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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 pm 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 ‘C 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 um,
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
AlyOg3, AloTi and AlsTi. The gradient distribution characteristic of Ti/Al interface structure occurred

after the oxidation testing.
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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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Fig.2 Surface morphology of aluminized TC4 titanium
alloy fabricated via multi-pass FSLW (The arrow
marks the continuous fabrication ring)
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3 ARTZEZHCT Ti/Al HlZE# SEM &
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
(¢) 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

Intensity, a.u.
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Distance, x#m

4 Ti/Al HEZREE SEM £ EDS i
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)

&1 EREAE Ti/Al FEIZH EDS 847
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 A% Al Ti A%
1 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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Fig.5 Oxidation kinetics curves of TC4 titanium alloy with
and without coating
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6 700 CTH4k 60 h HijjF TC4 £ Al BJZH XRD %
Fig.6 XRD spectra of Al coating on TC4 titanium alloy

before (a) and after (b) oxidation test for 60 h at
700 C
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min A LA RE ALTi A1 AlsTi AR ey Ti SRR
RERFEAT 3 Flugte: (1) AR THEAESEAL Ti
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7 700 CHEAk 60 h J§ TC4 gk&4&KM Al B2/ SEM 4

Fig.7 SEM images of Al coating on TC4 titanium alloy
after oxidation for 60 h at 700 C in air
(a) co—existence of a—AlyO3 and 6-Al2O3
(b) a—Al203 in enlarged view
(c) 0-Al203 in enlarged view
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Al coating before

oxidation

TC4

B8 miRASE Ti/Al FHEEH
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 C

xR 2 ®RAEMLE Ti/Al EE EDS Bt
Table 2 EDS results of Ti/Al interlayer after oxidation
corresponding to areas [—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
IIT 53.77 46.23 67.37 32.63
v 16.77 83.23 26.35 73.65
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