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Table 1 Chemical composition of TA2 (/%)
Fe Si C N H O Ti
<0.30 <0.10 <0.05 <0.015 <0.25 Bal.

TR 2% 0T o APRHT-H J5 o HEEAT IR AL 3, A2
HLZZHNE 2.

X TA2 MRS AT LI R 7R WS AL, WEALBRE N
0.15 A, FHHEN 200%. WAL B %A DT1480 4L
FEWEALHL, SRALM R ZG30(BE4N ALY, #RALELAR 0.3 mm,
R I, mEE £A 90°, P 150 mm, ¥ 60 mm/min.
IR S R B AT AT B, USSP AR B J5 6l AT
TR KRN ZR T B AL B, 38 e A A Kok B AR ik ke
RMTHIFRAR N Iy, T8I 0T S >k 503 2 TR R %

IR K AL EE: 7 250 'C R4l AR 0.5 5 1.5 h,
HBE A B E R . RIFT LI 250 600# K&
1500#7K BE b 48%F USSP Ab R FE R 0 HEAT 1 8%, LA3R
73 FH PR ORE R R, BB 2% IR AR Ak 2 R R R A A
HBZ26-1992, 43l T BE 451 1/5 (15 pm) A1 2/5 (30 um).

PRI Ay Kb 2R 2% R0 I 4% A48 R A BR A, R b
AR R S I B DX 8 — X 43 TR AT AL 2R B AN
Sy SEBL, DR AR S A2 BT RS IX 0 HLA 2 S el
PERE, WA A BN TT A, Al th 4 5 2SR BH.
Pl R U A O  10 mmx 10
mmx4mm- [F) AL PARE SRR TSE BEAT 4T
BE, BR, WEUE, BT BRI R S AR S
s, HEE AR, FEARE N ALY 1 em?®, )
i Hs g 25 35 1) BAR IR BT, 1 10% (1) HCL A

FLAL 2 JE5 A o, IR Ol 80 °C, AR TR K v HE
170 HALZIR ] = R &R, AR ROy Atk 2
B Sl FE, S LRl R M A T 5K F AR (SCE), 4t Bh
A Ay A AR o DRI 25 1R 72 A 5T PRI 30 mine
A Yt BT I AR G L A 10 mHz~100 kHz, A8 33
Jil {5 S WA 10 mV, B AT AR A 2 g s IX 1) 2y
-0.3~3V, HfHEEN 1.5mV/s.

K OLYMPUS GX51 @gix; USSP T 247
TA2 545 32 SRR 1 A 48 1 1 AT 41 2000 1 AT 4%
Bre KH JEM-200CX 2433 i i 7 WA BE (TEM) X 45
e I 5 R AT IO AL A M 5%, IR AT HE X s T AT
SH(SAED)/ . KM LEXT OLS4000 Ot ILER A4
i 0 OB I 5 2% THORDRS % (R,) - K H D8 ADVANCE
A25 A X B R AT A (XRD) A 2 5 3k 38 T ik 4
T AT HEAT I SE « R PARSTAT 4000 HEAL % T4 3
PR SR AT AR 2E IR . R ZSimpWin 444}
FLA 25 AL Tt B BT B HEAT U5 23 BT

2 HRSUE

2.1 HARH

T 7R A A AR 2 T ) HOWE 4 2R 5 ) e A AR
1k, USSP %443 T 1) i Ak 32 B0 iy 1 n A 44 A
A0 Ay oA ()5 e [ 25 L, 30 4 2 BN K )2 IR A
w1 piR, WRLVEH, 4 USSP AHE S, ARINE
BT 49 75 pm BERAG S, SERAGE RV EIX . o
PEX AR 3 ANk, X 3 AN X2 (8] B B 2
SRR, SUR— AN

z2 REIZSH
Table 2 Welding parameters

Groove Groove First First First welding Second Second Second welding
morphology angle/(°) current/A voltage/V speed/cm'min”’ current/A voltage/V speed/cm min”'
“V” type 60 120 10 100 130 12 110

W Severe deformation layer

Substrate layer

K1 USSP T ZAb B TA2 FH Sk U MR A T (1 e AH AL 2R Ay
Fig.1 Metallographic microstructure of the cross section of the

