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ABSTRACT The poor oxidation resistance of titanium and its alloys limits their use at elevated
temperature. To solve this problem, a large amount of surface engineering techniques to produce anti–
oxidation coatings on titanium alloys were utilized. In the present research, a solid–state processing
method of friction stir lap welding (FSLW) was used to fabricate Al cladding or coating on the surface
of TC4 titanium alloy, with lower cost and simpler operation which are still desirable for the coating
preparation on titanium alloys. The lap joint structure was smartly transformed into an interface struc-
ture of coating. In this work, the Al coating with a thickness of 500 μm was fabricated via multi–pass
FSLW process using a slight plunge depth of tool–pin. The mechanical milling was used as a post–
treatment for a suitable coating thickness. The oxidation testing was conducted at 700 � under air
atmosphere. The microstructure, chemical composition analysis and phase determinations were per-
formed using SEM, EDS and XRD methods. The evolutions of interlayer under the high–temperature
oxidation procedure were detailed. It was found that the Ti–rich interlayer, with a thickness of 60 μm,
had a typical structure of mixed layers. The sufficient Al coating thickness played an important role
in preventing the inter diffusion of oxygen, while the oxidation and melting phenomenon of Al coating
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occurred. The abundant Al content in the Al coating upper the interlayer, with a significant thickness,
also benefited to the anti–oxidation performance and forming of the beneath Ti/Al interlayer at a rare
oxygen environment due to the obstacle effect of the Al layer to oxygen diffusion, which exerted a main
role in oxidation prevention for titanium alloy. As a result, the phases of outer surface were mainly
Al2O3, Al2Ti and Al3Ti. The gradient distribution characteristic of Ti/Al interface structure occurred
after the oxidation testing.
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,%$&Æ-0 600 .', #'$++&('1��)

(9)(8*#*)++*�� [5,6]. *0!8*#/
%:0$�(+&'1��+23+1, ,!2-.8*
)� ��+&/012('1+�+3, [7,8]. '&,

,/+8*#(+&'1�4'3++1:045;-
4615 [9]((15 [10−12]()-5 [13,14] ,/%.'

15 [15] *. *545!64#$4%.+5//768,

7,8!+10*)0%-*+2+(+19Æ'9(:
00:<;7=+&&:,1-89+-0*1:�, �

<2/=23,;..

4>/?< (friction stir welding, FSW) 5;,6

0731+#<@2=2=>&:5;, $�A6B(+

43,64 “45” 1*�>, !@2890/%;�4

%5:568#$ [16−18]. 607, ?6 Ti/Al  Æ4>
/?<9+237�CD [19,20]. Chen * [19] 23/8
*#,6*# Æ#<4>/?<E9 (friction stir lap

welding, FSLW) +0%84, :5/<@69;-(?

<A7@8A+E99B, 0%F6*#,8*#GB=
*. Chen , Nakata[20] +23/9, >0 FSLW C:5

+ Ti/Al E99B, (?�ÆHI6*#:@+ 62%.

D6 Æ#<@2 FSLW 890%+>:-E;J
84/<, #2@KA Æ#<>:+B==*, /;7

<CIF>DG>>C+E=DH#2?. �L, FSLW

452@F$6 Æ#<+89, /;, >�GE90%

+-E?I4#<*D#<H1*D+J1-E, @�E

*0=>&:+45:0M$�/7��+(9ÆFI;
0%-*+�+#</%+J1.

B:@/M/Æ*64>/?<5;+=>&:4
5, F!8*#/%:0 Al +1, �4&& Al +9ÆN

/++1&:FI�, *04>/?<+89B:, �4

/+8*#0 Al +1AH+0%-*+, Ti/Al K?

@JÆ, N;L45:BKO, &:6BA, F4:08*
#/%(+&'1+1+23/MC+FA, NNO#<

/%;�+5;BP.

1 ABCDEFG

1D*PQ$GL> TC4 8*#P@, R α + β

HI*H>:, #;-*#>C6B (IMBJ, %) 4:

Al 6.01, V 3.84, Fe 0.3, C 0.1, Ti EM, KPST4

200 mm×200 mm×2 mm, *1E9KP4ILST+

UÆ4 99.986%+ AlP@.1D&GKP! 10 g/LVM

?F<-CDN, ,WE/%GO, N$1*PN+45

EWP@/%'1F. N$;JH4>/?<9-0, *

0GD4>/?<E95:0MKX+/%JQ-E. Q

1 4GD4>/?<E95! TC4 8*#*)/%:0
Al +1+:BRIQ, #*B:BJO,*0K4>H
P/M+0L+, ,CHP0#9Y#<+/?4G%@
2R6QHGS�J9, /4>M!E90%F+4>8

4,96$�/79Æ+ Ti/Al 0%1-E+?R�C.

