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Fig. 1 Laser melting deposition system. (a) Photo of the system; (b) forming process; (c) forming path;

(d) tensile sample

2202001-2



F 48 % 5 22 H1/2021 £ 11 A/HEHN

AT 5X10 "R HO 7T DI Rk & & iR
EEDEMNERBBIY., Z RSB %A TruDisk
6002 i F =030 3 OB 28 10 B KBk T R oh
6000 W)\ YC52 2 3k Ko DU B[] il 3% A Wi s . 1l
e 1) fiaw, i TC1L &
4 M R SR R FHE e WA 25 Ak T A 7 I EROE M L B R
KIARIE I 45~150 pm, By R B A BALH TR K
Mz OHR, TCLL Bk & &8 AR Ak 2% il s n 2 1
FT7R o By AR Al FH AT A A BT A T 4~
6 h LAREAR A Hh i 7K 938 B, I 3 0O A 1 3 3
M. R Z FRAMRNE T TC11 8k A & Pk
O DTRURIE , an & 1 Ce) B 2%, J2 18] 39 48 5 3
% 90°, BUE it B h R 2238 A AL FEFE N
KVEFEMT 510 ° (RB A ED . % B 15 5]
9 TC11 8K & MR A J7 ) (L) A B F Ui
D71 CT ATV E L, VI @15 mm #4157 4 38 3 A

25 mm X 15 mm X 15 mm B 5008 2H 23 00 3= Bk, I
SR FH R 3R A A B0 i) B ot HL kA7 R AR B, R R
FAN () v ek AR KU B X BB A4 A AU g A e Y
M BLA, B E TR 2 R BN R e R GR KOR
JEF M # Ak B Hoh A E O O A (AC),
P DTS R AR Ak B0 25 B i T b o B R R
WE 1D FFR A6 T e B AL Ik % R
P AV RE

FH Kroll’s i #] (HF ,HNO, \H,O B {&F I
R 1:2: DX TC11 KA &l 43T B ot e 1 3=
AT A7 6 Tl s SR SR FHOIG 2 8 U8R COMD L 431 4 i %
(SEMD . X 5 2% A 1% AL (EDS) 45 i 35T 81 25 1 4 4b 34t
A SMAL o R oA AR R W7 OB 5155 F
ARG 0 134T 455 2% $Ah B L 41 40 Rk 22 1] Y % 7
KR NRTHEICIE TR TC11 8 & & M 1 0 25
G ERe e 5.

F 1 TCL Bha &M AR L2
Table 1 Chemical composition of TC11 titanium alloy powder
Element Ti Al Mo Si Zr Fe C N H O
Mass fraction /% Bal. 6.7 3.5 0.21 1.1 0.03 0.01 0.005 0.0008 0.097
F2 WHIR KA BT S
Table 2 Double annealing heat treatment
The first annealing treatment The second annealing treatment
No. Annealing Annealing Cooling Annealing Annealing Cooling
temperature /°C time /h method temperature /°C time /h method
1 1025 1.5 AC 550 6 AC
2 1010 1.5 AC 550 6 AC
3 995 1.5 AC 550 6 AC
4 980 1.5 AC 550 6 AC
5 965 1.5 AC 550 6 AC
6 950 1.5 AC 550 6 AC
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Fig. 2 Microstructures of as-deposited TC11 titanium alloy. (a) Single cladding microstructure; (b) microstructure of
A zone; (c) microstructure of B zone; (d) microstructure of formed parts
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Fig. 3 Microstructures of as-deposited TC11 titanium alloy. (a) OM morphology of equiaxed zone; (b) OM morphology of
columnar zone; (c) intragranular OM mophology; (d) SEM morphology of equiaxed zone; (e) SEM morphology of

