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ABSTRACT A novel method to prepare metallic structure with hemisphere layer formed by metal
sheet plastic processing and connect it to novel porous metal in certain ways is proposed. The strength
of structure composed of interconnected flat plate layers is greater than that of structure composed of
accumulative metallic balls with air core in the same condition. This structure has high strength and can
absorb energy, and the thickness and porosity of aluminum sheet have obvious effect on it′s compressive
property.
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�%, !18'2�#�21�.�/", 10"9

 (2�31� 1.08 mm, 0.88 mm, 0.68 mm��"

@()A%#B-� 8 mm �$�, :C;<# 4×4

�$�%�/" (* 1).

!14=�>=&?=�"�( 8 %$�%/

"@=AB, �2C+�DD"�!�, �#* 2�*

3 ,-�>?���Æ���. * 2 � A C, 3E@

.4* 3 � B C, /E@..
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�>,6$���%@=#C+�DD"!����

�,'G�789 55.0 mm, H 55.0 mm, � 33.3 mm,

�- d=8 mm. H2� 1.08 mm, 0.88 mm, 0.68 mm

��/",%�����Æ���'G, � "31

� 53%, 62%, 69%. : P=63% 2 ρ=1, :0"/"

D 1 4×4 ;3<I=>

Fig.1 Metal Al hemisphere layer 4×4

D 2 ?JI4K><JL@M56KN7O89PQ

7 A L

Fig.2 Porous metal with bcc structure connected by

flat lamellar with external concave type A

D 3 8JI4K><JL@M56KN7O89PQ

7 B L

Fig.3 Porous metal with bcc structure connected by

flat lamellar with external convex type B

A2� 0.68 mm, ���Æ���1:M9:.

(;'�()"�;E@ WD210A ?<#;

E;:RN, S3B"� 100 N, TC 100 kN, 7

2 mm/min �"�="RN'O"�. ;'�2�

� 1.08 mm, �-� 8 mm ��$�", <3E@.

� A ?�/E@.� B ?RNU�"�0E.

VD0=0E@VDEP:RN. ('=�E>

W��@VDF, ($E>W��MGH, H?>;

!@?FQA.VD0=0E'G�2� 1.08 mm�

.�", 0"B-� 10 mm�$�%. 311 8X"

%� 4%3E@.�C+�DD"!�I?. 2��

14.5 mm. 3E@�.���Æ���@0=0E2

JE&B-� 25 mm �RG0@.

2 HIJKL
2.1 ;MNJ;O�PQR;STU?VW

A��$-� R, Y�ASB�BZ� δ, ["

�9 L T"�, \U":� X C�, "2�� B, D

H N%".#Æ���. * 4B ABCD �K%�D,

E �:%�D.

* 5 BY%"SB���

h =
√

4R2 − 2(R + δ/2)2 (1)

0�"��E� Vsheet = NL2B. (Æ���]#&

D 4 ;3Q7<=>KJBVC

Fig.4 Schematic plan of hemisphere metal sheet

D 5 ;3I<=>XJBVC
Fig.5 Vertical plane of hemisphere Al sheet
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C9"�, Æ����E�

V = L2 N

2

√
4R2 − 2(R + δ/2)2 + NL2B (2)

: h > R, :%"�FH J=N2A%"[EO.

Æ���� "�

P = 1− Vsheet

V
= 1− NL2B

L2 N
2

√
4R2 − 2(R + δ/2)2NL2B

P =

√
4R2 − 2(R + δ/2)2

√
4R2 − 2(R + δ/2)2 + 2B

(3)

H (3) F1�

P− = f(B) P = f(R) P = f(δ) (4)

H 3�4 F1K, Æ����� "����+
C`�LZ, [�"�2� B, �- R �P\��A

SB�BZ δ �L.HF 3?>Q�ab� "<M

R 1.

Z 1 cdP]e

Table 1 Theoretic porosity

B/mm d/mm R/mm Porosity/P

1 1.08 2 8 74.3%

2 0.88 2 8 78%

3 0.68 2 8 82.1%

ab?� "2, (Æ���a^�]#&CM

P�9"�, NF (3) < A�B Y+���Æ���
O�G1�.P0QST;92@�_H3��� 

�, ,70Q;9ST�E`\-, aTab� "

f�.

: h = R 2, :%"�FHJ=N2A%"[

EO. ab� "� P = R
R+2B .

2.2 9:;<;=>?[\]^
<!HIRA A?� B?���Æ���U�

"�, Sb$bUJc�* 6 ,-.

