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Abstract

In this study, the effects of heat treatment on the microstructure evolution and mechanical proper-
ties of physical tensile titanium alloy castings were systematically investigated. Based on the in-
depth analysis of the phase transition mechanism of titanium alloys, the microstructure and tensile
properties of the samples under different treatment parameters (including temperature and time)
were observed by the combination of solution treatment and aging treatment for the first time. By
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), the microstruc-
ture characteristics were accurately characterized. It was found that heat treatment significantly
improved the uniform distribution of § and « phases, refined the microscopic grains and promoted
the precipitation of the strengthened phase, which directly led to the co-optimization of tensile
strength and ductility. The results show that the tensile strength of titanium alloy can be increased
by about 20% and the elongation is also increased at the appropriate temperature. Through the
quantitative analysis of the relationship between tensile properties and microstructure under dif-
ferent parameters, the microscopic mechanism between hardness, strength and toughness was
clarified, and the theoretical basis and practical guidance were provided for the application of tita-
nium alloy materials in aerospace and automotive industry. These findings not only promote the
development of titanium alloy heat treatment technology, but also lay a foundation for the optimal
design of multicomponent alloy materials.
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e, fEN MR E AL A TERERET XN SRR, CAEARZ TV AU R 72 BB H
ATt REA R AE AT AR, PR S P 2L SRR e L o B2 5 f0 57 A e PR RE RO RBLES R F
RAPUERAF R B E . BT, Ti-6Al-4V SEER A SAORHE R LTS 2 A0 ZE H LR B0 2 N, AU
Mg 7O WWLE E, BERTE TIRMRCR, e 7R AT R e,
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LR BN, KE AN AN QO2D) IR LR II[1], AAEBEXT Ti650 A& & v T R R gL & 715
PEREMIIRTT BA B0 I HEIRAE AN (2022) BRI [2], FAKEBERERS 35 0058 TC4 Bh & e RO A
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BAKIME, AU RET AR RACESHARE . PRI ] 7% 5077 3085 0 k& S8 A L UL Y
S, JE AR K. KSR B TR RGO T ORGSR S RE RO AL R . X i AR
A B FIRAN B & e A BN, VR B TRt SN ARGt T EES %, Wil sRa
iz PR T OB (SEM) S22 S 7 R P BE(TEM) S5 SE HEROR T B, AT TURHAR A 4B 7 A AE B A Bk
FEMWAHRIEZ I, NG SR VEREIR T 5 B 9 5858 I ek fll . (R, @RS B A A
FIFAMEHE T2 RSEI AR, AR FURRIRT BR & G AR BEBOR AR KK TT 18], AR FEN
AR A

2. AABTZHEICEM

(—) HAEFER S

PALFE T ZAE R AL BR & & I O 45 8 R0 Jg 22 M e 7 T 4 v 28 R R B A B, HG o A AL B
(Solution Treatment) 5 i} XAk #(Aging Treatment){E NP FiZ 0o F- B, HoAH BLAE A R B8 (R 52 JT A
BE . BEAET @RS S MR R L EARE 2 B, AR T A4 NS ) AH4E (Phase Transfor-
mation), {2 & 4 %745 4 . — 1) f #H(Beta Phase), AT 235 $& 1+ 7R SE 1 o b 3 2 5 %l DA S04 (Quench-
ing)Fe AR, DUV [E 8 & S il NSRS, (R WARSRHE, 5 IR B 58 1 MRk LI 1
(Ductility) f137¥£(Toughness).

