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ABSTRACT Al foam is a structural metal in which gas bubbles are separated by thin Al cell–
walls, and exhibits a unique combination of functional properties mainly derived from their cellular
structure. Joining is one of important considerable secondary processes that are required for use of
work pieces made from Al foam or manufacture of large size Al foam plate. Almost all of the current
joining methods have some problems in corrosion resistance, fatigue tolerance, formation of weld and
mechanical properties. The joint is further complicated by various cellular structure characteristics
that can have a significant impact on the joining process and mechanical properties of the joints.
With Zn–based alloy as filler metal, a fluxless soldering method for joining Al foams with porosities
of 74.7%—91.6% is proposed. The microstructure of the soldered interfacial region, elemental distri-
butions and phase identification were determined by OM, SEM, EDS and XRD. The tensile and shear
strengths of soldered joints, and the relationship between joint bonding strength and porosity were also
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investigated. The results show that the joining method does not change the cellular structure near the
soldered joint, but a dense soldering seam layer is formed. The soldered region consists of Al(Zn) and
Zn(Al) solid solutions, Cu4Zn and MgMnO3. Major elements of the filler alloy and bases easily diffuse
into each other. The tensile strength of the joints is close to that of the Al foam base, and the shear
strength of joint is higher than that of Al foam. The strengths of joints decrease with the increase of
Al foam porosity.
KEY WORDS Zn–Al–Cu base alloy, fluxless soldering, Al foam, interfacial structure,

mechanical property^�ee�4KrW�zC,��Eh�e=<z/P��
w+, #��4K5�zh(�F9x, �kEh (��-jr 1 g/cm3)�=�b�h=�:��=9��3�=E:$���>�x>h�`L�T�F9 �, Hrq>X�5�CMx��Y [1−4]. Y>r!,pSC,�z/�?�-H8, �	j��&�jRfxz&�hC,��=�?h"j
wzgj, da, CMC,�z//Tp/P`a.

Haferkamp | [5] h Pogibenko | [6] CM��C,�/5mÆ���<� AlSi12 \�s7j�Vz}"�. �=9x}Ij, C,�e�4Kj�URr$}Ph)H*j5h}l-�. aj, �r��VF�PkT-r#9 [7]. Tp-~PA`&zm� [8]hE�* [9] T6tS8, oT//f{>/9-?,�-T�#jx`&. \+C,�Tp#j_{z}/"��Y. Matthes h Lang[10] ^ AlSi10Mg0.6 v
TiH2 ')~lIr\�E, 7jX^�t+\"�a�we�4Kz\), o+//fo�h#db��-~. �EI�^SCM [11] +
7j Al–Si HD\�)Dl*x�\�z=_nX�t+\"�/-de��zC,�, wtz\/fb�~r/5. v#^�z\��, e�zd�+C,�\+\���h�/-�z3P{d. B�, �pz/"��/f1 �\Fq�)H*^/f{>/9|"�Wd�1�x\, C,�z�Nxe4K (eI�e*;he��|) �/\Lh//f/9��mjh�.B$=p, 7j Zn–Al �l=/=b��0l5�zCM [12−14] fW�//. Zn–Al �l=Tp-ez�	/�,\z}���ez1Lx/�CLz{>/9^v��5�_�� gzW�. �w�^SEI [15]z�ZÆ, 7j Zn–Al–Cu �l=Ir\�, |4���tX$`&, -$j\�, b\Dl�&/�u"�pX$�Lx', #��C,�z/, �e��r 74.7%—

91.6% zC,�A,�}/#J, d��}/8�4Kh/f{>/9A,�&�h91.