V* 6 1K, KSTU!�, 3E@.>?��

Æ��� A ?���, B ?�2&MP�L�, b

$bUJc A ?MM B ?:",  �,P���#

T�N2#. * 7 UQ&�"2�� 1.08 mm � B

?�C+�DD"!����Æ��@"�SCB
�6X. @"�SCB, HM_:%�_A%�$�
g�_�/O, P3W"QJU�, BB�g�"R
A%�"B, &�_:%�_A%��_�S&��
QJ (* 7a). T`_:%�_A%�g��UÆ, B
B%V2V"U�.

D 6 ?X8JI4dW (σ − ε) Xe

Fig.6 Compression curves of external convex and

concave

D 7 YYW@;3<JL@M56KN7O89PQ

7

Fig.7 Distortion of porous metal with bcc structure

connected by hemisphere layer (a) ε=0.2; (b)

ε=0.4

"2� H� B ?���Æ���"� (σ − ε)

Jc�,, �* 8 ,-. * 8 Rh, 1Y+ H2�
�",%��>?���Æ��'G�"� (σ − ε)

Jc, OHZ2X�[YX�Æ0X 3 H3.#. @

cZ2X, "�JciZRf�cZ2X. @T[B

b$�bU[c2LZ, HM_:%�_A%�,/
O�H3, @,\b$AP3U�, ZjX�bU\

M 10%; @[YX, b$g',\PbU]h=gP,
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9P[�[Y:^X&�["%!@�C+�DD

"!�Æ������"��#2#; T`"�b$
�[igP, bU[ig', :"�bU\S 50%(&

]@ 50%∼65% SB), g�SB��\W"0j!

]=N, M�^kb$�h=:^, VPRRk+�

jX.

�, 3 + H2��",%�H'�-���
Æ��'G�"� (σ − ε) Jc1K, T"2��^

\, Æ���� σ − ε JcAl, "�����Ak.

HM�"2��^\, -�+0H3�"["2�^
\,bUhmg'.V* 81K,"2g'&�#T�

N2#�2L�.

B? H"2���Æ���#T�Nn" (E)

�,, �* 9 ,-. ?>["%!@�C+�DD"

!�Æ���� σ−εJc�bUaSB__�EE,

�2S�N�#T. S#T�N#$� W =
∫ ε

0
σdε,

�#n"� E=
∫ ε

0
σdε

σε .

* 9 Rh, @cZ2jX, Æ�����#T

�Ng',l, ��#T�Nn"h=g', @�U

20%≤ ε ≤30% 2`2`o����"!+; T`b
U�gP, �##$ W gP, #T�Nn" E @H

a_ (15%≤ ε ≤50%) `a@&C,�9[ (50% 7

D 8 dW (σ − ε) Xe

Fig.8 Compression curves (σ − ε)

D 9 a_pe (E)

Fig.9 Curve of energy absorption efficiency (E)

:). @Æ0jX, T`bU�gPb$[igP, #

T�Nn"kG.HT1K, @f��0EIRA, �

#���Æ����2���#n"�L�b �

Mhm.

2.3 Jbcd5ef?gc=>9:h<;=>i
j?kl

&+3%#��mD�5(S(6�DD"b
E�#���Æ����"�, _n�2&�), (

S�&%������Æ����2#RN�,.

co Sanders �DD"bE�mD�����

b$�!<+��c�!�'ENF [7,8], σy/σys =

0.81(ρ/ρs)1.35, SB σy ���b$, σys �0��

����b$, ρ �Æ����!<+�, ρs �0

��+�. �"���b$� 30 MPa, ab?>U

Q,�-!H HA22���b$31� 6.5 MPa,

4.4 MPa, 3.7 MPa. <M&%%�����Æ��,*

8 B�;E?o� 7.1 MPa, 5.2 MPa, 4.5 MPa. �,

Rh,$�%!@�C+�DD"����Æ���

��b$hm�M�DD"bE�mD���. S

qa�, H["%!@����!�, ���MH'

2��DD"bE�mD���.