columnar zone; (f) intragranular SEM morphology and EDS point analysis
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Fig. 4 Microstructures of TCI1 titanium alloy at different annealing temperatures. (al) Intragranular microstructure at
annealing temperature of 950 “C; (a2) grain boundary at annealing temperature of 950 °C ; (a3) SEM morphology of
a phase at annealing temperature of 950 “C; (bl) intragranular microstructure at annealing temperature of 965 °C ;
(b2) grain boundary at annealing temperature of 965 ‘C; (b3) SEM morphology of « phase at annealing temperature
of 965 “C; (cl) intragranular microstructure at annealing temperature of 980 °C; (c2) grain boundary at annealing
temperature of 980 C; (c3) SEM morphology of a phase at annealing temperature of 980 °C; (dl) intragranular
microstructure at annealing temperature of 995 °C; (d2) grain boundary at annealing temperature of 995 °C;
(d3) SEM morphology of « phase at annealing temperature of 995 °C; (el) intragranular microstructure at
annealing temperature of 1010 °C ; (e2) grain boundary at annealing temperature of 1010 °C ; (e3) SEM morphology
of a phase at annealing temperature of 1010 °C; (fl) intragranular microstructure of o phase at annealing
temperature of 1025 “C; (f2) grain boundary at annealing temperature of 1025 ‘C; (f3) SEM morphology

of a phase at annealing temperature of 1025 °C
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Fig. 5 Tensile properties. (a) Transverse tensile properties; (b) longitudinal tensile properties; (c) yield strength ratio;

(d) anisotropy
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Fig. 6 Tensile fractures of as-deposited TCI11 titanium alloy. (a) Macroscopic morphology of longitudinal fracture;

(b) longitudinal fracture at low magnification; (c) longitudinal fracture at high magnification; (d) macroscopic

morphology of transverse {racture; (e) transverse {racture at low magnification; (f) transverse {racture at high magnification

.
(f) 1025 °C
Fig. 7 Tensile fractures of TCI1 titanium alloy heat-treated at different temperatures. (a) 950 °C; (b) 965 C;
(c) 980 C; (d) 995 'C; (e) 1010 C; (f) 1025 C
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Microstructures and Mechanical Properties of Doubled Annealed
Laser Melting Deposited TC11 Titanium Alloy

Hao Yunbo , Zhao Kai, Huang Yeling, Qi Chaogi, Du Yang
Shanghai Aerospace Equipment Manuwfacturer, Shanghai 200245, China

Abstract

Objective TCI11 titanium alloy is lightweight and has high strength, and it has a great potential to replace high-
strength steel as the main bearing components of aerospace, allowing for lightweight application. Traditional
manufacturing of large titanium alloy structural parts generally requires large forging equipment and moulds,
resulting in considerable manufacturing challenges, such as low material utilisation, long manufacturing cycles and
high equipment and production costs. Laser melting deposition uses metal powder or wire as raw materials to form
layer by layer via laser rapid melting, and it can directly realize the near-net shape of complex metal parts from the
CAD model. Because this technology does not involve thermal-mechanical processing, the amount of removal is
small, and it can avoid the dependence on moulds and large forging equipment, it can significantly reduce the
manufacturing cost and cycle of large metal components in the aerospace field. The microstructure of titanium alloy
deposited using laser melting is complex and the mechanical properties are anisotropic. To meet the application
requirements of aerospace main load-bearing components, the heat treatment of TC11 titanium alloy components
formed using laser melting deposition must be studied to homogenise the structure and anisotropy and improve the
overall performance of laser melting deposited parts.

Methods The as-deposited TC11 titanium alloy was subjected to double annealing heat treatment in this study to
investigate the effects of different annealing temperatures on the microstructure and mechanical properties of the
TC11 titanium alloy. In this study, a Z-shaped scanning strategy was used to perform laser melting deposition of
TC11 titanium alloy bulk. The scanning trajectory between the layers was deflected by 90°, and argon gas was
introduced during the forming process to reduce the amount of water and oxygen volume fraction in the glove box less
than 5% 10 °. The deposited sample and the heat-treated test bar were processed into standard tensile samples, and
their tensile properties at room temperature were tested on a universal tensile testing machine. Kroll’s reagent was
used to corrode a TC11 titanium alloy sample (the volume ratio of HF, HNO,, and H,O is 1:2:7). The structure,
element distribution, phase composition, and fracture morphology of the deposited and heat-treated titanium alloy
were detected and analysed using an optical microscope (OM), scanning electron microscope (SEM), and energy
dispersive X-ray spectrometer (EDS), and the relationship between heat treatment-structure-performance was
established, providing guidance for improving the comprehensive properties of TCl1 titanium alloy components
deposited by laser melting.

