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ABSTRACT Against the background of the required weight reduction in transportation through
lightweight construction, the application of hybrid structures, where aluminum alloy and steel are
jointed together, has a high technical and economical potential. But jointing of material combinations
of aluminum alloy and steel is problematic by fusion welding since brittle intermetallic compounds
(IMCs) are formed between aluminum alloy and steel. Nowadays, tungsten inert gas (TIG) welding–
brazing offers a great potential for aluminum alloy and steel jointing. In this process, the sheet and filler
metal are heated or melted by TIG heat, and the joint has a dual characteristic: in aluminum alloy side
it is a welding joint, while in steel side it is a brazing joint. However, in the dynamic heating process, the
heating temperature changes so quickly and the reaction time between the liquid filler metal and solid
steel is so short that it is more difficult to control the IMC layer’s growth, predominantly its thickness
and microstructures. Most of past reports about the brazing of aluminum alloy and steel indicate
Al–Fe binary IMC layers, e.g., Fe2Al5 and FeAl3, formed in the brazing joint, which are detrimental
to the mechanical properties of the joint. Si additions are used to limit the growth of the brittle Al–Fe
IMC layer between aluminum alloy and steel by replacing Al–Fe phases with less detrimental Al–Fe–Si
phases in aluminizing and furnace brazing of aluminum alloy and steel. By now, there have been
few reports of investigating the interfacial layer of TIG welding–brazing joint of aluminum alloy and
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stainless steel. In this paper, a butt TIG welding–brazing joint of aluminum alloy/stainless steel was
formed using Al–Si eutectic filler wire with modified Noclock flux precoated on a steel surface. The
microstructure characteristics of the welded seam–steel interfacial layer were analyzed by OM, SEM
and EDS and its mechanical properties were measured by dynamic ultra–microhardness tester and
SEM in situ tensile tester. The results show that a nonuniform and sawtooth IMC layer forms at the
seam–steel interface and its thickness changes from 4 to 9 µm, less than the maximum permissible value
(about 10 µm). The interfacial layer is composed of two types of IMC layers, which are τ5 IMC layer
on the seam side and θ+η+τ5 IMC layer on the steel side. τ5 phase forms preceding θ+ η+τ5 due to its
lower growth energy than Al–Fe phases and the primary τ5 layer inhibits the growth of rough dendritic
θ+η phases. The ultra–microhardness test results show the microhardnesses of τ5 and θ+η+τ5 layers
reach HV1025 and HV835, respectively. Indentation cracking of τ5 layer at higher loads indicates that
τ5 is a type of hard brittle phase. SEM in situ tensile test results confirm that cracking initiates from
θ+η phases and then fracture rapidly generates along θ+η+τ5 layer while suffering external force. The
tensile strength of IMC layer reaches 120 MPa.
KEY WORDS aluminum alloy, stainless steel, tungsten inert gas welding–brazing,

interfacial layer, intermetallic compound9!a, �|[V[&�4ElN�N[��w[��Q, �69+w5,-Dw*/FaF�, E�oT`�FM�z�GQfs�=%l, Y'TJo�!�*eGdsw6��sQ;, Uk�GAY'{;ow��J" [1,2]. �8, M��p (TIG) L – 7Y�/�*�6jw��GA�6/+w5%q6�l'owG��B�h, 
� TIG �pAGC��18q�G, 0h-Tl|8��Y�(N'3, M�6�6ALY-, �+w5�6A7Y-, /lmu����7t9F�+w5-T1��*-M�2, Y'TJ��LY`7Yw�s�� [3]. E�M�p���GTJo, 1�;wl��p��6��sQwe#f�Xl, 1�;w-D�sJ�rZ:'3wk�s�, �sQ;eB�p��"-w3jXlula0ml'wG�.P�9z��T� Al/57Y'3w1�;-D�B [4−6] "�, 1�;eGw��VsQu�u- Al ε–FeAl2, η–Fe2Al5 � θ–FeAl3, -TM7to'�+0�Æ�E0�dssQ;w-D�Y, pGD3m\k�s�w��VsQ. z��B [5−8] dS, 7to'� Si �Æ�E l Al–Fe sQweB, pG�Vu Al–Fe–Si V�sQ, '�1�;weBqA8qrQ.wGk�Æ�"T. _9, �3�B [4,9,10] [l: 5�$ow Cr, Ni y�Æ�E 6sQ;w�s. �M�6/+w5 TIG L – 7Y��, 162/ TIG �pl'w��fl, 3G�B [3,11] �rf℄, �#uW�/'31�;w>J-D"T\B��r.�GMl�|t�6/+w5 TIG L – 7Y'3w�U[, �'31�;w-D���sQ;wqe�eBqA8qrbP"T, 8yrsQ;wQss�,'��r Si, Mg y�Æ�sQ;eB�sw+e.

