conditions take on the same trend. The elastic
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modulus, tensile and compressive strengths of the material gradually increase with the increasing strain rate. Under the action
of 50-J impact energy, the ACF material can absorb more than 96% of the impact energy, higher than the 70% of the impact
energy absorbed by the EPP material. Moreover, the maximum displacement of the ACF material is only 40% of that of the
EPP material. Therefore, the ACF material has more excellent energy absorption performance than the EPP material. The peak
force, maximum displacement, and energy absorption ability of the ACF material were almost unchanged after five impacts.
Compared with the EPP materials, the ACF material has more favorable recoverability and more stable repeated impact
resistance. The research of the work can provide an experimental basis for the application of the mixed cellular materials with
soft matrix in multiple impact protection.

Keywords: mixed cellular material with soft matrix; strain rate effect; repeated impact; recoverability
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(a) Artificial cartilage foam (b) Protection products
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Fig. 1 Artificial cartilage foam material and its protection products
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(a) A scanning electron microscopy image . . .
(b) An atomic force microscopy image
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Fig. 2 Microstructures of artificial cartilage foam material
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(a) The specimen used in compression experiment (b) The specimens used in tensile experiment
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Fig. 3 Experimental specimens (unit: mm)
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K4 gt

Fig.4 Experimental equipments
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Fig. 5 Uniaxial experimental curves
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Fig. 6 Drop-weight impact experiment
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Table 3 Energy absorption of ACF and EPP materials under different impact times

ACFH B} EPPH kL
e WL g/ W HEH/% W T /% W ig/ W RESR/% W REH I/ %
1 44.7 97.1 315 71.6
2 452 96.6 0.5 26.2 60.0 11.6
3 45.0 96.4 0.7 25.6 58.2 13.4
4 45.0 96.7 0.4 23.8 525 19.1
5 45.1 96.7 0.4 25.1 56.3 15.3
3 % it

(1) 38 3k 491 F o ol B M D 8 B X N T (7 A R R B R RO S R AT TS . 1
AR B, A RE N T 3G OKR SR FLI, ELALIR 18] A — 5 A a2 , FL I 2 101 23413 35 38 BRI 40 K 2
ke, ACF A4 BHE— Bl B A AR G5 M B BRI A M ALALRE . IR 0 2R A M 2 R ol 40 K 25 F 1
LA ONAT AT RERE S BRI BERE 7 2 w55 R 22 U T v o P BB A SRR, R SRR T I 7 THT A S TR A i
5T,

(2) 85 T R KRR & MO AL AT RHE B 25 26 15 T A BRI Ah R TR 40 52 6, R B 2R A R — Tl
AR ARG, B W AE AR AR g, AR R R B CREAR) | S5 0 R4 A st 2 i T
ARG W AE AR AT B B S B 2, 75 2 T AR SRR | RS B | R BN AE (R | S5 )
(48 ) 550, WP S T PR SR (A 26 B9 0“2 PR RE R 8

(3) i ik Pl v iy 2, XF U ACF A1RVFT EPP AP RHE Z U il AR TR B i w7 . S 30 25 2R % B,
ACF FPBHE 50 J et By s i AR, 5 Uil B f R UBAEL ) | fe KOS TE B R RERE 1 JL-F- A2, AT R
T AT PR R M, B e 1 22 P i R 75 10 EPP A RHAY AT MK B PR AL S, P ik sl O RE B2
#E—2L UL, ACF A RHE—Fh I REVE RENL 5 B AT ST 2 Uil RO BRI ML FLAA L. [HLIE, ACF A1 K)
TEZ U b B3P 75 T B A ) R A S

B E 3 Hk:

(1] FEkte, ZetivR, 228, . R AL E R EIIOR G 2247 I pgpt sE BE e (7] R TR 222440, 2017, 48(3):
492-503. DOI: 10.16355/j.cnki.issn1007-9432tyut.2017.03.030.
WANG Z H, LIS Q, LI X, et al. Advances in studies of the mechanical behavior of cellular metallic materials and structures [J].
Journal of Taiyuan University of Technology, 2017, 48(3): 492—503. DOI: 10.16355/j.cnki.issn1007-9432tyut.2017.03.030.

(2] XA, BO6, B, 2L RHEREA AR5 1 HIOC R [J]. MR TR, 2019, 47(6): 42-62. DOI: 10.11868/j.issn.1001-
4381.2018.001407.
LIU P S, CUI G, CHENG W. Study on property model for porous materials 1: mathematical relations [J]. Journal of Materials
Engineering, 2019, 47(6): 42—62. DOI: 10.11868/j.issn.1001-4381.2018.001407.

