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Abstract: In view of the complex temperature changes in metal additive manufacturing that lead
to residual stress in the parts and then form holes, cracks and other defects, TC4 titanium alloy
parts with circular tracks were taken as the research object, and ultrasonic micro-forging
technology was used to apply high-frequency micro-vibration on the surface of the workpiece, so
as to achieve the effect of refining the grains and reducing the residual stress. By studying the
thermal stress changes of different characteristic points of the single-layer laser-cladding layer, the
thermal stress field results were obtained and imported into the ultrasonic rotaty micro-forging
system, and then the effects of the diameter of the micro-forging head, the rotating speed of the
tool head, the amplitude and the forging temperature on the residual stress of the cladding layer
were studied. The results showed that laser fuse additive manufacturing has the characteristics of
“fast cooling and fast heating”. In the forging system, different forging parameters have
different effects on improving the performance of additive parts.
Key words: metal additive manufacturing; residual stress; ultrasonic rotary micro-forging; TC4
titanium alloy; thermal stress
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Fig.3 Temperature variation along different paths of
laser-cladding

(a)—3A A2 7 10 5 (b) —T ELHHAE T 1]

MTEL 3b AT LUK B, 580438 23 B A4 BRI RE 28 A
8 39k A 7 1) T AR T 1) [ 2 i el
BRAEHE K LB 5 ELARIR e O 07 B8 il B A g T
HIMIUL 8 P a5 305 U (LS L 381 K A [ AR X )
e T AR Y LA S )R T AT ], PR
P AR ) T 0 5 K R AR R0 R A
et



60 RALKFFHR(A KA FR)

% 46 %

2.2 BEMNBEBERNGSN

N T e e e 0 A ) 3 e R R R
IO 328 A MU R A W 0 B BAR U 7l B
PHE RGBT, A B FR 4R 0.15 mm

300

250

—o— Kl 1
—— BRI 2

-80 —v— HFfE 3
== fEE A4
_100 1 1 1 1 1 1
0 1 2 3 4 5 6 7
I [ /s

iy g (1 SO S g M - N APA B vl K
BRI AE 5 A SRS Sy SR e R AR ) e Z
5 T 1 3 Bt 1] 4224k, anfEl 4 s

300

200 -

100 -

0
-100 |-
-200 -
—a— HEE A 4
_300 1 1 1 1 1
0 1 2 3 4 5 6 7

A /s

B4 FREATLLE
Fig.4 Change curves node stress

(a) =8N S1 5 (o)— AR 75 ()—A& ML Ty 5 (d)—Z WS .

M da () 555500 1 A8 Ak i 26 R AT LAE H
> R S ST 2RI B, % a5 SR ) R
T 5 76 s 7 2 0 B G b T I B A Y e )
P, 25 05 S5 300 R R AIG, HLE30T 0 MPa; 24
IS 2T BB AT, & 55 80 ) B TH e ik
R, FL I B 2 3R T A RAE S 1SRRI ) Bk
RS HB A RRAE S5, 4 SF 0N ) e/ AERE AR R
Jel 1] BV SAy s A8 A TR 1 5 1), DAL 4 14 iy 1o g ]
AT DL H o 2 BG4 I A7 B R ) ) &
BRI ) R 3, 3 R OR L s A i IX 3 2 0 &
AR AR TE | B A A0 1 XU B T 8 K i R
N J7, FE T fe K F1 3K F]-264 MPa; 24 #H E 25
B, b Ak B 1 B2 i A8 2 fif 45 4R E 7 28 T B0
I3, B KPR S8R KA AR B 2 4T, K 232.6
MPa. X} 3 B T4 8 5030 J7 1] (1 L g, IR 4c
AT DL B, FE AL B A AR & A A 2 T A
I 5 5 S B /N B g, B S N ) TG R

PR B B R T 5 B MR A AR e R, I g
HUH K B2 T 0 MPa; BE[5 J5 B9 A RHS S 42
] g ) 2 IR /NE B ) NI 4d RT RLE HY
T T BUE R H Y Z 1) ) A BHE b 2 i i A2
bk S5 A 1) N ) HEAS AR ] e 2 0 n e =
F N T 0 MPa, &8 2 B B /N i 7 iz
1, HEMRARR, G EEREAEZ I Eoy AR R
10, AT LA A AR A 52 FoAth Ak %) BR 1 4 7
JZ N B AR ASFE Z 1) B0 1 3R Bl A ) B 4
iTF 0 MPa.

