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Abstract: Cyclic thermal exposure tests of infrared heating to 800 °C in 120 s followed by compressed air cooling to 150 °C in 60 s 
were performed for the laser deposited Ti60A (Ti5.54Al3.38Sn3.34Zr0.37Mo0.46Si) alloy. The effects of thermal exposure cycles on 
length of β phase, area fraction of α phase and microhardness of alloy were examined by OM, SEM and EDS. The results indicate 
that thermal exposure cycles have significant effects on length of β phase, area fraction of α phase and microhardness of the alloy. 
The original fine basket-weave β and 78.5% α transform to transient wedge-like β, finally leaving granular β and 97.6% coarsened α 
with the increased thermal exposure cycles. The formation mechanism of coarsened α and broken-up β microstructure is discussed. 
The alloy after 750 thermal exposure cycles has the maximum microhardness, 33.3% higher than that of the as-deposited alloy. 
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1 Introduction 
 

Near α titanium alloys have been extensively used 
in aero-engines as compressor disks and blades because 
they exhibit both excellent creep property of α alloys and 
high strength of α+β alloys [1]. Typical examples are 
Ti−Al−Sn−Zr−Mo−Si alloys, such as IMI834, IMI829, 
BT18Y, Ti-1100 and Ti60A alloy [2]. A near α high- 
temperature titanium alloy, Ti60A 
(Ti5.54Al3.38Sn3.34Zr0.37Mo 0.46Si), was developed 
in China to be used up to 600 °C for the compressor 
disks and blades in aero-engines [3]. Manufacturing of 
these critical titanium alloy components by the 
traditional wrought based processes involved a series of 
hot working steps [4], resulting in time consuming and 
high manufacturing cost. Laser melting deposition (LMD) 
manufacturing was a rapid solidification process based 
on layer-by-layer materials melting and deposition to 
fabricate fully dense near-net-shape metallic components 
[5−9]. Titanium alloy parts with dimensions up to 1730 
mm×250 mm×230 mm and mass up to 50 kg per part 
could be successfully produced by LMD manufacturing 
[5]. Therefore, the ability to fabricate large near-net fully 
dense parts gave LMD an advantage to other techniques, 

especially for manufacturing aerospace components. 
An important issue of near α titanium alloys was 

service reliability, which was greatly affected by 
microstructure evolution during severe temperature- 
fluctuating service process [10]. Like other near α 
titanium alloys, a certain amount of Al, Sn, Zr, Si and so 
on as the primary alloy elements were added to Ti60A 
alloy to enhance their heat-resistance [11]. However, the 
high heat-resistance was usually obtained at the cost of 
thermal stability loss. The main factors were surface 
oxidation and microstructural changes during long-term 
high temperature exposure [12−14]. GUAN et al [3] and 
JIA et al [15,16] reported that surface oxidation was the 
main reason for microstructural changes and the 
reduction in ductility during thermal exposure. In 
addition, the coarsening of the γ′ precipitates was the key 
factor for the degradation of long-term thermal stability 
of CMSX-10 superalloy [17]. Till now, few studies have 
actually addressed the effect of thermal exposure on the 
microstructures of laser melting deposited Ti60A alloy. 
Furthermore, as for compressor components applied in 
the cyclic temperature-fluctuating service environment, 
cyclic thermal exposure is more reasonable than 
traditional constant temperature thermal exposure to 
reflect service reliability of the alloy. 
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The objective of the current work is to investigate 
the microstructure evolution behavior of laser deposited 
Ti60A alloy as a function of thermal exposure cycles. 
Effect of thermal exposure cycles on length of β phase, 
area fraction of α phase and microhardness of the alloy is 
examined by OM, SEM and EDS. The formation 
mechanism of the broken-up β phase within α matrix 
during cyclic thermal exposure is discussed. 
 
2 Experimental 
 
2.1 Laser melting deposition of Ti60A alloy 

Laser melting deposition (LMD) was a material 
additive rapid solidification near net-shaping technology 
controlled by a computer-aided design (CAD) model 
[18]. The high energy focused laser beam was employed 
to induce the melting pool during the scanning controlled 
by a CNC motion system. The alloy powders were 
injected into the laser focused zone and fully melted and 
rapidly solidified layer-upon-layer directly into near net- 
shape structure. Similar forming process of laser melting 
deposited plate sample was shown in Ref. [19] in detail. 