TA2 welded joint sample after the USSP process
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B, A CERRR EREX, WA R
ik, SRR AT L ok ESERIX, AZUES
n] DAV 28 0 o B AR OR I A A SRS Bl 4 2R,
RIS AU SRLED, BT LU S X dhu it ] K

X7 USSP Ab B FE AT IRIEGR K, 7E 250 “CiR &
TR 0.5 5 1.5 h, JEBESAR IS E R, H TEM
B 2 ke IWE 2 iTRUEH,  JRARIRFE 48X
NRLRBEAS kL, HAFAE R RALHE, 74 2 T s
2 USSP 35, dhidifb il 2 X} USSP AbHi At
HEATARTRLIE K, BHIE KN TR R B, R AR AN &
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K2 AR T 2Ab B TA2 SRR 4E X L2 1) TEM 8 )¢
Fig.2 TEM images of the surfaces of the TA2 welded joints under different processes: (a) untreated; (b) USSP;
(c) USSP+0.5 h annealing; (d) USSP+1.5 h annealing
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Fig.3 Residual stress distribution in the surface of commercially
pure titanium welded joints under different annealing

processes
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Mo Gl R s LR 4. AT IRF 5Tl 41,
USSP AbH 5 AEATRER G IANTR AR SN ), AT % X
W AR N ¥ 5tk K 4 Fik 4 aTLUEH, AFET
ST EE LB S 25 X IR AR AR N ) 5538494k, H. USSP+
600#FPARET I J5 IR 2 1H AR I I ¥ S VAR AR o
2.3 FEREE MR

B 5 NASAAT B T A0 HE T 4l Bk ez Sk i R 1
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Table 3 Surface residual stress of commercially pure titanium
welded joints under different annealing processes
Statistical data Untreated USSP  USSP-0.5h USSP-1.5h
X —431.76  -268.08 —-146.3

X 25.88
s 3237.13  2101.25 1927.79 1272.17
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Fig.4 Residual stress distribution in the surface of commercially
pure titanium welded joints under different grinding

processes

x4 FRITEIZABTIVASKEREIRERRNNE

Table 4 Surface residual stress values of commercially pure
titanium welded joints under different grinding
treatments

Statistical data Original USSP USSP+600# USSP+1500#

—412.74 -327.64
938.16 1194.13

X 25.88 -431.76

s? 3237.13 2101.25

FRRN Ry MZ R FT ISR O L AT 4, JRAARE R,
9 0.16 pm; USSP AbFEIAAE R, A F] 3.05 pm; 1A
SEERZE 600#. 1500#P ARHEAT K 11 B S5 iAAE (1) R, {H
S35k 1.61 F10.38 um. U1l 5 froR, W LLE H, WAL
S REURE 5 W RGO, RN AT B, DR B BT AL AL 2K
FEYIA AN )R P55 1) AL
2.4 FHEMRIL L

K 6 41t 80 C 1) 10% HCI % ', USSP 4b P TA2
PR SRR B DR 28 0 AN [ 38 I R Ak 22 1 A3 A
2. I 6 FTLUR H, JRURFE I BHAR AR A FR B e 5,
P IX AT T, PR AR EEAN K USSP b B R ik
FET E AR B ol LA AR B AR R 1) 1 WA A% 30, 64
RF T BE B 2 Nt AR X ME 2K o MK AR JES l HA TF A 3E
N FHAR ALY B B 6 AT LUE Y, 22 USSP AR A
BEAGAT AN . A LA 1Y 2 1.4 V/SCE I, 4k4k
B0 AR A, Rl P R AR T AR AR I K, R
HR AL A e LA T A, JT 4R 7= A sl USSP b3
AR KA HL S, WRFEBIRAT W W2, H USSP+0.5
h 3B KR AR SR 2R L TR Btk DX ] . Y
HL B FELAE 8 0 1) 0.4 V/SCE I, 4k 8 I 2L e Al Ha 7,
HLUIL % B L TR FEAN R, BRI LA 3% %2 2.1 V/SCE I,
i s LA B B T AR 2 12 G K, Y A2 LA P AT T
T Z AT IR A, BB R A, ke A