25 oM I B R N A RO N ) 7 Ak
AAEIF , o T AR RN ) e KA R 2 AL eI 2
UL, PRI 075 78 )2 3R T A 7 A B SR /N A
BUONE A RT3 AT Tl 1 1o ) AR Ak il £k
K I B MBHE R T ) i N AR L ET R R
AR BN TR 2 W& )2 TR T )
(I 7 A T REEARR 33 ol 1 7 DR AR AR e b i e 1 34



%2 4

AEFUE S AR 75 7 5% AR 3 HE M AR BB AR 61

i 3 v BE S0 7 A T ) S ) R AL A R Y
JRA
2.3 BEREMBIESHX G AN

T T BB AT LA R AT A 1 % 3% A g 7 O
P LT A, SE SRS [R) A B S BO0 T A
PFER A N 1 HFE R SR K 380 1 3 285 A w0
TR A1 B e R R D B T
Bt Sk ELAR IR el DA BB TR 4 RS
BE RG0S 52, 38 2 8 7 AN [A] A A R DT 7R LA
R i B TT J T S 500 i 4P RE 1 52
Ml fifF 5
2.3. 1 EE TR RS A PR TR Ay T

TR Sk B ELAR N 2 mm, SKER N2 BRIE B
T AR )2 10 mm*2 mmx2 mm 1957 51,
BB S AP 5 T A G iy v s A SRR
FH 22 XS A% 19 %) 43 0 v BT RS 0.3 mmy
A H T RS R 0.1 mm. #E 75 e F5 Tl B i
AR TR 5 FR
2.3.2 Tk HARSE W S A

X1y AR BT RE B AR T N T, Y
) W 7 AR VE A B B A B8 [l 1o, 7 . A& 6a T]
1, AT B B R Sk ELAR X AR AR I ) 0 A A B i)
AR, Hof5 BRI ) 7= A TR EEAR A 62.5 pm,

fl EOL 3] HE A
200 Bk HAR
—#—2 mm
—&—3 mm
100 - —d—4 mm
£
g 0r
=
é -100
-
=200 r
=300
(a)
_400 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

AR K /mm

E5 HRTHER
Fig. 5 Finite element model

AR A X B, EAR N 2 mm B T B Sk AR 2
A 7 A B e K B ) e K, AR O 3 mm IR
2, EHAR 4 mm 1Y TH Sk A 09 f KT ) d
AN AR X TR D2 BB BE T R, ELAR RN
FE I A7 R L AR SR RN 7, 2 B AR 2 mm 3
KE[4 mm ], RN R REE ] LAA S 167 wm. [#]
6b H U Sk AR Y I I 7 8 52 e 5 X ) o
AR AH R . AN TR) 1 Bl B S LA ) R 4% I ) 43 A e 3
SR [R] , FER S BLAR A 028 X fe R N7 g 5% i
W, X FE N ) R AR BE Ty ] b B2 i /)N

100
0 |
Tk E AR
= -100 —®— 2 mm
= —&— 3 mm
R =200 —4—4 mm
E
E =300
-400
=500
(bh)
_600 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
PR A /mm

E6 ARBEBIEETEREABERRENSSM
Fig. 6 Residual stress distribution along depth under different diameters of the micro-forging head

(a)—X M J) 5 (b)—Y [ /] .

