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Table 1 Basic information and characters of raw powders and powder mixture for synthesizing PM Ti-5553 alloy

Measured oxygen Nominal particle

Particle size distribution/um

Powder Nominal purity
content/% size/um d(10) d(50) d(90)
HDH-Ti 99.6% 0.23 <75 27.043 53.252 84.458
Al 99.9% 0.25 <40 20.578 38.678 63.559
V65-Al35 Commercial 0.35 <63 28.882 52.790 85.627
Mo85-All5 Commercial 0.32 <63 22.689 34.587 75.547
Cr70-Al130 Commercial 0.25 <63 25.548 32.487 76.971
Powder mixture - 0.33 - 32.654 44.987 83.547




3554 HHEA SR AR 2021412 A

B 1 8 G eeR R R SR AR
TS

Fig. 1 Morphologies of raw powders for
synthesizing PM Ti-5553 alloy: (a) HDH-Ti
powder; (b) Pure-Al powder; (c) V65-Al35
master alloy powder; (d) Mo85-Al15 master
alloy powder; (e) Cr70-Al30 master alloy

powder

(a) (b)
o Flow argon atmosphere
Vacuum sintering
Power supply
Induction heating
Green compact .
Thermomechanical consolidation Green compact
Relatively high cost Ultra-low cost
High energy consumption Energy saving (about 1.6 kW +h per compact)
Long time (up to 10 h) Short time (16—17 min)
Expensive facility: Vacuum sintering furnace ~ Cheap facilities: Induction coil + Press + Argon protection chamber
Relative density =95% Relative density =97%

B2 LG hed T2 YU K B 45 T 20t
Fig. 2 Schematic diagrams comparing features of conventional vacuum sintering(a) and rapid thermomechanical powder

consolidation approaches(b)
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Fig. 3 Appearance of as-consolidated(a) and as-forged
alloy(b)
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Alloy stages

Powder mixture
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Green compact

As-consolidated billet ~ As-forged pancake

Fig. 4 Relative density variation situation and relevant densification mechanisms during processing procedures of alloy

Bl 5 &b AR 4 bE A B 1 e A 2 21

Fig. 5 OM microstructures of PM Ti-5553 alloy at different stages: (a) As-consolidated billet; (b) As-forged pancake

(a)
a precipitation

e

J matrix band

Bl6 et b B MO AL SR IR 80

Fig. 6 SEM microstructures of as-forged pancake at various magnification times: (a) Low magnification; (b) Middle

magnification; (¢) High magnification
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Fig. 5 OM microstructures of PM Ti-5553 alloy at different stages: (a) As-consolidated billet; (b) As-forged pancake

(a)
a precipitation

J matrix band
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Fig. 6 SEM microstructures of as-forged pancake at various magnification times: (a) Low magnification; (b) Middle

magnification; (c¢) High magnification
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Fig. 7 TEM microstructures of as-forged pancake: (a) Phase distribution; (b) Dislocation configure; (c) Microstructure and

SAED result
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Fig. 8 SEM microstructures of as-forged pancake after heat treatment at various temperatures: (ai)—(as) 600 ‘C; (bi)—(b3)
650 C; (c1)—(c3) 700 C; (di)—(ds) 750 C; (e1)—(e3) 800 C; (fi)—(f3) 850 C
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Fig. 9 TEM microstructures of as-forged alloy after heat treatment at 700 ‘C: (a), (b) Phase distribution; (c), (d) Phase

constitution and local enlarged image; (e), (f) Detailed structure and SAED of transformed /8
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Fig. 10 TEM microstructures of as-forged alloy after heat treatment at 800 ‘C: (a), (b) Phase distribution; (c) Phase
distribution and SAED result
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Fig. 11 Schematic diagram demonstrating micostructural evolution mechanism of alloy during heat treatment at various

temperature: (a) 600—650 C; (b) 700-750 C; (c) 800850 ‘C
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Table 2 Mechanical properties for alloy at various stages
Alloy condition Yield stress, Ultimate tensile stress, Strain at failure, Microhardness,
Y YS/MPa UTS/MPa &% MH (HV)
As-consolidated 853 913 2.4 357
As-forged 1333 1434 2.5 469
600 C-annealed 1325 1410 34 453
650 ‘C-annealed 1295 1360 43 442
700 C-annealed 1255 1335 6.6 432
750 “C-annealed 1138 1215 7.2 398
800 ‘C-annealed 1062 1078 4.7 342
850 ‘C-annealed 935 1008 2.9 325
1500 8 1500
%‘:’ 1400 15
2 1300} - -
@ = &
- (]
2 12001 1s & Jao0 £
5 1100 | 2 <
=3 = ]
g : i ] 14 E ke
g 1000 ® '— Ultimate tensile stress @a 4350 S
% ® — Strain at failure {3
900 F 4 — Microhardness
1 ; 1 i ; 1 1 1 2 n 300
d 3 A A d
. A & N2 A2 N3 N2 N2 N2
R P,%’&o‘% o o N < oA < C 2 oC 2 . <+
a e AN &N 10 10 SO 0
Alloy condition
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Fig. 12 Line chart showing mechanical property variation for alloy at various stages
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IM Ti-5553/similar alloy