K5 AFFTE T 2B N ali gk SR e k3R i = 45
Fig.5 3D images of the CP-Ti welded joint under different grinding processes: (a) original, (b) USSP, (¢) USSP+600#,

and (d) USSP+1500#
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Fig.6  Electrochemical polarization curves of USSP treated and
USSP+annealing TA2 welded joint specimens in 10% HCI

solution at 80 C

TH R AY i 2 AR TSRS B ) B AR h Ay A
HEL T 2 R S A A P BELRT A A e U 2 LR S AR )
& 8 ) 0y 2 B VEAY S R R A R ORI
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b, M EALE S 0.5 V/SCE I, JFAR#E NI LIX,
Ak sly LA Ay, R LR FEA AR,
HLAZHE 42 2.3 V/SCE INF, i iod 3 25 S B ST 4R 221%
WK, bk, TR, S@RMITEG, B
7 =S S R (VAL X (S S R ST i - L R o
FEXAG BTG, HAAAT B S, Ud B B S i 7R
(797 ECHS T FE i e s o B S o 38 T A Ak i 2 AV
THELAS B0 AR 8 il e 7 B v U L AR Ak H BH RN 4
Bl R LK 6.

S EBi e R E B R S, B R ER
H B A 25V T oA, T A H T R T BH AR I
FEZ 2 TARKHIBEHAT, 28l 1547 0. MR 5 sk
6 MTLLER], SIARFEALE, & T EARREFER B

%5 USSP ALIEA USSP+HR A TA2 1255 Lk B L 2 /F IS
Table 5 Electrochemical corrosion parameters of USSP treated

and USSP+annealing TA2 welded joint specimens
Sample E/mV  Low/pA-cm™  R/KQ

[pass/mAcm"2

Original —406.55 304.51 0.67 3.77
USSP -339.98 73.55 1.83 1.99
USSP+0.5 h 47.0 15.48 18.67 1.17
USSP+1.5h —558.0 21.88 16.65 0.40

—m— Original

| —e—USSP
—4—USSP+600#
—v—USSP+1500#

Potential/V

log(I/A-cmi?)

Bl 7 USSP ALFLAT USSP+ HLRE 4T B TA2 SR 4% KK FE £E
80 "CI¥) 10%HCI ¥ ) v AL 7 Bl Ak 1th 2

Fig.7 Electrochemical polarization curves of USSP treated and
USSP+decrease roughness grinding TA2 welded joint

specimens in 10% HCI solution at 80 C

6 USSP 4hIEFN USSP+AAAKEE AT TA2 B4R L AHE R
HER S

Table 6 Electrochemical corrosion parameters of USSP treated

and decrease roughness grinding TA2 welded joint

samples
Sample EMmV  Low/pAem?  R/KQ  Lhus/mA-cm™
Original ~406.45 304.51 0.67 3.77
USSP -339.98 73.55 1.83 1.99
USSP +6004#  —628.47 83.04 1.56 2.58
USSP +1500# —291.13 75.91 1.66 0.37

JE3 ol HL L R T /N L AR Ak LB EE K, [ N SR A I 4 B
R /N, H USSP, USSP+0.5 h il K AbFE K&
USSP+1500#% [ 47 B b B RE 2P0 10800 W1 2 o MR 4%
DR AR B Tl LA R AR IE B Bl AR Ak H BH AR AT AN [
FREEMIBE N, BHAS T PHAR R NV B, & s T A R i
Tl o JSARBRRE R 1R Tl O 5 R OA 304.51 pA/em?,
R A 3 g R, 22 USSP 3B K 1.5 h J5 B4R
£ 21.88 pAlem?®, HEE T AR 450 otk s i 4
B HL R S R SRR R B SRR 3,77 mA/em” AR
£ 0.40 mA/cm®. 48 1500400 4CFT BE i, 4ol i i 25 1
4 0.37 mA/em?®, HEE T AR 2 vk g o X R
FEURE JE2 (1) B AIC IR SR T LA i A Rk 1R 65 il 2k e
2.5 ®BFHERIE