Results and Discussions Along the deposition direction, the structure of TC11 titanium alloy exhibited alternate
growth of columnar grain zone and equiaxed grain zone (Fig. 2). The deposited state’s micro-structure was
composed of the Widmanstatten and mesh basket structures, and a portion of the clustered phase in the equiaxed zone
grew through the entire grain. The phase of the intragranular basket structure gradually coarsened as the annealing
temperature increased and the aspect ratio gradually decreased. When the annealing temperature rose to 1025 C,
the intragranular structure abruptly changed into a fine needle-like basket structure and the aspect ratio increased.
With the increase of the temperature, the grain boundary « phase gradually appeared discontinuous, spheroidised and
disappeared. When the annealing temperature was 1025 ‘C, the continuous grain boundary « phase was reformed in
the equiaxed grain boundary (Fig.4). With the increase of annealing temperature, the overall tensile strength (R,,)
showed a slight decrease; when the annealing temperature was 1025 ‘C, R, increased, and the range of variation in
tensile strength was <<3.76% . With the increase of the high-temperature annealing temperature, the yield strength
(R,.,) did not change much, and the range of variation in yield strength was <<1.16%. The percentages of
elongation after fracture (A ) of transverse sample showed a slight change as the high-temperature annealing
temperature increased, and the longitudinal sample increased first and then decreased. In general, the reduction of
area (Z) showed an overall trend that increased first and then decreased. The yield ratio increased as the high-
temperature annealing temperature increased, reaching its maximum at 1010 C. The laser melting deposition of
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TC11 titanium alloy had a strength that was nearly isotropic, and heat treatment had little effect on the anisotropy of
tensile and yield strength.

Conclusions The deposited structure of TC11 titanium alloy exhibits columnar/equiaxial alternate growth along the
deposition direction owing to competition between heterogeneous nucleation and epitaxial growth nucleation. The
deposited microstructure is mainly composed of the Widmanstatten structure composed of grain boundary cluster a
phase and the intracrystalline fine needle-like basket structure. As the annealing temperature increases, the aspect
ratio of the intragranular « phase decreases, and the grain boundary o phase appears discontinuous, spheroidised, and
partial disappeared. When the annealing temperature is 1025 C, the grain boundary reforms a continuous grain
boundary « phase, and the intragranular structure abruptly changes to a refined mesh basket structure. Both the
mechanical properties of deposited and heat-treated TC11 titanium alloy can meet forging standards, and double
annealing can significantly improve the deposited mechanical properties. Owing to the intragranular and grain
boundary structure, as the annealing temperature rises, the strength of the TC11 titanium alloy first decreases and
then increases, whereas the plasticity increases first and then decreases. With the increase of annealing
temperature, the yield ratio first increases and then decreases, reaching the maximum at 1010 ‘C. The strength
anisotropy of TC11 titanium alloy in the as-deposited and dual-phase zones is less than 3%, which is close to
isotropy; the plasticity anisotropy first increases, then decreases, and is smallest at 995 ‘C. The transverse and
longitudinal tensile fractures of the deposited state exhibit intergranular fracture characteristics as a result of the
intragranular structure and continuous grain boundaries; after double annealing, the grain boundaries appear
discontinuous, spheroidised, and disappeared, and the cracks continue to grow by the mechanism of micropore
aggregation, and the fracture surface shows the characteristics of ductile fracture, and the dimple fractures are the
most uniform at 995 C .

Key words laser technique; laser melting deposition; double annealing treatment; microstructure; mechanical
properties; TCI11 titanium alloy; anisotropy
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