42L&:0:<8*#*)C Ti/Al0%+'1, 1D

!8:+Z3ISJM<28, Z3IS4UÆ4 99.9%

+ Ar I. +$+4>BHP@24J*+&*#, N,

15 mm, 4>MQ$ON9 “P?O” TQU-E, /%

4K8LM+ 12 VPRTQN, @24 WC–13%Co(I
MBJ), N, 6 mm, [Æ 2 mm. L>*U4>B!6
T4>/?<E9:B<FRS89+@$ [21].

!OUP<D*0GD4>/?<E95:0+K
S28 60 h(12 cyc)+TV'11D, '1&Æ4 700..

Q 1 ���Æ����	�
 TC4 �

���
 Al 	�
		UÆVW

Fig.1 Vertical (a) and lateral (b) view of schematic dia-

gram of multi–pass friction stir lap welding (FSLW)

method for preparing Al coating on TC4 titanium

alloy substrate (d—plunge depth, t—overlap length)
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YQ$TV:Æ4P<ZQ 50 min, %U 10 min, N$

VÆ4 0.1 mg+WRZKWÆRXSSKS+'1&9.

N$ QUANTA 200 HTUWX (SEM) B[*),+

1+\Y9V, YT�M5=W (EDS) B[\@1*>

CB], $ BRUKER D8 ADVANCE H X X]XXY

(XRD) B[I>6C'14D (CuKα, WL4 40 kV,

WY4 40 mA, TUZ^ 30◦—80◦, TU_3 2◦/min).

2 ABUVWXY

2.1 Z[\�]^_`abcde
Q 2 4GD4>/?<E9CKS/%+[Y9V,

F,ZI8Z&:V@. *0B=TQFOG Al +1&

:f9Æ 500 μm, $6\Y-E[^,+&'11D.

_&:JO*7\, �4+ Ti/AlE90%96B:
7[64>M+G`B=@$ [22] . /4%, �%6 Ti/Al

<H1-E96+G[;-7g: (1) E90:<HP0
*1U AlP+/?G`Z; (2)4>M+0\%00%F

018*#*)+/?4G; (3) &:@@2a]+S�

J9[G. \/4%, 4>M++_P?\^2@F%5
E90%F*0 2 1@2R6B==*,IK]], K6

@2+]^b1CQHS�J9Y46+)M])8A,

c_/ Ti/Al JR+BE=_`, &&/JRE=*D
JM. L', 0%F4>M&:@"+042`46)M

Cd+ Ti /%0*4+ Al a^9Y(E=_fR6^
#H#. �L, _ÆG`B=@$a�N6E90%F>
C+K?,E=, 12^#-*.

_:BbÆ*7Z, )( Ti/AlE90%1-E+:

BaJ;-KADbH_ t(mm), 4>M`Z*P+`Æ

d(mm), 4>B?_ n(r/min) ,8h_Æ v(mm/min).

2L+&:aJ0Y:5+ Ti/Al E90%-E8a>

Q 3 YR. , d4 0 ', cbK6HP+dL4#, Ti/Al

AH0%-*a^, 7eca�<H166 (Q 3a); , d

Q 2 ���Æ����	
	� TC4 �

��Æb
Fig.2 Surface morphology of aluminized TC4 titanium

alloy fabricated via multi–pass FSLW (The arrow

marks the continuous fabrication ring)

4 0.05 mm ', ! Ti/Al <H1048!9e+4>
@, α+β HI8*#*)>:+]^c?[ (Q 3b); ,

d 4 0.1 mm ', Ti/Al <H1+9Æ(i^ÆC@2+
B==*.b:Æ.�9e/f, <H1>:RVd9-
E (Q 3c); , d 4 0.1 mm, n j2J, /&&4>B8

h_Æ, fgA/4>Meg8h_`+G`B=@$'
H, Ti/Al *01 Æ@2+=*4>2k, @<H1R
a9e+B1-E (Q 3d), ))gA/<H1+@2i
^�,8Z�.