TEIRAWE TR A S A T 2t #E A, IR KAk (Annealing) 5 1 ‘K 4b B (Normalizing) {F 4 i F 85 %2
RN TI73, & BRI R 535 R ANME,  FEX PR R ER 1t B P AR TR s [3]. IR K AR ER i
TR AR — iR fEE AR H I 72, PRI R RERE,  [RIF eis H t fndit . tbid #E, 1Bk
7S AAMUA B TR A MM AE 13 514, B R E_ T T o fH(Hexagonal Close-Packed, HCP)5 g
FH(Body-Centered Cubic, BCC)[IFaE 4, BEMARAL T AR 4E MR PUg 55 98 %

Nt — IR ER G P BEATL I BB, AW TSR 1 R A AR B 70 5 S AR PR IR AR TT . 5L
J3F R g RS AR A AR I R AR Y o I VR 4 B AH AR I AR T B 20 AT O ST R, FRATTRE e B v
iff 1A T IR U 48 FAKE B KA S O S5 14 5 J1 2= R RE R IR, AR B T2 DA T T AR A B A IR S )
HIRHEA, X EAMUEE TGRSR R, e R SR T 5 N 0 5
€ IR ERA . PR B T ARG MBI R R R N AT SR, B ALEE . AR R KA KR
KAEFREETESA T, EERAF RGN, TASERTHRA &ML ETERE, W2 H M 20
TR

(Z) KBS S H A

BG4, REHAEBRRNURYERE . ORI Bl FAR AR % B, EA IR BRIT 38 hlk 2
TS Z U 2] 7 IZ R H[4]. Rtk, XHERE S AH NIRRT R A FT, X T HARH AR SRz
[N FERC R, JCHORAERE B AR h )28k, BARIUONERE . ATR AR RS S A AL H], IR
NG AT SRR AR () OGN 28, R 2 A AL 38 Ik R rh e B RN [R) AR AR B0 7 5 AR AE P i s, IE4E G
SIS BE AT IR AN RIE

wiE 1, RGNS FEW R o FONTTEHERAES gAML SZITH) 2 B AR . X —AHAR
AMUIRZN G2 A KA 4 )RR S50, i B RE T H )5 Re, WidiH s fE (Ultimate Tensile Strength,
UTS)FH AL {1 % (Elongation). SZIGHURM R, EAFPLIZEMAT, KEET o HRER S EEIH ZFF
RS . XA P b B AR o IR A [ 25 DA O, 82 BB O A 2R SRS 1
AR

b 2, TREEAE A AR R R 3R 2 —, FE syl sf A T R 0R T g E N, FINIERT o
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FERITEE, o AR S RO R Fekass, X PR T iR AL BN o A1 B ARER AR REE R . (B9
HREAE, PR A S RE ST s B A&, JCHRTE o AR H08 b 2 8.00%~10.00%
BF, BrhipRFEHH 1064 MPa 22 T F# 2 955 MPa, 1M (A8 28 WUAH RS2+ 28 20%~30% 2 [A], X787 i B 1
FHAS X A4 AL 40 1 1) E B R 5]

W 3, AAK BRI R PR RIS AR AR 25 S P A . TERRE IR EVERE Y, 41 900°C R, ZEKHA
AEFEIN [ AT REARHE o AHIGE T, RS IR R R B, 2RI AR . X R,
TEIE AN, K AL (B B 3R 15 AL I 2G4 SR, 3ok 9 SRR T 8] ) v 8- 5 B At b
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Figure 1 Schematic diagram of phase transformation mechanism of titanium alloy
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Figure 2. The effect curve of temperature on the volume fraction of alpha phase in titanium alloy
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Figure 3. Effect of heat treatment time on the tensile strength of titanium alloy
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Ak, BEEER . EE R L HAIIEH SRS R R WA AR R = AR E B . SRIR SR B,
ANFER SIS HA G 233 o AR BRI R I A8 . X — LG 1 SLi it S
BN, DU ORAE SEBRA P BRI SRS M U 35 K& S 0 1 RE

KGR S — N R R EGREER R RIS . @R AT AL B) 7 5 AR =),
PATTAT LAAE ST B A I A AR I R A, A EE T R AP A B S AR P o S EE o A A B I I A
WA 24, MR H AL o A5 B AHIEIA 34, LR B S FHERE SN IERE . XX T 24T
MEAE AR = 1 RE R B 4 AR I B A B B 1) S PR s SRR A« AR SR I 58 Rk — D R & A sz e [ 3%
DUIHIR A AR & AR A ML 0 S0 A T ER A, T HESNER & AR R 38 5 R AL