&l 8 iy USSP 4b ¥ AT USSP+iB K TA2 H454% 18
FELE 80 CH 10%HCI ¥ P A B pT s . A v
AL R, &R A TR 25 Sl 20 Rl
I B2 A e B VRO, o A X A P42
R, MR R B BE D) 85 . B 8 T LLE Y, USSP
b FRIARE A PUICEAR K T RGP A P42, IR
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Fig.8 Electrochemical impedance spectroscopies of TA2 welded
joint specimens treated by USSP and USSP+annealing in
10% HCI solution at 80 C
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BT LA M S5 Rk I o P R afiRE R USSP 3Rk
SR T 9a Fiow, I8 KRR 1 45 5l i B
9b 7. MEIFATLLE H, 38 KT IR FE A7 R AR [
[ FLAL 2 S N RLA . 3B KOS I AS SR BRI ¥ A — A
N[5 0, U I LAl A P A SRR SR R . UG
FEA USSP X AF 38 0 — MU 7 Warburg FHELH HURF
TE N [R) 5 4, R AR ph b 2 Ak R b, Wtk 2 Ak
A6 B [F) IS AR A7 A0 3G W ZE A, BRI H I S 0 38 6 (] )
AR RN O R 2 AN R R AR, 1
PRI 2 b 5 X Bl ek 45000 1 4 % 7~ Warburg FH
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2P 1 1

Fig.9 Equivalent circuit diagram of different process treated

samples in 10% HCI solution at 80 °C: (a) original and
USSP; (b) USSP+annealing

PO By B B AR IRAE A USSP i FE LT E &
AN A, DRI VRAH 00 % IR RE by re Ak 2% RN )
PR . B KA BRSO 2 1 e R Y. ) RV %
BIRAR, LGNy r A N3 A), R R A% TR H
2% NS M AR /), T A2 A A% B FR Y R
B W ZERRACIG I, W8 AT 9 A Ak 2= 45 il

F B 9a T 715 145 28 i B R(QR)JHAN [ I8 K Ak
F ) TA2 FR395% 5 7E 80 “CHI 10% HCI ¥ o IAZ it
PHPTIE AT, AI {9 2800k 7 s & i otk 2
. R 7 ATLUEH, 2 USSP Ab BRI AL (Bl AL I i
PH A J af R RE A S 35 im0 WA 3R TS A Bk O AT
AT SR O T AR A A R e (B, B
LT g B E AT L 2% . X2 T USSP AL FE AR £ i 4%
F2 S AN [ DX A 38 50 1 BT [ BT, A 3R TR RS 7
Frian, #OK T R T B . Bk 0.5 h AbHELE, ®
T A% N ) BRARG, 3550 PR v 0 e BEL 0 B A 5
PHISAT ] R4 K, n (I, BUALBESCR B, 3t
HFYIR 24)/0 JE8 ol 1 6 RS o J63 b M BB 4 i . TR FEAE &
IR K 15 h AFRG, n AHCN, URECRONV IR, Bk
I PR B BAEAES, i 35050 i el P i BRI

Bl 10 /& TA2 FREe8: kAN [PRDRE 2 47 5 Ab #E AR
7 80 C 10%HCI %5 ¥ 1 1 Ak 24 BH AT o AP v n] A
i, X 2 MR AR ZE A I A SR R,
AR R 2 R4y, e A 0k R R AT ZE AR AL
Warburg FHHT Zyw, HATHE T H S Yo, H Zy
g . HEBE TR oA 4R S
AR 8 iR,

& 8 hulLLE, 5 USSP ikFEAMILL, #k%
2 LRRE BT AL B, AE 600#1D 40T % 42 il )=
(149 1/5 Wk, R R Ho i S VUL I, i A 85 1) L A
D738 5, U B 0 2 TR FE e % A 280 3 o T TR
BiALRE Sy . dREEFH 150040 40FT BE R SR AL 2 1) 2/5 I,
HLAT A6 A% FIBHAT T R B, 10 Yo BRAIR, DAt d sk
(10 FRLRHL Y 2 A S O R R DAL, R WA B
BRI AEAN [RIFR B b iy 7 R R s ol Pk e

R DL SR, A 80 °C 10% HCI %, TA2 4

&7 USSP ALIEF USSP+HR A TA2 125515 LIR M X 3 BB S8
Table 7 Equivalent circuit parameters of USSP treated and
USSP+annealing TA2 welded joint weld zone

Sample RS/2 .5Q/ B} Rcl/2 B} _ITO/ o
Q-cm” x10” F-cm Q-cm”™ x107Q -cm™:s
Original ~ 2.599 6.41 0.6547 260.9 3.857
USSP 2.975 2.38 0.5492 675.2 2.807
USSP+0.5h 5.77 2.31 0.748 1093 /
USSP+1.5h 5.36 7.63 0.473 357.6 /
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Fig.10  Electrochemical impedance spectroscopies of samples

with different roughness grinding treatment in 10% HCI

solution at 80 C

*8 AREMEHEITELEREEREIBEREYERSH
Table 8 Equivalent circuit parameters of weld zone of diffe-
rent joints with different roughness grinding treat-

ment
Sample RS/z -SQ/ 2 N Rm/z 2 ZO/ 2. 12
Q-cm” x10” F-cm Q-cm” X107 Q" -cm™s
USSP+600# 3.293 2.393 0.6444 765.0 3.437
USSP+1500# 3.658 1.566  0.6940 666.0 1.750