1 
�[Y7j=<}^�C�b\�}^z	M��Chf&>P|&�\L�w#JjC,�, T3PH& ((�&B, %, d)r: Ca 1.2, Ti 1.1, Zn 0.3, Als�. :oe

��&&r 74.7%, 81.4%, 86.9% h 91.6% zC,�Irm5�, �d?�EHr�r 25 mm z�5. \�+#J.�,&�z Zn–Al–Cu �l=, �EHr�r
2 mm, ir 4 mm z!`;\�, T3PH&r: Al 6.2,

Cu 4.3, Mg 1.2, Mn 0.8, Zn s�. \�zP/W��v�nr 396—405 �, \ob� 269 MPa.i��hC,��mÆ�, 7jx>"�Xp%�znyh2�. 4��x�C,�1&, $ Zn–Al–Cu�\�kq}x)�1&%�N�; vsj�&"�Q2}{ Zn–Al–Cu �\�/6zC,�%�, C�XpLx', $wl=\�}^�Æ�e�ÆrÆ�%��/)_SÆ�
%�; sss�Vm/f, A,�b�x, $\��b}xs���?)�vGb; �Gss, Æ*H\/f./kHzC,�1NG 96 h �v�#s�EH�gRfz1N, � Hiron KH–7700 BA/H�pHU>1Nn��z\�//58�;�\)*�hG�; 7jk9Pz Sirion 132–10 	!�H (SEM/EDS) U>\)h\�//58�4Kh3PzI&/; 7j Shimadzu

XD–3A X ��G�[ (XRD) t�8���, 	!+�r 10◦— 90◦, 	!J�r 5◦/min (Cu Kα, 40 kV,

30 mA).'�EszC,�\/f1NA,o�h#d|{>/991. o�1&1�IQ*, o�1N7jM;;#d1NC�r 16 mm (\)ur1NC�"�+(),|5*. r�Dl CMT5105 �>l91J�z/991, �&W7-7�T (%h 1) jr#d/9#J. �.v (25 �), ��J�r 0.5 mm/min z#J`&, o

� 1 80B+�[b.e"a
i,6�S�0MQe
Fig.1 Supplemental fixture for testing shear strength of Al

foam soldered joint (a) and specimen dimension (b)
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4 �BRzKW Ir\/fz\oh#db� .

2 
�ob�\�C,�\/fo�1N�h 2 Q'. h 2a h b&&+1N�^qU*�h1�*�, �'\)}9�$�, H*k�, D% Zn–Al–Cu �l=\��C,�%����e. mr��x\L+zh�?Ij, ��?Vz�1&\�bV, *Hu�z)�=.

2.1 �es�q`� �^Rh 3 +\/f8�nzV>�p*�hdYnw SEM -d#j�Bz�p4K. h 3a a^ZV, \�;}9��#�&/�C,�Æ���. h 3b +

� 2 B+�[b.e[na
0M��u0�)�
Fig.2 Appearance (a) and macrostructure of across section

(b) of Al foam soldered joint used in tensile test

h 3a z#j�, %%\�-e��/�C,�Æ�Æ���, )ve�Æ����}l. h 3c h d &&+h 3b+ M h N nz#j�. h 3c i���'VC,�Æ�v Zn–Al–Cu l=\�4l8�zW�, Æ��\�}9\�, G�$�, tV�/r�. h 3d a^ZV,\)G�3Pmss\L+FD8�Vz�z� B n���z� C n��h`� D n��GH.h 4 +h 3c h d +ur8�\�℄ A �h\)nz B, C, D �z9P&�4Z; % 1 AV�h 3c h
d + A, B, C h D �z Zn, Al h Cu 3PzIz{>&B. b\&�aw, D n+FD8�V1 Cu z η �
(Cu4Zn), C n+_ Zn h�� Cu z Al P�^, B n+_ Al h�� Cu z Zn P�^; ur8�z A ℄&�4Z%%: y_pY�� Zn h Cu zI, Tp8�\�nzzI_�W�. h 5 AV�h 3c +��ÆzzI&/,�'8�2B Zn, Al h Cu |/5h\�z3PzII}9&/, \�+ Zn, Cu hC,�Æ�+ Al |zI�\)nz\�;6����4zY�&/, �%%: �/+, d�<\�}^�/5z��h/5�\�}^zm�|�vIj\L. �,8�n2Bzl=zI�v��hm�, $\/fTp-ez{>/9.'C,�H&�dz#^�l=%�i�7Js�x, $%�#%z"h\�}x, /0/00awt�#^�l=%�ÆN�)>Pz\�1N, pX�l=%��sz\�wtvC,�/8��dz#^�l=
XRD 1N.

