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K1 &SRR SEM JESL
Fig.1 SEM morphology of the pre-alloyed powder

K LDMB800 [A] ik 2 LCD 54, & Hok
L1 BT E Th %R 6000 W 1% A TC4 JEAR A% TE A [R]
B &EN TC4 8hE4E, MILA &I g5 ML s
ST RWME 1 FTR, BOEFE SRS 150 mm><150
mm>35 mm. # i K E 2 BONEOE D)% 1800 W, 11
A EE 10 mm/s, CBEEAE 3 mm, $4585%K 50%, #OG
FHEOY 7 K 2 B

W Y & SR i B U1 # 5 AT MU i, R
FEL 9 HNOg:HF:H,0=1:2:7 (¥ J& b v 6 KE o 34 4T
JE& b i 0 %2 B A A 2. TR LT RO ) BB A R A
KM Sk Zeiss Axiovert 200MAT ()4 #H &b ik 85

(OM) HAT&AMALRKMEE B R E . R
F 245 2 Hitachisu-70 137 & 4 43 1 o7 8 7 8
(SEM) M52 520 48, WAL P T 55 LA K o A 3R I
B3 . R fL i 900 5 £ 75 Oxford EBSD 48 Sk
(1) Hitachisu-70 137 kK =1 2548 (SEM) E
BEAT H TS SO AT S (EBSD) 40 BT . R I 54 D8
Discover ] X B & A75F{¢ (XRD) X} W JE & & it 17
YA A I 43 #r o SR 58 Instron 5582 1) HL T )5 RE
WIS AHLEAT WP . R 858 FM-700e (1)
K 0 2 TCRE T A I A 4 I S AMORE B v 500
g, NNy 15 s.

2 &% R

2.1 LCD B4R B &2 TCA $k& & EHEK

Kl 3 24 LCD MJEA A B 7 & TCA 4RI A4 KHI
XRD K. HEW4E, KHRGN B TEK TC4 e
SR G EEPH o DR pHATHIE, MNE B
N 0.05%-. 0.5%F 1% & &+ EHIL T TiB HIfiT
G, HBEZE B & &30 TiB 7508 2 %5 g, TiB
5o M. pHIATHIGEE R ES. B 3 PARRMILE
TR AT 0, ROAAE LCD HRId A RN F g [ ik
FErh B JERM Ti soR e RN AER T TiB AH.

®1 LCDOHEAFBRE TCAKEEHRUERS
Table 1 Chemical composition of B containing TC4 titanium alloy samples fabricated by LCD

Sample Al \ B N H O Ti

TC4-0%B 6.26 4.02 0 0.0074 0.0043 0.110 Bal.

TC4-0.05%B 6.21 4.30 0.05 0.0900 0.0010 0.061 Bal.

TC4-0.5%B 6.12 4.25 0.50 0.0450 0.0012 0.063 Bal.

TC4-1%B 6.17 4.19 0.88 0.0061 0.0012 0.073 Bal.
Laser ———p ¢ o-Ti mp-Ti o TiB

Shielding gas

Coaxial powder nozzle —p|

Powder flow —p
Mineral powder. o\ /s

Laser scanning path

2 LCD BB R X
Fig.2 Sample fabricated by laser cladding deposition (LCD) and

the scanning strategy
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K3 LCD BUEAIE B &5 TC4 gk &< XRD i
Fig.3 XRD patterns of TC4 titanium alloys with different B contents
fabricated by LCD
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2.2 LCD HEAE B &% TC4 KEE& RHLALR

4 4 LCD BEAE B & & TC4 Sk& & M\ )
B RGN B JTTEI TC4-0%B F i 11 2 i 2
L da, AL HRSTECRIIWILG B dkii g, B
pRL N BN o BRI EIRAL . B &R
0.05%F] TC4-0.05%B #£in (414 (1 4b) ATLLE
BEEWITTERNMA, o FERNKERR, 5 B Mk
(91 35 ROSF sk /0 s >4 B 2 2 389 i 31 0.5% 0, FEZH 2 (]
4¢) Ha FEMKES g bR BF BN 1B &
BHE—SWINE 1% (K 4d), o HES B &kiE N
/N o LA FT DR BLRE 2 B 2 & 3 0, B 2 554k LCD
HAZH TCA AL AIHIR SIS, I 2
S EH AR A 1) 5l A