(Z) #ALPET Y M BE 2 AL

TERANR AL B TR RGBT B RE VR FAHLBRIN , A b SR AR T H GO A 23 S5 4 i) Bh s
AR R, JCH TR SRR A AR BN ) SRR S AR AR = R BT 7T 6] KA E TR 4584914 & HH o AH (alpha
phase, ZHF/NT74514)5 B M(betaphase, 03777 S5 M) ILRIMI R, 3 LU, 23 8] 4 A J R THIAR EIRES
SEAE R RE A v g AR o 18I [ VA b H (solution treatment) 5 i 2042 (aging treatment) 3 Rl TA %, AT
RSB AR AR LU . TESRRIE S o Ao, 2R R SR AR BB T - B4 B 5] 280

YEN G R MR B AR A DR, A T 20 K& 56 1R o FE S5 I 3 ML 75 2 R4
R AL 0 FE I RANSENT[ 7] KA S RO S5 KR E A ZE R Y (a AH BAH SRR dioRi A 445
FIORSEBEEE . TRAR & 1) e 1) AR i e S LR Yue . R g R, @ % SHOn#GR . 1/
TR R]) 530 ) % 2R A HV R 2 AHAR RS ) P R, ATl B A —a MY SR . g AH— S IK

4t H

A D) AR R A AR S 2 EANAR IR AR, JFAERE SR AT - 2B - AT O, EIRARAR 5 FRAs I R (A 1
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GVEH, BHESEMEINEEEE . A FRFER) BN, RARINEN 124 €
BEIFE[8].

AW R @ISR - J1 - WEZ IR A AR S) J1 R, T B ARAT AL I S 00 A AR B AR I 3
AEAS PR E M B M A, AR R - OSSR - SRR RO REE EE, RS S b
T 2B T SR AR S % .

3. LR E S5

(—) SEEGALRLIYIERE

Table 1. Summary of experimental data on the effects of heat treatment on physical properties

2 1. AAIEXTIE M RER AV SCIR BRIC 2
AT Fr A R
Hi R FR(UTS, MPa) FEMIZR(EL, %) THEE(HV)
i 850 12 350
[E AL FE(ST)
900 15 360
N 1000 10 380
IR AEFE(AT)
1050 18 370
B K 4 FE(Annealing) 600 20 300
1E K 4b¥E (Normalizing) 700 25 320

TEIACH BLRF 224008, #kb B (Heat Treatment, HT){E N —FhE Z N THA, JCHAEEKE SN
o, R R A SRR SRR AR, . ARE S AR e B B R B TR TR SR R, M
TR BEITE 0 v & R 3RS T 2 N . SR, A IE AR B R B e 2 SR TR
KA s T2 MG e EE 9], N TIRFHER G S LG RE, AR AU TR A R #d #1
T2 R A S5 1 1) B A 2 R B AR PERE RS2 [10].

N4 B R AL BRI 0 28 S R B, He A A5 [ %5 Ab P (Solution Treatment, ST). I &4t (Aging Treat-
ment, AT). i ‘K 4¥(Annealing) 5 IF Kk 4L FE(Normalizing) . 3836 AS R AL FE T2 0 R G104, A SCE M
AL F IR B 4 FIAH AR I 40 2175 A8 (Phase Transformation and Microstructure Evolution)iZEATIR AR IS [11].
HART S, VA AL 3 B 08 A SO AR THER & 8 I AHVE B IR & S e 3 IIUTIE, 110 B J5 R 47 1R B 25 Ak 100
AIRE— AR R ) ) S e, 38 I 28 AR R FE AT 5 A L s 3804 v 2 R T S B S PR M 1 1T