1 BU��l��1u 5A06 �w Al �` 1Cr18Ni9Ti +w

5�, �lLA 3.0 mm. 5A06 �6ws�G" (mp"�, %) A: Mg 5.80—6.80, Mn 0.50—0.80, Si≤0.40,

Fe≤0.40, Ti 0.02—0.10, Be 0.0001—0.0005,7pA Al.

1Cr18Ni9Ti +w5ws�G" (mp"�, %) A: Ni

8.0—11.0, Cr 17.0—19.0, Mn≤2.0, Si≤1.0, C≤0.12,

Ti 0.10—0.70, 7pA Fe. l�/7tu 4047 Al–Si A<Y�`9�6�10mw 5A06 Al–MgY�, a�LA 1.2 mm. 4047 Al–Si Y�G" (mp"�, %) A: Si

11.0—13.0, Fe≤0.80, Cu≤0.30, Mn≤0.15, Mg≤0.10,

Zn≤0.20, 7pA Al. 5A06 Al–Mg Y�G"0�6�1. l�/7u0sw Noclock (sQ7, u�1
KAlF4 ` K3AlF6 A<G"�℄pw Zn #z�G.Y8, ��1�'�N V p(Y, 56(Y"�A
40◦ �4, Al 6(Y"�A 30◦ �4; /X5���YfBTY�"��(Y�ws��2Ny, K/%.8q<U. �7/%. (}O��^) �`'LH|7'M+w5(Y��.9w5�[Z"�, 7'p�1T+w5{XA�. 2/5�D� Cu ��F�, Cu ��[N 8 mm×0.5 mm L9w�4, Y��'�WA 2.0 mm�4, 2/!} TIG �CY', Y'TJO6 1 �r.Ym, ℄a;8'3, '/�_�$yÆ, 2/6Yf
 300, 500 ` 800 ℄	{i�, Em/ 1 µm w6

H 1 �b5/*v4 TIG K – 6�&XSIq"5
Fig.1 Schematic of aluminum alloy–steel butt TIG

welding–brazing process



} 10 , yT�x : �a4/)u3K�	nJ – 5W%1/Æ9u<H+B R 1213�2g#K#K, #Km�6�1�Y&X/ Keller*i (1 mL HF+ 1.5 mL HCl+2.5 mL HNO3+95 mL

H2O) *i 3—5 s. +w56/*i (4 g CuSO4+

20 mL HCl+20 mL H2O) *i 5—8 s, ;M�w$�"� (mp"�, %)A: HF≥40, HCl 36—38, HNO3 65—

68. 2/6_>? (OM) J<'3jJp
, /W��? (SEM) "T'31�;>J�Y, /�+� (EDS) "T6��sQ;s�G". /��D>-��8ysQ;w_>-�, A�[tqsQ;wVl-�, �:�;8y 5 �A'L, �2/wJ^LA 100 mN, J^�Kh�A 10 s. -T SEM BD``l�"TsQ;w2wDj, D���A 0.1 mm/min, M``TJo,J^vh*e, �hJ<��`|A6%.

2 BU/$+�M
2.1 .F(#P;�6/+w5 TIG L – 7Y'3h)�O6 2 �r. M�pG�=77;)xRf�/Z, �� Al–SiA<7tM5"�Rf*QN", pGrm\w-; ��� Al–Mg 7t��M5"�Rf*Q, '3Gp+m."THA, 7tow{s�Æ Mg 
nM3 Ar 3�q)�Z��EM��7t"�pG MgO ��, �(sQ7��3jBT MgO, n7tM(YoH=z���+95"�- [4].

2.2 3=�1 DY
Al–Si Y&/+w51�;wl��p����"-

L�J�rZ:'3wk�s�, 6 2 '3o A—D �;1�;>J-DO6 3 �r, 1�XpGrl�+L�w6��sQ;, HGMz, 1�.9teM℄p)�wsQRi. 1�;l�`[gZt���, M'3[/�sQ;�l (6 3a), /'Ll�EA 9 µm. sQ;"Ao;, `Y&g5�$�#A I ` II ;, Q9Y&w I ;l�l, usQ;wu$, Hhw�Zz, �M5�$6w II ;l�f�, HWyz15�$hY&�heB, 0hM I ;9 II ;!1DjeM�k�W. M'3o/�wsQ;'Ll�A 6—7 µm, /o5�$6wWyz II ;t��℄, agZ:sQ;C1 I ;�G (6 3b ` c). M'3�Z/, sQ;l���g
4 µm �4, C/1 I ;�G, sQ;wp���er�

H 2 �b5/*v4 TIG K – X�&&2g(�
Fig.2 Cross section of aluminum alloy–steel butt TIG

welding–brazing joint (A—D are different regions

in an interfacial layer)

H 3 Al–Si X%/*v40�: SEM g
Fig.3 Magnified SEM images (a—d) of an Al–Si seam–stainless steel interfacial layer in regions A—D indicated

by squares in Fig.2, respectively (I—the first layer, II—the second layer)



�1214 3���}�� } 45 Is, HXiwGMz (6 3d). "THA, MY'TJo,56(Y[/E�pDj$9, �p�Gh�B, "�E�6, 7t951��*Hx, pGwsQ;l, 0h6E��7t*QTJow}��sQ�eO~, n�kblGMzsQ�w'8PY&o; �E�p$DwZ/�;, u�-T��7tZ~Gp, &�1�XE�$z, eGwsQ;�.z�G�B [4−7] dS, �6�6/5%q6�Y''3, 1�sQ;wl�x�XlM���?�
(≤10 µm), M_�?�'3:��|sQ;l�wO��Ol, TlwsQ; (>10 µm) N!�adw, �sQ;T�yNG-+m. l�o|tw'31�;l�A 4—9 µm, Mvw�?�, 0hGMzwsQ;	℄a61��heB, GM`�A�sm\w��7t, -TUÆ!fwpp9Y&F-M�2, 2qr��P��/, 3h6�ewIw^Q, 8�. 6r'3-:�, &_T�HA, lar�69+w5`�wm\-.Trl��p�"-`9, sQ;we#��'3s�2q0Æs�w�/, 7to+0w'��Æ�EXlsQ;weBe#�-D�Y, ��"T Al–Si 9
Al–Mg 7t`+w5pGw1�;, O6 4 �r. T�,1�;wp��#fl, Al–Si Y&pGwsQ;$A

H 4 */6s8*v4rbP:=I�X
Fig.4 Microstructures of intermetallic compound layers be-

tween Al–Si alloy 4047 (a), Al–Mg alloy 5A06 (b) and

stainless steel (1—5 are the indentation positions; A

and B are the I and II layers for Al–Si alloy 4047;

C—E are the interfacial layers for Al–Mg alloy 5A06)

Z0, � Al–Mg 7t9+w5`�wsQ;Hblw�℄<hY&�eB, Uq℄<ppy�e�sw*k�o [12], (21���Nw, 
� Si �Æ�E lUqbl℄<zsQweB, 2qr0Z1�;�Yw�/.�6 4 o+01�sQ;8q EDS "T, -Ru6" 1 o, 	Y&g5�$�h, sQ;o Al, Si(Mg)�ÆVp z, MY&6pGV Al p�6wsQ;.W� Al–Si Y&/+w51�;, 7to Si �Æ39rsQ;wpGTJ, - Al–Fe–Si V�66 [1]�/ {�Yp
 [13,14], Q9Y&6w I ;1 τ5–

Al7.2Fe1.8Si DG, �Q95�$wWyzsQu θ–

FeAl3+η–Fe2Al5 z, sQoFMr$6Vpw Si�Æ, MWy�A τ5 , �� II ;1 θ+η+τ5 DG.�6 Al–Mg Y&/+w51�;, Mg �ÆMsQowVpf℄ (≤1.0%, mp"�), T^ Mg +39sQ;wpGTJ, bl�℄<zwsQA θ–FeAl3 ,�MQ95�$6wsQ;A η–Fe2Al5 . 0h1�sQ;	V3℄pw Cr ` Ni �Æ, �#u Cr �ÆVp$6, 
� Cr 39rsQwpGTJ, sQo/" Fe �Æ�E� Cr %u, pG℄p Al–Fe(Cr)–Si `
Al–Fe(Cr) , � Ni �ÆVp℄, �FMppeM6sQo, Cr ` Ni �Æ	�0Z Al–Fe sQ;wk�s� [4]. � 1 0�rbP: EDS !S,Q
Table 1 EDS analysis results of points A—E of the inter-

metallic compound layers in Fig.4

(mass fraction, %)

Point Al Si Mg Fe Cr Ni

A 60.93 9.52 – 21.82 6.89 0.83

B 53.87 8.11 – 25.48 11.31 1.22

C 62.50 – 0.86 30.63 3.89 2.11

D 59.79 – 0.67 30.49 5.22 3.83

E 48.25 – 0.29 37.91 10.81 2.74

2.3 3=�A�QJ1�sQ;weB	{u1/eB�1� ∆G0 J�w, z ∆G0 wsQ|℄TS, 1� Al–Fe sQweB�1�, T1>�Gk��pÆ�
∆G0