100 pm

54 LCD miJE TC4 £K& & dihi TRl B & 53
I 2, 256K 4 AF B & & TCA & m
WAL, BEFE B RN TC4 2k& 4 1SR .40
b, &R RS BRI, PRI R S B S8 0%
IR 1294 pm /N2 B S8 1%0) 28.6 um. A7 )L B
TCRANINAT LR 28/ LCD §JE TCA F4k &4 g
R RS, B AN SRER

6 4 LCD HUEAE B &5 TC4 (k& ®tn IPF
(inverse pole figure) &, MEIHTTLIBHEE HEEE B &
N, LCD I TC4 EkEEA SR M BAMA L1 o
PRA&A gk, 454K 4 v LCD B B I TC4 £k &
S RMAL, U B LR IIEINKT LCD B
TCA (k& 4 B S AR B &

K4 LCD BJEAR B & TC4 th& &\ n) R 2
Fig.4 Longitudinal OM microstructures of TC4 titanium alloys with different B contents fabricated by LCD: (a) 0%B, (b) 0.05%B, (c) 0.5%B,

and (d) 1%B

K 7a N LCD #l#% & AF B 5 &= TCA 4k & £ F TiB
TSR, MHET LS A H TiB FESUAEIR. B 7h, 7c
A 7d 735004 B &84 0.05%, 0.5%A1 1% K & 4
TiB HHIITES Ao M Th ATLAE 24 B & & ARA,
TiB MEENMER AL, 4 B SEEE 0.5% (&
7c), TIB MM EEHEMZ, B 7ML RKES ML,
TEJEGR B SR N EROREONT H o 24 B 8t — BN E 1%
I (B 7d), 2 dRL A AR ORI TiB, BT TiB 4
WAERT, TR p SRR SHRZE N (K 5), AR R B
A, FR SIS 5.

2.3 LCD H.A[E B &= TC4 hEE HF MR

8 Jy LCD HUEANE B & & TC4 FR& 4 1) L fhif

JEAAR IR . B B RN, MBS S R R
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E5 LCD J§J¥ TCA £k& & Mk~ B B & 538N i 28 1 #h 2%
Fig.5 Variation curve of grain size of TC4 titanium alloy fabricated

by LCD with the increase of B contents
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6 LCD HJEAIR B & & TC4 4k & 4414 IPF &
Fig.6 Horizontal inverse pole figure (IPF) of TC4 titanium alloys with different B contents fabricated by LCD: (a) 0.05%B, (b) 0.5%B,

and (c) 1%B

7 LCD JJEAIE B ik TC4 #k &4 b TiB HIFESH S i
Fig.7 Morphologies and distribution of TiB in TC4 titanium alloys with different B contents fabricated by LCD: (a) micro morphology of TiB,
(b) 0.05%B, (c) 0.5%B, and (d) 1%B
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K8 LCD MEAIR B &5/ TCA BRa & i Wil
Fig.8 Microhardness of TC4 titanium alloys with different B
contents fabricated by LCD

HitE, 4B A i 0% N 1%K, BAEE (HV)
i1 3067.4 MPa $27+% 3512.8 MPa, 4/l B JC & A LA
A, SRS AR B PERE

K95 LCD WJEAE B & & TCA Sk &&=k
PR A3-MiAR 2k, B B RS EM N, TC4 865
SR R, HRM R TRER

FK2NLCD AR BHRETCAKEEME
A RE £ s . LCD BRI A S B L& TC4 %K
& MPRmEIA 848 MPa, BE#E B & &8N
F| 1%, TC4 tk& & M Pihr 8 fEiL 3] 1119.5 MPa,
SRFEHE T T 32.02%, {HZEff3%H 10.75% F &
3.5%, HEARGRIEMF I ERET, HIE M2 PR
FEE
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Fig.9 Stress-strain curves of TC4 titanium alloys with different B

contents fabricated by LCD

#2 LCD MHAE B &E TCA KEEMEIRRMH R
Table 2 Room temperature tensile mechanical properties of TC4

titanium alloys with different B contents fabricated by

LCD
Sample Tensile strength/MPa Elongation/%
TC4-0%B 848.00=8.00 10.7540.25
TC4-0.05%B 891.5044.50 6.0020.50
TC4-0.5%B 1024.00+1.00 8.2540.25
TC4-1%B 1119.50-+.50 3.540.50
3 it ik

3.1 LCD AR B &= TC4 ShE MR
it TC4 K& &R LT ki RSP 7E 4500
um™, A TAERH] LCD il 4% TC4 £k & 4 (1 F 2 ki R
S5 1294 um (&1 5). B JTEREINE N 0.06%H)#iE TC4
ERE4 PR R R S 360 pm*?, A TE LCD JF B
JCER N 0.05%[1 TCA BR & P 1 fRL RS 8 178 pm