� 3 B+�[b.e7�my OM )�g SEM �o3J
Fig.3 OM and SEM images of Al foam soldered joint (A, B, C and D—corresponding positions for EDS; M zone—

interface between cell–wall and filler alloy; N zone—center zone)

(a) OM image of Al foam soldered joint (b) SEM image of Al foam soldered joint

(c) enlarged SEM image of M zone (white line is EDS scanning line) (d) enlarged SEM image of N zone
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Table 1 Quantitative data of points A, B, C and D in Figs.3c

and d

(atomic fraction, %)

Point Zn Al Cu

A 9.28 89.69 1.03

B 74.82 20.12 5.06

C 38.43 59.88 1.69

D 24.77 1.17 74.16
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Fig.5 Line–scanning analyses of chemical composition

along white line in Fig.3c
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Fig.6 XRD pattern of interface of soldering seamh 6 +}/8�nwz XRD P. &�4Z%%, }/8�m Al(Zn) P�^�Zn(Al) P�^�Cu4Zn 

MgMnO3 GH, T+Lx�b\\�+ Mg h Mn vC,�%�Lx'; (3PH&+ Al2O3)  g�*H

Mg + Mn + Al2O3 = MgMnO3 + 2Al (1)a%,  g& (1) �J�e�Æ�Lx'&5MN,pxr5�\�vC,�%�zN�/9.

2.2 enTW�z�^��/\L+, 7j�&/�u"�MX��C,�Æ�%�$�Lx's, Zn–Al–Cu �\�}^�/v/5/[, d�rg℄Y%��S= g.  EDS h
XRD &�4Za^ZV, }/8�d�< Zn, Al h CuzY�&/, �,Y�&/� "9b\�,iI#�:Y"�, C,�Æ�+z Al zI�\�}^�5; �Y"�, \�}^+z Zn h Cu zI�P�C,�Æ�6m�. �$\L�H}/8�2Bz\�h/5z}�*, d��Y�v�`&V�Wx� [16]. Wx\�h/5z}^mr��#gIj�C,�Æ�%�Lx'�/, eLx'��"r\�}^�+�%�, ��JLx'MN)�MszQ2h�?\L+�Xp, da/\L+-3PDl$j\�.\�+z Zn h Cu zI��xh>P\LWa^v/5+z Al ��HD g [17], d�r$ Al v Zn h
Cu �?�gt�gv�z-YW�H&���O9Wx� , �Ær$\�}�*~��Y�v�`&[^}x. �+\�}^�C,�Æ�%�Lx'�/z/P{d, b\x{>"LawtJ�.� µl(Al), µs(Al) &&r Al zW�Px>u, �?{p�, �Wz?��� dx(Al) #x, M<?�z#x,}� Tm T��#x, a%'r x(Al) → x(Al)+dx(Al),� Tm → Tm + dT , gtW – PKo�, BR��&Ko`& [18] p

∑

µidxi = 0 (2)

µl(Al) + dµl(Al) = µs(Al) + dµs(Al) (3)mr?{Y�, µl(Al), µs(Al) Wrv�h?�z`B, �p
dµl(Al) =

(∂µl(Al)

∂T

)

p,x
dT +

(∂µl(Al)

∂xl(Al)

)

T,p
dxl(Al)

(4)

dµs(Al) =
(∂µs(Al)

∂T

)

p,x
dT +

(∂µs(Al)

∂xs(Al)

)

T,p
dxs(Al)

(5)&+, T r Zn h Cu zIIr�(z Al }^z}�;

xl(Al) rgt}��, Zn h Cu zI�r Al }^egt�h� Al z(�&B; xs(Al) rgt}��, Zn h
Cu zI�r Al }^)v xl(Al) ℄rKo�PT Al z(�&B.