2.3.3  FREAEZ N

TEABUE HAWSE TEL T, R TRk
14 3=l 3, 5 B VH TR B 7 ) R R AR N7 g 43 AT F
JE I 7 Fe FAE CULIEL 7)), R 60 2 3o kg 728 o)
JEE 7 8] B 5% AR N 0 S B /0N | 3 i s AR N ) e
A A B AE TR 13T P — 80, % T X fl Yia)

FRAY R 1, 38 R 3 000 r/min (1) ¢ KR R {8
K.
2.3.4  PRIEASZI 53 AT

MIE 8a 1] LA Y, HR 1 A7 10 F1 15 wm B 7Y
e K R B — 35, BRAER IR T 7 62.5 pm Ak,
T HR 84 20 wm B 19 55 K FE R g & A4 o B 4 1



62 AR FFR(A RAFR)

% 46 %

125 pm &b . BfE 4R 8 B 55, F 0 f KA A
I 7 SR HRAT WS A3 0, YA A R AR 10 um
HEANEN 15 wm F120 wm B, JE R 72 59 % B
120 wm B K F] T 187 wm #1235 wm. XF T R4 Y
PN T2 PROE AR, 7= A (R R AR PN J7 RS . K
& 8b il LA i, iz MF 4 15 120 m B (1) 55 K
N IR BERRIG N &) T F 00 N 7 125 pm &b . [R1 R

L3
200 —#—2 000 r/min
—— 3 000 r/min
100 |- —4&—4 000 r/min
o]
=i
= 0r
R
E —-100 r
~
200 | L \l/ -338.2
-341.5
; — —343.2
-300 | 0 0.1
(a)
_400 1 1 1 1 1 1
0 0.1 0.2 0.3 04 0.5
BRARREE /mm

M, B 25 IR R A 25 0, R R ) e KA AR N T 2
TREEBATHE I, S A IR 10 pm3EHNE] 15 pm
F120 pm B, He W 77 )2 BITR EE A 180 m 34 K F|
250 wm F1320 pwm. 75 B ERAE H N 7 2, 4R iR A 1
BTy 1) e 0 g B A RCR BN T XTa] 3K R R
7 IR R 6T T [ 3% 4% B2 3 198 /N R 2 91 PR
A WE R

200
100
0 [
] pons
; ~100 b —#—2 000 r/min
43 —8—3 000 r/min
= -200 - —4—4 000 r/min
B .
= =300 - -520F_ \
534.6 _5352
—400 L 5401
g 560l ) -551.4
300y Y 0 0.1 (b)
_600 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
B /mm

7 AREETHEREFEHNERN NS
Fig. 7 Residual stress distribution along the depth direction at different speeds
(a)—X TR J1 5 (b)—Y [ i J] .

~600 ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5

AR K /mm

_700 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

AR fmm

E8 ARERIETIAERERBHKRNIDH
Fig. 8 Residual stress distribution along depth direction at different amplitudes

(a)—X N J)5(b)—Y R ).

2.3.5 RBEWE R0

XFTC4EKG 4 5, HAE RO - BLAT R TR Y
LI AY 73X P 2 S 57 bR IR R
LA R B N A ZUES S REBURAT)
2R 22 S0 A 9a P R I, N [ B i R
B X ] KR AR N 7 A B TR B AR ] 75K
(B BB AT, 78 R N T 2 A TR BE X R

300 °CH1400 °CIE B Y He I 7 J2 R B LU B AH I
M1 500 °CHY Y H 0 7 J2 R B 22 1R — 28 A E] 9b
W AN TR §B e ik B A A RE N BT B B A 1
JIFEAEWT N 25 5 AR IRBE O 62.5 pm, $R 15 I B2y
300 °CHt, W F7{E 8 /)N, 400 °CHITR 2, 500 °CHYFE
AR IIE IR A [ B U BT A X T e KR A
JE R 77 A 0 TR B AH TR #6008t 55 R A



%2 4

AEFUE S AR 75 7 5% AR 3 HE M AR BB AR 63

TAE Y 1) O 7 P R 3 Y A ) A BB ot i 2 7+
NFRIE L BRI A7 AE W] R 25 5

200

100 [

-100 -

X [6] % 1/MPa

=200

=300

_400 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

100

i i
—a—300 °C
—e—400 °C
—a—500 °C

-100 -

-200 -

=300

Y [ ¥ F1/MPa

-400
-500 |
(b)

-600 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

AR K /mm

E9 AREEREEE THRRERBRZXRE IS
Fig. 9 Residual stress distribution along depth
direction at different forging temperatures

(a)—X [ S35 (b)—Y [ ¥ 7 .