>0:BaJ�11D, ++aJ n=1200 r/min,

v=60 mm/min, d=0.1 mm , t=10 mm, Y:0+KS
+h%9V>Q 4a YR, Ti/Al <H19Æc4 60 μm,

-Ei^, 0*01P@-*;-. !4>M++_P?
@$0, E90%d6+*1 Al P<7BB]=/7M
+bd “cQ” i^, EDS B[eR, i^;-6B4 Ti,

;#<+ Al eM9e-0 TC4 :@+ Al eM, h9

“cQ” i^Bf7R6/ Ti , Al +B==*D>CK

?. Q 4b 4Q 4a <jB4R* EDS ]TU>CB]d

], -f/9, *1 Al P0<H1(<H10018*#
PAHgM2/�>CKE=Y96+6BiÆ, 2 e+

F>E=19ÆBgc 15 , 5 μm. /! Ti/Al <H1
+ff, #;-6B4 Ti, Al +eMc4 20%(JRBJ,

0L). / 1 4 Ti/Al<H1ff*h (Q 4a 3l@" I)

,0h (Q 4a 3l@" II) +@"TU-f. I'/<,

K60*1 Al PKE=@$+J�, <H1*h+ Ale

Me+60h. �L, hk*5 EDS +B[-f, E90

%+ Ti/Al<H1;-46BO Ti+ “B==* +F>

KE=” \Y-E, N; Al +B]/2M/7+iÆ8

a. L', Ti/Al<H1ff+O Ti6B8> (TieMc

80%) CE=18a7g9L<H1Ni,e/+ Ti/Al

#<H1*Di�I-E.

2.2 mnop
Q 5 4 TC4 *PKS,� Al +1KS! 700 .

+'1&9d]. Fl, +1KS9e/2Ma-+(+

&'1�+. !KX+ 20 h, +1KS+'1&9;-K
/% Al +'1H#/M, !LAC, +1KS+'1&9
R2mfD]jg. L', '1 60 h C, !*PKSqr
<R2aG+'1jhD, ;KS/%h2M Ti '1C

kH+jn5, +1KS/%Rio5, +1?jh(p

7C9eid, KSS^kYkI9e+'1jhD.

Q 6 4'11D&C++1KS*/%+ XRD W.

'1&+1;-DI4 α–Al D α–Al(Ti) =?), ;?

4>BHP@2+jlOk. > 60 h +&'1C, +1

/%DI;-4 Al2O3, Al2Ti , Al3Ti, NkR29e

+ Ti '1D, α–Al XXl, /9+&'1C+1/%

+ α–Al 5mla0H#66C+DI, N; Ti +nE
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Q 3 l�	Umo� Ti/Al ���	 SEM p

Fig.3 SEM images of Ti/Al interlayer using different processing parameters (n—tool rotation speed, v—welding

speed)

(a) n=1200 r/min, v=60 mm/min, d=0 mm

(b) n=1200 r/min, v=60 mm/min, d=0.05 mm

(c) n=1200 r/min, v=60 mm/min, d=0.1 mm

(d) n=1200 r/min, v=120 mm/min, d=0.1 mm

Q 4 Ti/Al ���	q� SEM p� EDS �

Fig.4 SEM image of cross–section of Ti/Al interlayer (a) and EDS result of element scanning along the arrow in

Fig.4a (b)

s 1 mqjnm Ti/Al trno EDS poor
Table 1 EDS results of Ti/Al interlayer before oxidation test corresponding to areas I and II in Fig.4a

Area Mass fraction, % Atomic fraction, %

Al Ti V Al Ti V

I 12.07 84.68 3.25 19.63 77.57 2.80

II 7.70 89.66 2.63 12.92 84.74 2.34
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Q 5 TC4 �q
��pk Al 	�	 TC4 
�	��qsl
n�

Fig.5 Oxidation kinetics curves of TC4 titanium alloy with

and without coating

Q 6 700 ��� 60 h o� TC4 �� Al 	�	 XRD �

Fig.6 XRD spectra of Al coating on TC4 titanium alloy

before (a) and after (b) oxidation test for 60 h at

700 r

=4#9e, _,K6!+&Vt0 Ti +E=uÆ'+.

+&'1C/% Al2Ti , Al3Ti DI96+ Ti 7[F

�KA,0 3 Æ3,: (1) '1Vt0*PD0%F Ti

+E=; (2) 4>&:0:!*1 Al P<=*=?+ Ti

>C; (3) K6TQU4>M+TQ@$/! Al 1v6

0%gM7BB]+ Ti i^. Ln, hkH#U [23]:

4Al3Ti + 3O2 → 4Al2Ti + 2Al2O3 (1)

fB Al2Ti 7F�K Al3Ti , O2 H#66. \n,

'' XRD W< 3 Æ;-4D+l�Æ, F,R2 Al2Ti

+eM9ep6 Al3Ti.