[3] GIBSONLJ, ASHBY M F. Cellular solids: structure and properties [M]. Cambridge, UK: Cambridge University Press, 1997.

[4]  WANG N Z, CHEN X, AO L I, et al. Three-point bending performance of a new aluminum foam composite structure [J].
Transactions of Nonferrous Metals Society of China, 2016, 26(2): 359-368. DOI: 10.1016/s1003-6326(16)64088-8.

[5S]  WANT, LIU Y, ZHOU C X, et al. Fabrication, properties, and applications of open-cell aluminum foams: a review [J].
Journal of Materials Science & Technology, 2021, 62(3): 11-24. DOI: 10.1016/j.jmst.2020.05.039.

[6] ZHANGJ X, YANG Y, QIN Q H, et al. Dynamic compressive response of sinusoidal corrugated core sandwich plates [J].
International Journal of Applied Mechanics, 2018, 10(7): 1850075. DOI: 10.1142/S1758825118500758.

(7] R, SIFIE, R, . K4 R I A F S vh s R A ZhAS MY [7]. #1E 5 whif, 2021, 41(7): 073101. DOL: 10.
11883/bzycj-2020-0198.

063104-8


http://dx.doi.org/10.16355/j.cnki.issn1007-9432tyut.2017.03.030
http://dx.doi.org/10.16355/j.cnki.issn1007-9432tyut.2017.03.030
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.1016/s1003-6326(16)64088-8
http://dx.doi.org/10.1016/j.jmst.2020.05.039
http://dx.doi.org/10.1142/S1758825118500758
http://dx.doi.org/10.11883/bzycj-2020-0198
http://dx.doi.org/10.16355/j.cnki.issn1007-9432tyut.2017.03.030
http://dx.doi.org/10.16355/j.cnki.issn1007-9432tyut.2017.03.030
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.11868/j.issn.1001-4381.2018.001407
http://dx.doi.org/10.1016/s1003-6326(16)64088-8
http://dx.doi.org/10.1016/j.jmst.2020.05.039
http://dx.doi.org/10.1142/S1758825118500758
http://dx.doi.org/10.11883/bzycj-2020-0198

5 42 45 Wk #8458 BOERIRG MUFLAT RN Ty 25 P RE b 2 v M g % 6 3

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

ZHU L, GUOK L, YU T X, et al. Dynamic responses of metal foam sandwich beams to repeated impacts [J]. Explosion and
Shock Waves, 2021, 41(7): 073101. DOI: 10.11883/bzycj-2020-0198.

TR, 2O, B BT SR e R4 . R BRI SR BRI BT ST (0], 1224 4R, 2001, 33(6): 741-748. DOL:
10.3321/j.issn:0459-1879.2001.06.003.

WANG F, LI J R, YU J L. A study of instability and collapse of aluminum honeycombs under uniaxial compression [J].
Chinese Journal of Theoretical and Applied Mechanics, 2001, 33(6): 741-748. DOI: 10.3321/j.issn:0459-1879.2001.06.003.

TR A, BT, TR MRS R TE s e T S A R4 AT R [J). MR E 5 vl 2014, 34(3): 278-284. DOL:
10.11883/1001-1455(2014)03-0278-07.

ZHANG J, ZHAO G P, LU T J. High speed compression behaviour of metallic cellular materials under impact loading [J].
Explosion and Shock Waves, 2014, 34(3): 278-284. DOI: 10.11883/1001-1455(2014)03-0278-07.

Ws, wr B, XV, S i Z 4R VUK B 0 A WL AR TR RRAE 43 A (], AR 5 b, 2012, 32(4): 399-403. DOL: 10.
11883/1001-1455(2012)04-0399-05.

YANG B, TANG L Q, LIU Y P, et al. Meso deformation characteristics analysis of aluminum foam under impact [J].
Explosion and Shock Waves, 2012, 32(4): 399—403. DOI: 10.11883/1001-1455(2012)04-0399-05.

S, R, TR B RS MIREE 1 2 ) 2F R IR AR TE B IRALE [J]. S0 42 45, 2019, 50(4): 41-45. DOL: 10.13347/
j.cnki.mkaq.2019.04.010.

LI L, QIAN D K, WANG K. Dynamic characteristics and deformation failure mechanism of composite structure concrete [J].
Safety in Coal Mines, 2019, 50(4): 41-45. DOI: 10.13347/j.cnki.mkaq.2019.04.010.