3 4k 7

1) BOGHE 22 1G04 )3 B PRIV ™ 1R
RUCY IR 2800 4% AU AEREA 100 °Cin A 3] i
JEWEH (292300 °C) HH T 0.7 s, HA ik 2105 51
1 605 °CHET 0.5 s, IF UG AL T 0.6 s J5 il
FEREAREME A LT .

2) RIIEEZE N S BN 2RI LR
AHTR] [] B 45 240 0 7 e KA R 24 th IRAE R )=
WX 0 7 )2 3R 2 R AT A 3R sk N A U ) B A
OIS CINEREE-F 7y ¥ b A L) VAR iERE

TR R DT I S 2R 2 I R TR
Ak 751 B4 15 AT T RREAR

3) S, WA T Bk B L TSR
7 R I LA D B i I R X B SR S A 1 A
KA B AR SRk B A3 2 sl
SN T 25 HE AR T B T R s TR SRR
X B T2 R Bk A% T 7 5 WS/ 5 8 P 4 A 0 1 1)
B AR I VL 7 B DR /N PR S R A S 5 P 52
B Ik B2 4 R 28 D7 o) B4 5 A% I 3 A 5 o ]
2l BE S AN TR AR T BRI

SE

[ 1] Momono T. Effect of ultrasonic output power on refining the
crystal structures of ingots and its experimental simulation
[J]. Journal of Materials Science & Technology, 2005, 21
(1): 47-52.

[2] Abbott D H, Arcella F G. Laser forming titanium
components[]] . Advanced Materials & Processes,1998,153
(5): 29-30.

[3] Arcella F G, Froes F H. Producing titanium aerospace
components from powder using laser forming[J |. Journal of
Metals,2000,52(5) : 28-30.

[ 4] Hofmeister W, Griffith M. Solidification in direct metal
deposition by LENS processing [J]. Journal of Metals,
2001,53(9): 30-34.

[5] Cai ZY,Li M Z. Finite element simulation of multi-point
sheet forming process based on implicit scheme[ J]. Journal
of Materials Processing Technology, 2005, 161 (3) : 449-
455.

[ 6] YeH,YeK,Guo B G,et al. Effects of combining ultrasonic
micro-forging treatment with laser metal wire deposition on
microstructural and mechanical properties in Ti - 6Al - 4V
alloy[J]. Materials Characterization,2020,162: 110187.

[ 7] Walker P,Malz S, Trudel E, et al. Effects of ultrasonic impact
treatment on the stress-controlled fatigue performance of
additively manufactured DMLS Ti-6A1-4V alloy[J]. Applied
Sciences,2019,9(22): 4787.

[8] YueJ F,Dong X T, Guo R, et al. Numerical simulation of
equivalent heat source temperature field of asymmetrical
fillet root welds| J]. International Journal of Heat and Mass
Transfer,2019,130: 42-49.

[9] Jiao T K, Zou Q, Ye Y Y, et al. Carbon fiber reinforced
thermoplastic composites and TC4 alloy laser assisted
joining with the metal surface laser plastic-covered method
[J]. Composites Part B: Engineering,2021,213: 108738.

[ 10] Heigel J C, Michaleris P, Reutzel E W. Thermo-mechanical
model development and validation of directed energy
deposition additive manufacturing of Ti—6Al1-4V [J].
Additive Manufacturing,2015,5: 9-19.

[11] s, Al , S0, 45 . 6l T 2% TC4 8k G G414/
1R [T ], N T T 20,2021, 50(23) : 17-21.
(Wang Bo-han, Cheng Li, Cui Wen-bin, et al. Effect of
forging process on microstructure and mechanical properties
of TC4 titanium alloy(J |. Hot Working Technology,2021,50
(23):17-21.)



