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Microstructure and Mechanical Properties of TC4 Titanium Alloy Formed by
Selective Laser Melting After Heat Treatment
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Abstract The effects of three heat treatment methods which include annealing, solution hardening of two-phase
regions, and solution and aging treatment on the microstructure and mechanical properties of TC4 titanium alloy
formed by selective laser melting (SLLM) are investigated. The results show that the fine acicular martensite is
formed in the TC4 titanium alloy formed by SLLM and there is nearly no 8 phase, which makes the TC4 titanium
alloy have high strength and poor plasticity. After the 840 “C /2 h/air-cooling (AC) annealing, the microstructure of
TC4 titanium alloy is consisted of (a+ () phases, which makes TC4 titanium alloys have better strength and
plasticity. After the 940 ‘C/1 h/water-quenching (WQ) solution hardening, the staggered basket-weave (a-+ )
microstructure is obtained in TC4 titanium alloys, the strength decreases significantly and the plasticity increases
because of the increase of B phase content and grain size. After 940 ‘C/1 h/WQ++540 °C /4 h/AC solution and aging
heat treatment, the (a+8) phases are formed and uniformly dispersed, and the a phase coarsens, which result in
the decrease of strength and the slight increase of plasticity. After heat treatment, the residual stress and the

tendency of the strain cracking of TC4 titanium alloy decrease. The better strength/plasticity matching of TC4
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titanium alloy formed by SLM can be obtained by the annealing heat treatment of 840 °C/2 h/AC.

Key words  laser technique; selective laser melting; TC4 titanium alloy; heat treatment; microstructure;
mechanical properties
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Table 1  Chemical compositions of Ti6Al4V power (mass fraction, %)

Element Al \Y% Fe C O N H Mo Mn Cu Sn Y Zr Ti
5.500- 3.500-
Content 6.750  4.500 0.140 0.007 0.130 0.007 0.002 <<0.050 <C0.050 <C0.050 <C0.050 <C0.050 <C0.050 Bal.
. .0

#2 TC4HEHE SLM MBS H
Table 2 Parameters of TC4 titanium alloy formed by SLM

Parameter Laser power /W Scanning speed /(mmes ') Layer thickness /pm

Value 180 1250 30
22 PAMBTEHEILZIT
X} SLM B TC4 k& & i AT1R A [ | [ B 20 = A #ab BE S 05, HARIAE B S 200 3% 3, o WQ
FERKVE . IR AL FT DU BRI T B e A i AR AR R ) AR A A R L R R L S TR
T B FCAAR L 20 fili A 4 PR BB AL L 3B JCIR B2 B A F P45 S TRLEE (750 °CO R B AHAEJRLEE (995 °CH0) =2 i) , AR 3¢
HGR SRR 840 °C o []i Ak P98 58 v U ORI 2ok R 1 6 4 v 45 AR A A L R Ak [TV A B2 v 1RRE B0 Pk L T R G
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Fig. 1 Cylindrical drawing part of TC4 titanium alloy Fig. 2 Physical picture of drawing part of TC4 titanium
formed by SLM alloy formed by SLM
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# 3 SLM WJE TC4 $h& & Aabh B4 1

Table 3 Heat treatment conditions for TC4 titanium alloy formed by SLM

Heat treatment mode Heat treatment condition
Annealing 840 ‘C/2 h/AC
Solution hardening 940 °C/1 h/WQ
Solution and aging treatment 940 °C/1 h/WQ-+540 C/4 h/AC
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Fig. 3 Microstructure of untreated sample. (a) OM photo (light part is «' phase and dark part is B phase); (b) SEM photo
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K 4 Pies ik eead 840 °C/2 h/AC $AAE S ARAF Y RO AL 2L, aT DL B, il o+ B IR 5 218U . B
FRFR N E0 2100 BOR AL PRI A 0 25 B o [RD I 5 R 22 AV A 2 90 S AL U LE L o 2R T ORLAL AR ORE
PEJE N (1.50420.04) pm, HALST B o AR AR BUR  TE B PN 38 EL AT AR [) BB B9 o SRR

4 840 °C/2 h/ACIR kALFLJG TC4 kA £ BMAIE. () OM B CGEEF SR o ML EFEE SR 84D (b) SEM M A
Fig. 4 Microstructure of TC4 titanium alloy after 840 ‘C/2 h/AC annealing treatment. (a) OM photo (light part is «
phase and dark part is 8 phase); (b) SEM photo

22940 °C/1 h/WQ PIAR X [ 35 AL R L TC4 B 5 & T 2256 4 SUHES (1 ) BE 21 21, 1 5 i om
oI5 AT, 55 O 25 FGE KOS HE L BURE RO AL R rp B A 5 0 2 AR AR B 4106 5o M A
H &R A RL 98 B2 A8 O (3.60220.10) pm, K9 HE ) T B, LSNP B0 20 KB o AR AR T 2l
Bl 5 Ca) Sk A BT

5 pm

El5 940 “C/1 h/WQ B FEALFLE TC4 k& 4 M B L, () OM B GEOIMAH o M. B AN 84D (b) SEM 5
Fig. 5 Microstructure of TC4 titanium alloy after 940 “C /1 h/WQ solution hardening. (a) OM photo(light part is «
phase and dark part is 8 phase); (b) SEM photo

6 iRl TCA KA 44 940 °C/1 h/WQ+540 °C/4 h/AC [E3 I 20 B 5 (1 Tl 41 21, & ik g1 41
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2 P T S ME T HE R S B B K . WL o A B B AR B B S I MR, TR IE R 43 i N B A B 4 A Y