W Ti-5553 (ST) Ref.[19]
Ti-5553 (ST+AG)  Ref.[19]

B Ti-55511 (ST+AG) Ref.[20]
AM Ti-5553 alloy

@ Ti-5553 (SLM) Ref.[21]

@ Ti-5553 (SLM+HT) Ref.[22]

HIP Ti-5553 alloy
A Ti-5553 (HIP) Ref.[23]
A Ti-5553 (HIP+HT) Ref.[23]
A Ti-5553 (HIP+HT) Ref.[24]

P&S Ti-5553/similar alloy
@ Ti-55511 (P&S+TMP+HT)  Ref.[25]
® Ti-5553 (P&S) Ref.[26]
@ Ti-55521 (P&S+TMP+HT) Ref.[27]

This study (low-cost PM Ti-5553 alloy)

* One-step forged and fast-annealed (600°C-750°C)

IM: Ingot Metallurgy AM: Additive Manufacturing
SLM: Selective Laser Melting  HIP: Hot Isostatic Pressing
P&S: Pressing + Sintering
HT: Heat Treatment
Ti-55521:Ti-5Al-5Mo-5V-2Cr-1Fe

TMP: Thermomechanical Processing
Ti-55511:Ti-5Al-5Mo-5V-1Cr-1Fe

B 13 AWl 0 Ti-5553 SEE B0 RiG & T 26 & 5 Ti-5553 & &SR & a2 =i hn i
REHURLIRSE . )R R E R
Fig. 13 Comparison of tensile properties (UTS and tensile elongation) between Ti-5553 alloy in this study and Ti-5553
alloys (or alloys with similar nominal compositions) manufactured via IM and other PM approaches!'*"!
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1) WIHAIER A AR B R A Ry Kb 4 [ 45
T, £ 1275 CHyREE Nl imshm SR P
IIEVE, H4 T R p A Ti-5553 A4, FifSE 4
G PLEE, AHX % BEILH] 98%, TR 2R
B0, TAREMRERIR AR RORL, oW 6k .

2) S B RIE IR E, &t
1, GaHE S CLERE, Py A 2 0 A 4 5l
FETF % 1434 MPa A1 469 HV .

3) PREIR K ALEE, G E IO 2R ) 2 1
AES LA A AL, JLAOI L 4R g 244 i AR 4
Ao I FEE A A B v PR U

4) HIALFR FE A 700 ‘CHI 750 CHF, A48
P BN R AT 5 BPETAD, P o B ALK 5y
SN 1335 MPa F1 6.6%. 1215 MPa £l 7.2%, J5 A
FEZ AT o A AR 25 4 T [ B AR ] 4 110 5
VE R AL AR AR = & S 3 ST R R AR BE 7, A
& B m R B B .
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Workability, microstructure evolution and property variation of
powder metallurgy metastable £ titanium alloy manufactured by
fast consolidation and processing approach

ZHAO Qin-yang', XU Yi-ku', CHEN Yong-nan', Rob TORRENS?, Leandro BOLZONI?, Fei YANG?

(1. School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China;
2. Waikato Centre for Advanced Materials and Manufacturing, University of Waikato,
Hamilton 3240, New Zealand)

Abstract: A fast and cost-affordable processing route has been designed to manufacture powder metallurgy
metastable f titanium alloy Ti-5553, containing rapid powder consolidation, one-step thermomechanical processing
and fast heat treatment. Microstructure evolution mechanism, property optimization mechanism and
microstructure-property relationship of the alloy during whole processing route were uncovered and elucidated
thoroughly. The results show that the homogeneous macrostructure with high relative density but without obvious
defects is achieved for the alloy after thermomechanical powder consolidation. The microstructure and mechanical
properties of the processed alloy show high sensitivity to the heat treatment temperature. Specifically, the
microstructural regulating and mechanical property optimization are successfully realized after one-step forging
and fast annealing for one hour, with satisfactory strength(Y'S)-ductility(er) combinations of 1335 MPa and 6.6% at
700 C, and 1215 MPa and 7.2% at 750 ‘C, respectively. It is deduced that the hierarchical precipitation structure
can stabilize the strengthening effect and improve the compatible deformation ability, which is beneficial for the
concurrent high strength and moderate ductility.

Key words: powder metallurgy; metastable g titanium alloy; cost-effective; thermomechanical processing;

microstructure
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