Q 7a 4+1KS'1 60 h C+/%9V, F,Z

M+1/%4kH+i^b] α–Al2O3(Q 7b),ms>

Mu θ–Al2O3(Q 7c).

Q 7 700 ��� 60 h � TC4 �

�� Al 	�	 SEM p

Fig.7 SEM images of Al coating on TC4 titanium alloy

after oxidation for 60 h at 700 r in air

(a) co–existence of α–Al2O3 and θ–Al2O3

(b) α–Al2O3 in enlarged view

(c) θ–Al2O3 in enlarged view

2.3 mnopv`a��bcwxy
Q 8a 4 Ti/Al <H1'1 60 h C+>:9V, Al

+1-Ei^;0%FkR27@. Q 8b 4Q 8a +1

f])Q, / 2 4Q 8b <@" I—IV + EDS B[-f.

<H1B4 3 1, >Q 8a YR, Bg7n4 Layer–A,

Layer–B , Layer–C. #<, Layer–A 4e�K6E=

si+tu<A+6/%61D1, ;-6B4 Al3Ti ,

Al2Ti, Ne�fBka0H#+O Al I; Layer–B ,

Layer–C 4 Ti/Al E=H#1>:-E, 9ÆBgHI

c 90 , 25 μm. Layer–B ;-K Al80Ti20(<6 Al3Ti

DI-E) >6; Layer–C ;-K Al2Ti , AlTi3 >6,

;-Ei^, R26BiÆB]8a. hk EDS [^-

f, ! Layer–B , Layer–C <NkR2 O >C, h9L

gM+<H1Nk9e'1.

Al2Ti 91;-*0 Ti/Al AH+BE=D01+

AlTi3 0*1+ Al3Ti H#46, H#U4 [23]:

AlTi3 +Al3Ti → 2Al2Ti (2)

!['H+&'10:<, v6*/1@"M2K6

Ti , Al AHH#,E=o6+tu<A, /6/1)M

Al F4<H161D+96/MGk+ Al 7[. /%

Al2O3 1+9671I/zt O BE=I*)+r/D

2], _qZ/!8*#*)*4 Ti/AlH#CE=84

F!v'Vw<28, ;+&'1C!0%<H1FNk
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Q 8 ����� Ti/Al ���Æb
Fig.8 Ti/Al interlayer after oxidation (Inset in Fig.8a shows Al coating before oxidation)

(a) cross–section microstructure

(b) localized magnification of Al coating corresponding to the rectangle in

Fig.8a after oxidation for 60 h at 700 r

s 2 mqjns Ti/Al trn EDS poor
Table 2 EDS results of Ti/Al interlayer after oxidation

corresponding to areas I—IV in Fig.8b

Area Mass fraction, % Atomic fraction, %

Al Ti Al Ti

I 69.53 30.47 80.20 19.80

II 64.05 35.95 75.98 24.02

III 53.77 46.23 67.37 32.63

IV 16.77 83.23 26.35 73.65

R27@. hk EDS -f, !<H1NkR2 O >C, 7

=+&'1'H+p[, f%6/1+61DK6M2<

ADejhsiw4, 7 Ti/Al <H1qx�tu-uz
t O 0 TC4 *)/%+9Y, ,1I2'14f.

1-h9+,, !B1D<>04>/?<E9&:
AC, NkDKS28GLFO. �L, !+&'10:

<, Ti/Al <H1!+&Vt0+E=H#84;7=*
16/% α–Al C61D+'10:, FeL'28.

3 UY
(1) Q$GD4>/?<E95! TC4 8*#/%

:0/ Al +1, Y:5+ Ti/Al <H1KO Ti +Vd

u>:E6, 9Æ-0 60 μm. TQU4>M! Ti/Al 0

%FR6G`B=@$, Nv%<H1+96.

(2) ! 700 .'1 60 h C, +1KS+'1&99
eA6*PKS. >'1^KCKSkR2jh,p7.

(3) +1/M+)M Al �N6i^+<H1!+&

'10:<96, <H1I-E,6BB]$�iÆ8a.

;7+&'10:, Ti/Al <H1+E=H#0/%'1
L'28. /%66+ Al2O3, Al2Ti , Al3Ti zt/ O

+BE=, NZr<H1+E=H#84�t!v'Vw
028, /%i^+ Al2O3 Fzw/)fB+ O JRR
BE=, E=2Z+fB O JRs0 TiAl3 D TiAl2 R

6H#66 Al2O3 F, 2/=Zg*)r6'1.
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