Al−Fe = ∆H0
298 − T∆S0

298 (1)po, ∆G0
Al−Fe A {z�Z Al–Fe sQweB�1�; ∆H0

298 A {z�Z Al–Fe sQweG�; ∆S0
298A {z�Z Al–Fe sQw�; T AGk�E�.16MY'TJo��7t℄Ls, �� ∆G0 t��[ Al Ls(2w��1� ∆G0

m Æ�
∆G0 = ∆G0

Al−Fe + ∆G0
m (2)
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∆G0

m = ∆H0
m − T∆S0

m (3)po, ∆G0
m A Al–Fe sQM Al Lsmw�1��s;

∆H0
m A Al LsTJo��; ∆S0

m A Al LsTJo�.<C Al–Fe VsQGk��C [7,15], Æ�t;sQweB���1� (J/(mol·K)) "#A
∆G0

FeAl3
= −142770 + 50.58T

∆G0
Fe2Al5 = −253971 + 98.52T

∆G0
Al7.2Fe1.8Si = −295355 + 94.59T1_T�, M�p���GTJo, ∆G0

Al7.2Fe1.8Si <

∆G0
Fe2Al5

< ∆G0
FeAl3

, ��, |℄M1�pG τ5–

Al7.2Fe1.8Si V�sQ;, QeGwsQ;�or��7t95"�wa''V�*,  lrbl℄<z θ+η��weB, τ5 eB��$	, 1�;wl�tq3jwXl. MY'TJo, '3[/�;G~Pl, ��7tE�6, 95�$�*Hx, τ5 Qe;eBw0hÆ�|6E��7t�/+�wOiM., n τ5 Qe;eMf�MiW�, O6 3a �r, Al �Æ�EYTQe;9+�M.w5�$�*, eBGV3 θ ` η wn;; �'31�Z/�;G~P$i, ��7tE�z, 95�$�*h�Æ, τ5 Qe;pGh;, Al �Æ��YTQe;95�$8�.�*, sQ;C/1 τ5 DG.

2.4 3=�7TR>	℄a1��h8qr>�e8y (�eDjO6
4a o 1—5  m�r), '8yr�1�Y&�w_>-�/6��"T, 8y-RO6 5 �r. M1�X_>-��e4�, sQ;D36w-�, τ5 ;-��6, hq HV1025, θ+η+τ5 ;-� zr�k, A
HV835. M2/ 150 ` 200 mN J^8q>�e8yh,

τ5 ;�eX�ewI, O6 6 �r, [l τ5 u�q-d.'3 SEM BD``l�-R_r, 1�;w2wD
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Different positions of Al alloy-steel joints

 Al-Mg 5A06
 Al-Si seam
 Layer I
 Layer II
 1Cr18Ni9Ti

H 5 &2v^=,�!,
Fig.5 Microhardness distribution of Al alloy–steel joints

H 6 =�d'1vrbP:vH
Fig.6 Cracks of an intermetallic compound layer by inden-

tation at high loads (150 and 200 mN)

H 7 SEM AC__nrbP:�vCi
Fig.7 Fracture positions of an intermetallic compound

layer in SEM in situ tensile testingjO6 7 �r, 1�;wI2o6 θ+η , 'M9kw�/Z, 	 θ+η+τ5 ;��Nw, �wDj
� θ ` η��weMDju'3w��SX, �-T'� Si �Æ�E3j| l Al–Fe weB, �EeGw τ5 uds, nu$ θ ` η D3=6w:�, �>0Zr1�;�s, 8t1�;P`:�hq 120 MPa.

3 /9
(1) 2/ Al–Si 7t|trGpm\w�6/+w5 TIG L – 7Y�''3, Y&/5�$1�XpGrl�+L�w6��sQ;, 1�;`[gZt���,l��?A 4—9 µm, ��1�;w�? (≤10 µm), 0hsQ;HGMz, 3h6�ewI^Q,  6r1�-:�.

(2) 1��*;�℄oesQ;, 
Q9Y&�6w τ5 ;`5�$�6w θ+η+τ5 ;, -TsQGk�"T_r, M1�X|℄pG τ5 ;, �or��7t95"�wa''V�*,  lrbl℄<z θ ` η weB, 0h τ5 eB��$	, 1�;wl�tq3jwXl, `�
� Si �Æ�EXl Al–Fe ;weB.

(3) >>�e8yt, τ5 ;'L-�A HV1025,

θ+η+τ5 ;-�A HV835, 
� τ5 $ θ ` η D3=6w-�, 0h τ5 ;�eX�ewI, [l τ5 u



�1216 3���}�� } 45 I�q-d. SEM BD``l�_r, 1�;2w6
θ+η , 'M9kw�/Z	 θ+η+τ5 ;��Nw, 1�;P`:�hq 120 MPa.�5KO
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