Zn h Cu zI��sz Al }^a/r��W, BR Gibbs–Duhem "L, wt
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(∂µl(Al)

∂µl(Al)

)

T,p
=

RT

xl(Al)
(6)

(∂µs(Al)

∂µs(Al)

)

T,p
=

RT

xs(Al)
(7)

Sl(Al) − Ss(Al) =
∆H(Al)

T
(8)&+, Sl(Al) h Ss(Al) &&r℄rKo�z Al �WhPT Al zL, ∆H(Al) r Al z}xK, R r(�X^AB.G�uw

d
[

ln
(xl(Al)

xs(Al)

)]

=
∆H(Al)

RT 2
dT (9)�& (9) �&, w

ln
(xl(Al)

xs(Al)

)

=
∆H(Al)

RT
(

1

Tm
−

1

T
) (10)mr Tm ≈ T , Nw

∆T =
RT 3

m

∆H(Al)
· ln

( xl(Al)

xs(Al)

)

(11)�\�}xh>P\L+, xl(Al) < xs(Al), l�&
(11), aw ∆T <0. da, Zn h Cu zIzm�$ Al Wx\L��A,. C,�Æ�%�zLx'7j�&/�u"���Mys, �x}Ij, Æ� Al zWxv� g$wWT\�h/5��l=x� , �T+[=\<�h}/b�z/PdI.

2.3 v�|X�enw	��gl���W��C,�6?P�Tpkz�9/9 [19,20], v�pSC,��o��fz,r�p�u. \)r�#4K, Zn–Al–Cu �l=\�\ob�~=rC,�b�,da��de��z`&, /\L+h�/f\ob�z3PdIO+C,�Æ�v\�z}l;Th\<�.-de��C,�\/f\ob�-d, �rC,�|Eh�e5�, e��zj"+h�C,�//f{>/9z/PdI [21]. �v, e���C,��^zo�/9h�mj. e���=, C,�zb��~. da,�CMe���C,�\/f{>/9h�zd�,/f\ob�g3P℄�C,�/5z\ob�. h 7 �'\/f1Nzo������^B\)z/5℄.h 8a AV�-de�� 74.7%, 81.4%, 86.9% h
91.6% C,�z\/fC,�z\ob�ve��S	z#9 . 4Z%%, M<e��z	j, C,�/51Nz\ob�IBF�/*zl*; 4 ,-de��\/f1Nz\ob�v/5\ob��q. aj,mrC,�+�M�vM�&/<j�e�zW75�,�=v&�\L+e�%�-a ����/Lx, pU

� 7 B+�[b0Mn���)�
Fig.7 Failure appearance of tensile Al foam specimen with

soldered joint
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Fig.8 Tensile strength (a) and shear strength (b) vs poros-

ity of Al foam specimens without and with soldered

jointsÆ�M�Æ/6<$�zLx';, �Æ�m�, �o��|�N6-jzK/#*, da, C,�6o��D��m~, C,�\/fo�1N��st��%�zK/#*. h 8b +��de��zC,�\/fvC,�/5�^z#db��-. mha%, e��&&r
74.7%, 81.4%, 86.9% h 91.6% zC,�\/f1N��gC,�/5z#db��=; �M<e��z	j, �M�$�, N6�fz#^�M�1���*. d
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3 o}
(1) 7j Zn–Al–Cu �l=|\�\"�/e��r 74.7%—91.6% zC,�, �w��#4K}9)z\/f, etMyC,�/5e�4KW�.

(2) C,�\/fz}/8�d�\�n, 3Pm Al(Zn) P�^�Zn(Al) P�^��� Cu4Zn h
MgMnO3 GH, \�vC,�e�Æ�}l�e.

(3) C,�\/fzo������/5℄, \/f\ob�-~rC,�/5\ob�, \/fz#db��=rC,�/5#db�, �ÆWMe��z	j�*~.8'℄�(DVi=Æ)0+(g�3i=�R,5��BL*ZGy6.Su��
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