AN AP
= N

5 um

Bl 6 940 C/1 h/WQ+540 C/4 h/AC [ I AL B TC4 Bk A & 1 WA A,
() OM B Jr (S5 R0 o # . W G823 2 B AHD 5 (b) SEM R
Fig. 6 Microstructure of TC4 titanium alloy after 940 °C/1 h/WQ-+540 ‘C/4 h/AC solution and aging treatment.
(a) OM photo (light part is a phase and dark part is 8 phase); (b) SEM photo
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Fig. 7 XRD patterns of TC4 titanium alloy samples produced by SLLM after different heat treatment processes
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Table 4 Mechanical properties of TC4 titanium alloy samples formed by SLLM after different heat treatment processes

Heat treatment mode Tensile strength /MPa Yield strength /MPa Elongation /% Reduction of area /%
No heat treatment 1130.55 1079.44 12.73 22.49
840 C/2 h/AC 954.84 927.16 18.95 31.44
940 C/1 h/WQ 880.67 841.37 15.95 15.36
940 °C/1 h/WQ+540 C/4 h/AC 901.93 890.31 15.35 10.89

M2 2% SCHk (21 ] nT A0, 3% 58 #4040 IR k TC4 Bk & 4 09 §0 PL 38 B O 996. 43 MPa, Ji IR 38 & 4
945.86 MPa, ZE A1 2y 18.80 % , W If W 4 2 30.00 %, 3 4 A1, 538 #4508 k TC4 2k& &A1k,
SLM Ji§J¥ TC4 BkA 4 BA 5 E & AN RS . 1 SLM JE TC4 kA & il 4 it 840 °C/2 h/AC iR
KARER S L ER o B AR A R LA B Cat @) AR L X6 38 P A 458 405 4 T s TRl B, AR O S5 fboc 2 & 48
TE o M, B2 A8 A B i B A5 IR T o HH Y R EE L DR O o K o i R R 2 b R . R4
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EL ity 5 TN o B i) AN ] A AT 7 A I, 2 BEL A  B E  AE ) B9 S 25 L 5 2 /S PR DC IE PR RE AR . X T
SLM M TC4 B3 41,840 “C/2 h/ACIB K2 A& MR T 20, 248 T 55 1 1 fE 3018
B Y iR R / BRI T

Kl 8 iR SLM B TCA Bk 4 7E 4 MAREITT ST Al LB S . R 20 Ak 31 aCRE L JH: Wy 11 B A5 4T
TR B fige BRREAE AR AE L SOAF AR 088 R AE L I R D 0 I M TR 5 T 288 X T 0B A | T 2 1T 9 I 280 1K
R G W AL 29 S A W7 28 s AR A A e AR A PR R R PN 0 R T B Y S B s T AN T 2R 4R 5 T T
SEh R e SEEELAE

B8 AL B T 2T AW IBS . () RPULH; (b) 840 °C/2 h/AC;
(¢) 940 “C/1 h/WQ;(d) 940 C/1 h/WQ+540 °C/4 h/AC
Fig. 8 Fracture morphologies of samples after different heat treatment processes.
(a) Untreated; (b) 840 ‘C/2 h/AC; (¢) 940 C/1 h/WQ; (d) 940 °C/1 h/WQ+540 C/4 h/AC
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Fig. 9 Schematic of residual stress measurement points on TC4 titanium alloy sample
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maximum:
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minimum: ( minimum: 0 minimum: 0

10 AEMEHT LT TCAKRES RN AT E., () KM ; (b) 840 °C/2 h/AC;
(c) 940 C/1 h/WQ; (d) 940 C/1 h/WQ+540 ‘C/4 h/AC
Fig. 10 Stress simulation of TC4 titanium alloy samples after different heat treatment processes.

(a) Untreated; (b) 840 ‘C/2 h/AC; (c¢) 940 C/1 h/WQ; (d) 940 ‘C/1 h/WQ-+540 C/4 h/AC
5 ARIIMAIET T SLM BB TCA 84 4 bk 10 5% 43 I 1 520 K 45 EAH

Table 5 Measured and simulated residual stresses of TC4 titanium alloy samples formed by

SLM after different heat treatment processes

Residual stress /MPa

Heat treatment mode Measured point -
Measured Simulated
Point 1 175.5 183
Point 2 258.4 260
Untreated

Point 3 113.3 127

Point 4 106.1 115

Point 1 58.6 59

. Point 2 72.0 76

840 C/2 h/AC

Point 3 68.9 72

Point 4 59.3 55

Point 1 83.0 77

5 Point 2 94.3 95

940 ‘C/1 h/WQ

Point 3 82.6 91

Point 4 73.1 71

Point 1 47.1 41

5 . Point 2 59.9 55

940 C/1 h/WQ +540 C/4 h/AC

Point 3 49.5 51

Point 4 41.0 40

4 & i

58 7 SLM WJE TC4 B06 &0 =F b3 T 20, a0 1T = Fh i b 3105 35 N il 2 LR ) 22 ke iy 22
SR T4,

D SLM JE TC4 k& & N AEHIR D IR AR 2L, 5 B v S IR, 43 840 “C/2 h/AC iR kb FE 5,
SLM J§JE TCA kA 4 19 B 2 i Cat RO AHAS AR L SRR A9 HT P70 58 B K F 950 MPa, Wi 5 2E R & 1 18 %,
RAG T RAE R R /PR VT,

2) i iF 940 °C/1 h/WQ Wit X [E 7 AL, SLM JE TC4 BKG& & TE L T 385 (a+-3) M IEH 2L, b &
TG R B TR L B OFE A G R, A RHL AL L R B R I R R SR

3) SLM Wt TC4 k&4 25t 940 “C/1 h/WQ-+540 °C/4 h/AC [H 17 IR b B, Az i X &) 9k B0
CatR)AH o AHAHAL . 5 B2 BEAG , BB PR /NI R &
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