Liquid Prior 8 grain

Prior £ grain

(&l 4), KH LCD HARBUIES B 1 TCA Sh&aH LT 4
/No JEIEXT LCD BB S B () TC4 £k& 4 A 410t
ATLARIL, T LCD RUBIFES &k A B PR e,
B RS TR, I LCD BUEA &
R RS G A & RSN . FIRTRESE B ST &N, R
LA R TiB A BB AR A, A S35 5] BLAE
pn gt A BT (B 7), BE%E B & RNk
TN

LCD B B KA &M EBEE #UE & 10 fros. Tl
BEMARIEBEOCRIER T R AL SGh, bEERE
IBEAK, A EBE T ah e, iR B PR R p AR S SR
JERE (B 10a), RAEEAEAE, B HH e K
K(E 10b). T B JLERAE TCA R E & 3R I AR P
009 0,029, - [A] e i i 1 A5 e VAN ) B TR M
JE 46 B AH dORE ) [ T RS 5, TR R R = AR B o)
A, EERE S RTTHIL B TRE R E L, FEUHIN
PRSI IR, & RE R T ATV T AR
SEAS, XK T E AT p AL RS 1, (T
B hIEAZ (B 10b). MR AR T L iR R, W)
FHF R LG g ARAN TiB AR AT (B 10c), & 5 AT
WA E S FEOCE TiB MEZNTH, TiB HHE
S AT AL GG B shi K Z BRG], XTHIE B
eR e EAER (B 4). M4k 80A H AR R, o
FAFFLETE SR AR ) p ARG FR S AT (B 10d), 4ifb)E
BRI SN o AHERAE T 58 2 IBAZT S, b HH
TiB MHHECN o FHFTEAZ TS, Bl o M52 B gH /N
MR (K 4), 443 2401 10e 7w TiB #H7E TC4
B4 IR AT 1 B A e A0S 2058
3.2 LCD B4R B &E TC4 ShE T RILINIE

HE 7. K8 FI5k 2 HdlnT s, B B uER =i
%, LCD WJEANF B & TCA BkA 4 (1Al 5 A5k i B
EHEFF. LCD MUJEA B & TC4 A& & 1smit 3 2

boundary

K10 LCD SJEAIR B &8 TCA A& a ke m 2K
Fig.10 Schematic diagrams of solidification of TC4 titanium alloys with different B contents fabricated by LCD: (a) liquid state, (b) precipitation

of S phase, (c) precipitation of TiB, (d) transformation of £ phase to « phase, and (e) final solidified structure
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Bl Hrh WP RAE SIS, AL 11 P,
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A b
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BIDIRE, y UHESERREAR, b MR KR K E,
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Vp Sy 5 UKL K AR AR 0 K th (1) AN (2)WT LUF i BE
B &R, TiB WA HIE K, SRR BN
WE . ATAEF TiB MR R 75 /F LR (A
e 12 P, fE SRR F A AR S 3 & TiB Ak A g€
B THFEALAE RE R PR A B, HEIXS TiB 53
JEEA PR e A i R 2R 2

LCD i fe b TiB Jy s 2R me, [A B 5 2 1A
MR LLSCHl R IFA &4 &, AWK 4 aREL TiB A3
BLop AL AL, T AR B BT ARk BT IR
DL Ak T & b TiB 2 32 2 Bl A% d R s, 456

kL AL 24 PO,
AGipg =0.5V,0, (3)

R, Adioag VBT IRALIE R IE R B, o HIE
AT IRBREE , V, SO R BURL I PR AL B, T LA
54 PR R R SRR AR S SR AR R, Y
TiB AEK 7 1155 52 7175 1) ST I R 8 907 A4 18 B A 1
FH R 13 o5, BE A& 4 e 81 R R R 2R
WA, BT TIB A5 AR mEE, D RTE AR
X 350 ) TiB 38 3o 7K 5% Fa] [ A4 i F) 80 e v 2 2 PO 7
FE, 24 TiB AKZ 030 2 B 3L 3R B AR PR BN, o A i
53

ME 4 R 5 T LR BB TIB S %,
TC4 4kAr 4 ) ORI B A8 4, ARHE 2B /R -0 A A AR 1Y,

. . Dislocation loo
Dislocation P

¥
‘/®—> ®—>

- ©
TiB
B BT R

Fig.11 Schematic diagram of Orowan strengthening mechanism

K12 AT TIB RHURE K

Fig.12 Schematic diagram of TiB failure due to matrix cracking: (a) in-situ tensile test phenomenon and (b) simulation