BRI RS M BEAR S DA 7 H, 48 USSP Ab B
Jii > FERFE R 2 R 40 A0 1 [ 1, 4123 AR 19 5 n 38 5
Bl 4 F I 7 R 9 |ON AR A4 26 rf e JIS B 24 50 308
TS R T AR AT 35750 Jo3 et ok R o505 b Mk i, X
FTHE A e 2 . 57, USSP 7EH KK
FERE P R T T AR R DI, 5N T 2R BReBe, 39 m
T RMVE TS N TSN, R TR —, N
T A A TR P T ol P i B A1, 3K AN R i e 2 £ A
Fo 2 FHI AN ELAEH], USSP AbHXS TA2 #4545 L%
TPERE R SCEBUR A B3 .

%] USSP R FEREATIR K AL B 5, SR SR ik
N BEAG, — e R B RRAIR T R sk b, KR K 0.5 h
I, RPN PERRAG, BHBR S N AR SS, AR 6 il L fr
T v 24 H O P B AT, R PR 38 A0 JE il v e R
v s Y 2 T 5 5 201K B 25 ) T i 380 (1 el A e, At
FE RO s B e BRI JB K 1.5 h B, RFERTIN
BRAR N AR 2, RIERE PR, B B 3 i,
AR JEE e r A7 FEAG, L 1 Tl L A 2 S 452 0.5 hoa ok 3
I, i R vk BE A — o BRI E KRR E BRI
FE AR G- P, I I p B, 48 mil s i i

K51 SR R B AR5R AR N AL A AT R (1
TPERE, DS OR B LS IR AR AR B )

X USSP iR i 2 [T 2SS JE 4T B , USSP+600#
WO ARHT B 5 AL 210 1/5 I, VA TR 1 i 5% 4 Y
FRAR, IRFER I3 ) P R Bl RS0 P R B, A 38
ATJE PR RE AR, HE by TR B R SR T i B PR AL
TRFER TS P PR, BB A 20k 3 v, L AR ke
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Fig.11 Microcosmic surface morphologies of electrochemical corrosion of TA2 welded joints under different processes: (a) original,

(b) USSP, (c¢) USSP+600#, (d) USSP+1500#, (e) USSP+0.5 h, and (f) USSP+1.5 h
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Effect of Surface Strengthening Treatment on Electrochemical Corrosion
Resistance of Commercially Pure Titanium Welded Joints

Zhao Xu', Liang Danying ', Zhang Conghui '*, Rong Hua', Li Nannan'
(1. School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. Metallurgical Engineering Technology Research Center of Shaanxi Province, Xi’an 710055, China)

Abstract: In order to improve the performance of the welded joint and prolong its service life, the commercially pure titanium TA2
welded joint was strengthened by ultrasonic shot peening (USSP) with a shot peening strength of 0.15 A. The microstructure and corrosion
morphology of TA2 welded joints were observed by OM, SEM and TEM. The residual stress values and surface roughness of different
treated samples were measured. The surface of the samples after USSP was heat treated and ground. The electrochemical corrosion
resistance of the welded joint weld zone with different surface residual stress and surface roughness in 80 °C 10% HCI solution was
studied. The results show that the corrosion resistance of the USSP intensive treated pure titanium welded joints has been improved. After
annealing, the corrosion resistance first increases and then decreases with the increase of annealing time. When annealing for 0.5 h, the
natural corrosion potential is the highest, the current density is the lowest, and the corrosion resistance is optimal. After surface grinding,
the corrosion rate is mainly controlled by the diffusion step, resulting in concentration polarization. As the depth of polishing
strengthening layer increases, the diffusion rate increases, and the corrosion resistance has been improved. When polished to 2/5 of the
strengthening layer, the corrosion resistance has been improved significantly.

Key words: ultrasonic shot peening; commercially pure titanium; electrochemical corrosion; roughness; residual stress
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