AL L S R RE IR OC R R AT T B OV A BERTARE FidR K& S B
HI RIS WAL, B3 IR (Martensite) 5 a #H55 . ASFEAT IR S AN #2508 o/ B
FIFEAR, WIS R R A o B S GE 1 o DL Ti-6A1-4V &8 061, 843 #7 A [H) [ 73 A0 BRI FE R A AR
AR B S R A R AR AT [ ef B, B TR R, TS E R PVE B T 2R B IR HZ A S R R,
T KPR bz {4 B (Ultimate Tensile Strength, UTS)5 %4 % (Elongation, EL)Z [H]BX 5 R 4 () °F- 45 .

bRy, fEsLi i Sisbr it B, Wk 1, A FCRA TR E RSO E T, A
F5 2 T H 2O %2 F B (Mlicrostructure Observation Techniques)F1$ {8 P4 58 1 107t #2 (Tensile Testing Proce-
dure), FHPRATAS B0 EE A B S E LA TS, IXONTR N B A PR AL B G ER & e I s ma L 2508 T
it GBI X SLISHAR LRSI T, A SRR A R AAC IR AT, 02 5B 0 A B[R] 0] 7 A 14 g
e . i, @RS, ASE AL PR BT T R o B BB I R I A A, R BRI oM A
A J1 e e Z M A LR R, NS UL BT HR A UK -
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AHIEFEAORE 28 G b 52 I AL B R < 0 1 1O S i L), S e o T 4 ) 250308 2 A 5 S e
A FE BOR B2 SN2 BN AN, AR R G e AR T A 4 A B 2 1) B SR A SE B AR 4R

AR TS, WA &R RO E 2, H E S 3 f5 28 Se 00 80 (1 vT SEvE 50 20k . FERFRER
GG SZIG A RIS, ARIEA R 22 o S5 ZH S5, 40 “ o M (alpha phase)” 55 “ B #H(beta phase)”
L], PARIIIZERESEINMT G, BiE TIEIm&8RR . il &y, Fad “mR%iE
(sand casting) ” BY, “ M5 B84 18 (investment casting)” I 77 AT #1E , B TR B6 1 IO B0E M S OM ZH 2325 5 1 .
bEJ5, KH “E mYI%(orientation cutting)” 757k, K EEATHTIE BFRHE FRFE AR (nhr R, PR
WAE “ASTM ES8/E8M” #rifk ACRIEBURE RIS W

(=) s S5RiE bR

TERFFE “ KBTI B AR ER & S5 AR SURVERE RS2 I, W B S50 e 7 2 — Mok
WZ[12][13]. VS EEFEMEREE . T O8R4 B S, XS E B B 1k 1
FATERE . FEARBETCH, AR PR E IS a5 Rk il X Se V) 3 S8, il i R A 428 1 Se 58 2 11, TR iz
PR FEAARE RN, ARSCRE R BUR & S B E R IR TN ) - MAR 2k .

FERIRER Y, AR SO SR DL R & R R AR B 3 -

F

o=—

4
Hi, o &MEIRL), FRMMEITT, A 2RI A AR o« @ 577 AR AR B 2l e th 22,
AT LA — 2B AT AN [ A BRAS TR G S 1 D 5 R AR A . X PP & Ak 23 17 07 V23 B A SRR A B A 3
T FERTER G S5 IR g2, AT D040 D AN B FH MR

TEWT ARG B IR RE RS, BB ER & B R EEWSLI T VEL —. T & Tt
RO EE R, 85 K 2 A% (Optical Microscope)-5 14 Hi 5% (Scanning Electron Microscope, SEM)
RS G SR F B XM RS & RS, 256 W LR 7RG S E A R HR BE 261 R 4
LIk