K13 TiB 2 & i% AL oR & A

Fig.13 Schematic diagram of TiB strengthening parallel to the growth direction: (a) in-situ tensile test phenomenon and (b) simulation
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CleaveGe steps

50 \um

K 14 LCD EAE B 4 &l TCA SR E R A BH b7 O 50
Fig.14 Morphologies for tensile fracture of TC4 titanium alloy composite materials with different B contents fabricated by LCD: (a, €) TC4-0%B,

(b, f) TC4-0.05%B, (c, g) TC4-0.5%B, and (d, h) TC4-1%B

o =o0,+Kd _% 4)
X, o NEEIERERE, o0 NPT EEIIE T, K
R AR R R EL d NSRRI BLAE . AT R
BHEGIBREES SR RS AR, X2 A SR 1Y
LA BEAGIE G, BEEMIC R S &M, g
A4 b )RS 1294 pm ks 2] 28.6 pm, AJ DL
Han A Sk, RkanE 8 AEl 9 Fivn LCD A
TCA B & 4 M FEANR L G N . BLAL T B AR
REFAE, SFEO AR SIS 245510, b
E B uEAEA, BPmEHGAEL (K4, SR
I —FRBT), HR SIS 55T LCD RIE &
B If] TC4 K& & hihram S A HA (R 1E FH o A RE 3
BT TiB LA4H/NRURI8 S) oy AR AE Stk v, PR BB
SREGRAGEIR 2 Ah, JERN TiB A & BAT 5 i
RS N TiB &t A B g, FrilbEsE B ok
SR TCA 4L & 410 SRR B 3B T
3.3 LCD B4R B &E TC4 ke h BT

14 5 LCD JEANF B & & 2 1) TC4 k& &40
T 30 . TC4-0%B A FE W7 1 2 11 HH oK &0 53 14 Bl
(Kl 14e), AW RAHINRIAFAAE (Bl 14a). FEEITTER
PRGN, e B PR, T M T I 2R 7 A 1 6 o B
% (K 14b~14d, 14f~14h), 4l & RIS 1%0), & 44
W (B 14d) KIHSFRE, RENMEERRE FHEM
TESR (Kl 14h), TG R L IAFAE .

4 % it

1) LCD HiEAIR B & TC4 SkE&H o M. B

FHEAJe TiB AHAL, BE&E B & &340 TiB A7 5 %
S P IRV 0, E S AR ST R AR O AN R Y
B IRACHT H -

2) LCD JEAIA B & & TCA k&4 1 R i 408
A B S ENE IR EA . B & & 0% 4 1%0, TC4
KA & T SRR ST B 1294 pm 98/ #1) 28.6 pm.

3) LCD MJEAIE B & & TCA 8K&4, TE4H
A AT A% 38 B AL FT B D R AY 3 PR AL LRI AE R,
P o i 848 MPa #2713 1119.5 MPa, & (HV)
i1 3067.4 MPa 27+ % 3512.8 MPa, {H 4 {1 88 14 P& A%
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Effect of Boron Content on Microstructure and Mechanical Property of TC4 Titanium
Alloy Fabricated by Laser Cladding Deposition

Jiang Muchi®?, Ren Dechun®, Cai Yusheng®, Zhao Xiaoyu®, Ji Haibin®, Lei Jiafeng"?, Yang Rui*?
(1. Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)
(2. School of Materials Science and Engineering, University of Science and Technology of China, Shenyang 110016, China)

Abstract: There is an urgent demand in aerospace applications to develop titanium alloy materials with high specific strength,
high-temperature resistance, and wear resistance. Hence, the TC4 titanium alloy composite material was fabricated by laser cladding
deposition (LCD) technology, and the effect of boron (B) content on the microstructure and mechanical properties was studied. The results
show that the B element can significantly reduce the grain size of the TC4 titanium alloy as fabricated by LCD. The increment of B content
exhibits grain size reduction from 1294 pum to 28.6 pm, which gradually weakens the columnar grain caused by LCD. When B content is
low, the TiB formed during LCD forming process of TC4 titanium alloy mainly enriches at original grain boundary. And with the increase
of B content, acicular TiB gradually precipitates inside the grain. Consequently, the hardness (HV) of TC4 composite material increases
from 3067.4 MPa to 3512.8 MPa and tensile strength increases from 848 MPa to 1119.5 MPa with an increase of 32.02%.
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