B2, BB VL IRIR BE 1 S A 1 SRR LRI A (0], TR AR (BRI, 2017, 30(1): 68-72. DOL: 10.3969/
j.ssn.1001-5132.2017.01.013.

HANG L B, YANG L M. Dynamic properties and failure types of foamed concrete [J]. Journal of Ningbo University (Natural
Science and Engineering), 2017, 30(1): 68-72. DOI: 10.3969/j.issn.1001-5132.2017.01.013.

F A58 EPDM Kb eH 85 K 254 SPEREDTST (D). 1 HigAZiE R, 2006.

WANG B Q. Preparation of EPDM and study on its structure and properties [D]. Shanghai, China: Shanghai Jiao Tong
University, 2006.

M. m g (B RO ARBI ST [D]. KSR Hrdb kA%, 2009.

JING P. High-g impact test value of the research of key technologies [D]. Taiyuan, Shanxi, China: North University of China,
2009.

FAR, 2R, Rl VR T SR ER AR R AR R4 SRR REERFSY (1], 55 T 244k, 2015, 36(S1): 213-219.

LU L, LI X F. Research on strain rate distribution and energy absorption of polyurethane materials under shock environment [J].
Acta Armamentarii, 2015, 36(S1): 213-219.

*sent, 20, [E) 5590, 5. EPP APBME VR4 A i (0 I FH AN BEAIFSY. [3]. ¥R 42 3T, 2021(8): 58-62. DOL: 10.19822/j.
cnki.1671-6329.20210062.

TANG W Y, JINAG Z J, YAN X Y, et al. Study on the application and performance of EPP materials in car seats [J].
Automotive Digest, 2021(8): 58—62. DOI: 10.19822/j.cnki.1671-6329.20210062.

G54k, EPP S PERERITSE [D]. 144 BRPTRHER Y, 2019.

JIN Q W. Investigation on dynamic cushioning property of EPP [D]. Xi’an, Shaanxi, China: Shaanxi University of Science
and Technology, 2019.

Wi, 4 BER, 5Kk, A N TR O EARHES G 2t b MBI (], RIS 422412, 2020, 42(6): 10-14.

CHEN R F, SHI G C, ZHANG L, et al. Application of artificial cartilage biomimetic material in fuze buffer [J]. Journal of
Detection & Control, 2020, 42(6): 10-14.

GiiLgitE Ka=x)

063104-9


http://dx.doi.org/10.11883/bzycj-2020-0198
http://dx.doi.org/10.11883/bzycj-2020-0198
http://dx.doi.org/10.3321/j.issn:0459-1879.2001.06.003
http://dx.doi.org/10.3321/j.issn:0459-1879.2001.06.003
http://dx.doi.org/10.11883/1001-1455(2014)03-0278-07
http://dx.doi.org/10.11883/1001-1455(2014)03-0278-07
http://dx.doi.org/10.11883/1001-1455(2012)04-0399-05
http://dx.doi.org/10.11883/1001-1455(2012)04-0399-05
http://dx.doi.org/10.13347/j.cnki.mkaq.2019.04.010
http://dx.doi.org/10.13347/j.cnki.mkaq.2019.04.010
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.19822/j.cnki.1671-6329.20210062
http://dx.doi.org/10.19822/j.cnki.1671-6329.20210062
http://dx.doi.org/10.11883/bzycj-2020-0198
http://dx.doi.org/10.11883/bzycj-2020-0198
http://dx.doi.org/10.3321/j.issn:0459-1879.2001.06.003
http://dx.doi.org/10.3321/j.issn:0459-1879.2001.06.003
http://dx.doi.org/10.11883/1001-1455(2014)03-0278-07
http://dx.doi.org/10.11883/1001-1455(2014)03-0278-07
http://dx.doi.org/10.11883/1001-1455(2012)04-0399-05
http://dx.doi.org/10.11883/1001-1455(2012)04-0399-05
http://dx.doi.org/10.13347/j.cnki.mkaq.2019.04.010
http://dx.doi.org/10.13347/j.cnki.mkaq.2019.04.010
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.3969/j.issn.1001-5132.2017.01.013
http://dx.doi.org/10.19822/j.cnki.1671-6329.20210062
http://dx.doi.org/10.19822/j.cnki.1671-6329.20210062

	1 拉伸和压缩实验
	1.1 人工软骨仿生超材料
	1.2 材料的拉伸和压缩力学性能
	1.2.1 试件制备和实验设备
	1.2.2 实验条件及过程

	1.3 实验结果分析

	2 多次冲击下可恢复性实验
	3 结　论