2 BAEAE N — P IS TR, AT DA SO ER BB & S A 2R . A T S L At 2 7
FRAE o 38 IR SR AT 38 2 B G A B, BG5S [RIAH 2 (B BT LG, T4 7~ HE 4 2R 25 4 4
o BN, ESHT a MEHXTFRE R ST EAAN)S B AH(RR PTARAR) B R AR, A AR TE T 52 3
AR EVRFAE LA SR AR R RE Hh deoRE AR A DL, IR N B ARAH A AL BE5E 1 Al

P BRI — UG SIS, o H IR RGP VPl R & 56 1 E 5 S S B B FH PR 5 R ML 5
BEAGEREM:, ZIMRIE S G “ hi T YE (Tensile Testing Standards)” . MRIRAE & 56 L AL M
(R £, FE IR R AL AR AE RS DI, R R AL, PAZRBRRPRAEM)Z, FE iR R I,
DAEE G o WA 28 R 7 A S

4. TWHER5TR

(—) FAL PR X H SR 45 R ) S

TEE @A RN T4, HUAbPE T 2AE MR B S SR iz O F B, SRS B rHERe it
BAEATERPER[14]. ABFFERTRE B0 LS ST R RERGIESLL, 8T 2 SHE R
FE - WA - B EEE), GG BRI SEIES, o 7 A AR5 00 7511 B B P AE R BRAL )
[15].

1) R 2R A A 5 A AR Bl ) SRR

BT BB (OM) S5 7 BB (SEM) IO 2 BT, 456 H 75 BUR AT IF(EBSD)HI AR, AL
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SE BB T AR LME T o tHHCP 45849)5 B #HBCC 5 AL kb R~ & S THRFE . B 5
gE R

IR AL FE(700°C~850°C): o MR B IE 70%~85%, Shki EHANEHIRG (KR L 3~5), &%
G B 5 25 R THEBSD U 25 A AT IEAE 5°~15%)0 BEI Bl o MIFIERIL STEE NS, SRIgI RN
B ERETIIRLE IR L, (H A 20 = 12% + 1.5%) 52 FR T oo AH IR BRI RFAE « T # b #2(900°C~1000°C):
BAFFIRTERZIY &, TR “a MAEEAR + B AHERIRAT I 7 IXUAHZAER, B ARIRF > H0E 15%~30%. LR i
RS RAE S FRALEAS, o HSRALE 10~15 um, 10 B AH SR EAZ A 22 22 5 S0/ NBURDIR (3~5 pm) .
FEHm AR EE(1050°C~1150C): B HHTE 2 E SRR > 85%), KA 3E K ik AL CE 8 dRL R ST > 50
um) 5 4L AT, FEREA RREE o MR 2R . I BRI SRIE B N, (B RIRT & 25% +
3%, R BAHIIACEN 5 L RS

2) AHZARI T H Y - P RE O BUBE 2 b

I ZE R A B (DS C) S K R G A AR IR S X W) (a—~ B AL AR IR Ms = 985°C +
5C, & TIREE Mf=1020C £3°C), FF&5& 124 [16]1H 5 (Thermo-Cale #4F), A SCEESL T AHARIRE(T).
PRIRL 18] () 5 B A S 0 i 7 i T AR

ABAS I B BUBE AT 24 T > 1000°CHY, B ARARI 2 5U(VA) 5 R ARG K ¢ R (VA =15.667(0.0023
(T —985)), R*=0.97), H.&H R (D)AFH A3 28 it iz B2 4 i T (D = 5.2 + 0.03 (T — 985)%, um).

3) KRBEAHAZ )5 Ve e R B

i B R R A B A R

1£ 1000°C/2 h+ /KELMHTR, A BUE 28%, Ak UM EE 8 um, BEEFPRIGEEE - ¥
FIPESRAE . ZILGIET AR RS a/p SR IV EIEH . U ER BEC T 800°CRY, AR
T FI(HCP £54, c/a=1.59)JE%, HEVARILIEE Ac=210 MPa (4341 o A1), [FIRHE AT L& A0 6] /45
i, 4 ARGRE ST A 1050 MPa. SR1, MG MEARAE S BUE R FEIKE 9%.