2.4 9:;<;=>?mnop34HIRqr
&1 8 X�"%� 4 %��� A ?Æ��;

', RNVD0=0E, 0=SC2BPr 7 ms. V

DVZp;'RE 1.5 m ��OsHVA, tDV
A2�=�� 5.02 m/s, ab=� V =5.42 m/s, Y

#!<bd� 7.75%. a��#cqrVDAVS

CBm�u$�ddseu$�VD�^eseu
$��st,k. 0=vT� 20.6 kg, 0=f=�

A�� 5.02 m/s, ufZ0=#T� 259.56 J. =�

dV (t) = 1
M

∫ t

0
F (t)dt, 0=gMl D(t) =

∫ t

0
V (t)dt.

* 10 UQ&0=$�2B�LZJc. 0=$Jc

@:^X�hm�fg, PAkX]Mhi, eh�

�fg�S@0='vjX. !g�Ml�=�<M

R 2. A0=D����Æ���=NE�whtg,

O:�T"O, uRBMl�=�O�jo.

@MPiSh0=@jR$��"Z2, H3k

iul; VMPi2MPk, ��U�.VMPk2M

Pl, m&%�mm%�$�!]V", 0=$UP,

R&nvjm&%�"; VMPl2MPo, :EY

%��U�; VMPo2MPp, &m%$��"Æ

HUÆ, [ivj, Yk%$��"iZV2@B0
=$;VMPp2MPq,mk%$��/E0U; V

MPq2MPr, k%$��"ÆHUÆ4VMPr

S�� 4 %[�"0="�; VMPsÆUÆ, `

�U�.
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Z 2 nt@lw�mo

Table 2 Displacement and velocity of each point

Position Time/ms Displacement/mm Velocity(m/s)

1 0.4 −1.99 −4.90098

2 0.6 −2.96 −4.77469

3 0.8 −3.89 −4.51275

4 1.2 −5.61 −4.1141

5 1.45 −6.61 −3.80239

6 1.8 −7.84 −3.29161

7 2.75 −10.14 −1.38567

8 3 −10.4 −0.73318

D 10 upw�nq@rx

Fig.10 Variation of the impact force with time

D 11 moXlw�nq@rx

Fig.11 Variation of the velocity and displacement

with time

@VD0="�SCB, =No2=�_Pjo
−5.02 m/s, 3E@.$�%Æ����BD_PM
l� 10.51 mm,_P0=vs� 55.54 KN,1?>Q

���0=g=��0=gMlJc (* 11). 3E

@.$�%Æ���&�VDg#Mx�^\, bp

0=$`o`�MxvgP, 0=$�hm�tV,

Rh �M1�#T�Nnu. ÆUÆ�, VD

�qy=�� −1.39 m/s. �u(ÆHUÆn+�

ÆZ2yx, uaZ2r#�svwZ_P=��
1.40 m/s.

D 12 xmuptwy3YP9PQ7�u6movz

Fig.12 Velocity damping of hemisphere porous metal

and entity through with high-speed impact

3 K L

H'���S!� H, 2#[1MP. * 2 B
� A ?!�, HMz�!�,Æ+, `�/O[{,

["%�$�%|w!@, &� �,����. 0

=0E!uRh, b$`�h=�L� (* 10), @

:^X�hm�fg,  �M1�#T�N�x{-
1, G�-�&,�����2U�0,��#b1
y�. P* 3B ?!�, :ARE%z�$�%, ,{

H/O-, !:M0f&���x�, &�U�"�

b$bUJcM[Y, ["%�$�%|w!@��

}�M'.�DD"bE����,  �|1�#T

�N2#.

ANSYSBAP!H�ry�g�UseZ?,Z

zB-� 25 mm, f=�� 500 m/s, "OzBM{

E. KS ANSYS <���Æ����H'0��

�, RNZz{|9}?>, !u�* 12 ,-. Jc

A �Æ���, Jc B �0���. }|1 2 U2

1 mmd"%�B- 10 mm� A?���Æ���,

=�}^2 403.3 m/s, }| 2 mm 20�d", =�
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}^2 420.6 m/s. Sqa�, @0=SCB, ���

Æ���KSU�y|g'&#T��N. ~., @

{|SCB���Æ����2��0�P, -12
B~9M0���, b$�gPSC}�[Y.

4 H L
1. (�/"0"#�$�%,5(�$�%(6

C+�DD"�!�@=, %�Q���Æ���,

S σ − ε JcHZ2U�X�[YX�Æ0X.#.

3E@.�/E@.�C+�DD"!����2

&MP�L�.

2. $�%!@�C+�DD"!�Æ����

σ − ε Jc�Z29T���b$��DD"bE�

mD���%��Æ����hmL�. @"%!

@�C+�DD"!�Æ����"��#;EB
,9�bUa_{xa,��#n".

3. 3E@.$�%Æ���@VD0=VDz

B@B0=vs�-1A~S,P�U�, 0=$`

o #Mx�gP,  �M1�#T�Nnu.
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