4) TEZEAAS MR T

I I v B THTE (RSM) KT #ib BE S B0 AT 2 /A, SRS st T2 E 1

SRR SR : T=950°C/1 h+ W (c02 =950 MPa, 0 = 14%)

PIER SR T=1020°C/2 h+ 7K¥% (002 = 820 MPa, § = 22%)

ZEEYERERE: T=980°C/1.5h+ 53444 (00, = 880 MPa, 6 = 19%)

(=) FAKLBE X R A 4 R 1D 52 )

1) AEZAT R e 7 B

TEWF RIS R A S8 S M RE R B AR rh R B8 0 BT A5 D — T LA SE 30 R,
FLAEAN R P 2% At SR AR Ly DG [ 17] 0 385 il P P e i R A 3, T DA BV i 7t AR ] A A 3 P38 6t iy
fvERERIREM,  HE 7R LRI 18],

FEWTFCER B G5 0 I PR T 3 RS, S [ 160 00 Ak L e ] o Ao 1 e ) S i 450 M B8 3519 #AkE
PR, BEAE TR, AORL A IR SR R IR R AR AR A, X — T R R AR A A AR X A A R
M . AHAFIE E (Phase Transformation Temperature, PTT)J$2TH S8 T 4k &4 o #15 B AHI EL]H %,
BEMT M AR S5 K . In7E 650°CH1 750°CHIFALBEZE MR, ZEK AR (A fE /2 {E S AH(Body-Centered
Cubic, BCC)#442 A a #H(Hexagonal Close-Packed, HCP), M5 #2 i 2 FIZH 233548 .

TEXER B S F IR P P RE AT KRR AR, #VCES R BRI N EE, ILRES T H
XA RO H S 544 B 52 J7 T [20] . B TR R BA, FAhMERE I B35 38 m, A2 s AL FT 5] I T 45
MR B IR ). N, S AL B SR, iR R (R, AT DA RSO A 4 A 2E s DA
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SRLRSE, XA b 5 ek A AR A B W A S A 2
5. 4518

TR SRR E T2 ARGV TS b, A SO AL R Bk & 6 1 SO AL 2R S 1 L 2
WAk B R A BRE B AR . FEA R A BRI (8] 26 AF N, KA o M5 ARSI K
BT RFAA, TR 7T RE . WETCAE SRR W], I B A ] AL BRI A B A A B T,
VLA RO R & e i am B  DIVE BB, IR RURLF BT, W S AN TR BN, A
it ] 8 A R AE R AL SOV S5 A4 A RTINS S (kT ARAR B A2, T i 482 B IR R AL BRE — Ak T BT AR KT 18
WERT TMBRZRETER . WRMOWAR I AEERE, ALK G SIoRECH . 1 2 K ORI 8] J % 2005
o PR A B A R S vk e 7 A B RO . S K T o A A B B R M 25 A, R
LSS Ko NER R CR I AL I Pech =R i PG N LS N0 N7 AT (S SN e Q1D W L IV SO R
FERAL I T Z b e SR e o b, DASKEUSE AR B SN FHRICR - RIS, BACAR B L A S it
MR A A bR TR, RS HEIEHI S8, T G A B 2RI PE R % o AR IO IAAE B
BRI EHERESR AL T TSR, R SEILRAT WEOR GR35 e 2 TH i B At . @ a0t
R G T ZAL, RO FAERUEUR . RS S R T A S U i) |32 P 3R B D I S 1
OREE . B FCAE R AHE N, AT DAHES R & AR DR UK A fie 3y Hoh <2 i A et 1) R A B AN
IR AL, B UM RIR 2R 5 a0 . Fik, Sha R TZRmRR S0, FREARRM BT
ANV A B8 — T O 55, 9 Se B )it 5 T FRp S JE H AR ok 0 o Sl 25 A W S SRR
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