The Ti60A alloy plate with dimensions of 250 
mm×150 mm×30 mm was fabricated using a Rofin 
DC050 type 5 kW CO2 LMD manufacturing system in 
an argon purged processing chamber with an oxygen 
volume fraction less than 70×10−6. The LMD processing 
parameters were as follows: laser power 5 kW, beam 
diameter 5 mm, beam travel speed 500 mm/min, powder 
feed rate 600 g/h. After the LMD process, the material 
received a stress relieving treatment at 650 °C for 4 h, 
followed by air cooling. In this work, this state would be 
referred to as the “as-deposited” state. 
 
2.2 Cyclic thermal exposure test 

Chip-like specimens with dimensions of 40 mm× 12 
mm×3 mm were machined from the laser deposited 
Ti60A plate. The cyclic thermal exposure (CTE) test was 
conducted in infrared heating & compressed air cooling 
device with 4 infrared lamps of 6 kW. The equipment 
power varied through the program adjustment to provide 
different quantities of heat automatically and accurately. 
Chip-like specimens are shown in Fig. 1. 800 °C was 
selected as the maximum CTE temperature to ensure 
service temperature of 600 °C in most service time, 
which was the general service temperature of most near 
α titanium alloys. The lowest temperature obtained via 
compressed air cooling was 150 °C. The average infrared 
heated area was 12 mm×12 mm×3 mm in the middle of 
the specimen. Each thermal exposure cycle consisted of 
infrared heating to 800 °C in 120 s followed by 
compressed air cooling to 150 °C in 60 s (Fig. 1(d)). The 
numbers of cyclic thermal exposures of 50, 250, 500 and 
750, were referred to as TE50, TE250, TE500 and TE750, 
respectively. 

 

 
Fig. 1 Specimens of laser deposited Ti60A alloy before (a), 
during (b) and after (c) cyclic thermal exposure test, and 
illustration of cyclic thermal exposure (d) 
 
2.3 Microstructure characterization 

Metallographic specimens of laser deposited Ti60A 
alloy before and after CTE were prepared by 
mechanically grinding and etched by a solution of 1 mL 
HF, 6 mL HNO3 and 143 mL H2O. To investigate the 
depth of the surface oxidation penetration zone, 40 
mm×3 mm section of the specimen was examined with 
optical microscope (OM). To avoid any effects from 
oxidation, the center microstructure of the 40 mm×3 mm 
section was examined by CamScan3400 scanning 
electron microscope (SEM) equipped with energy 
dispersive spectrometer (EDS). Quantitative 
measurements of the area fraction of α phase and the 
length of β phase were conducted on at least five 
micrographs with different magnifications for each 
specimen. Microhardness was measured using a 
HXZ−1000 Vickers tester with a test load of 4.9 N and a 
dwell time of 10 s. 
 
3 Results and discussion 
 
3.1 Microstructure of as-deposited Ti60A alloy 

Microstructure of laser deposited Ti60A alloy is 
shown in Fig. 2. The α/β lamellar colony is formed 
through the solid state phase transformation from prior β 
phase during rapid cooling through the β-transus 
temperature in LMD process. The orientation of the 
colonies is largely related to the twelve variants of the 
Burger’s relations. The α/β lamellae grows following the 
Burgers orientation relationship, {0001}α//{110}β//, 
1120 // 111α β〈 〉 〈 〉 [20]. The alloy has a fine basket-weave 

microstructure with α lath spacing approximately 1.5−4.3 
μm and β lamellar length with an average of 20 μm. The 
area fraction of α phase is approximately 78.5% (Fig. 
2(b)). 
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Fig. 2 SEM micrographs showing microstructure of as- 
deposited Ti60A alloy 

3.2 Effect of cyclic thermal exposure on 
microstructure 

The OM images of 40 mm×3 mm section of laser 
deposited Ti60A samples after different CTE tests are 
shown in Fig. 3. The dash line indicates the boundary of 
the degraded microstructure marked by zone A and pure 
α featureless zone marked by zone B. The average EDS 
results of oxygen content of zone A and the average 
depth of zone B are shown in Fig. 4. The average oxygen 
content of zone A (mass fraction, %) increases from 
3.42% (TE50) to 7.02% (TE750). Similarly, the average 
depth of zone B increases from 40 μm (TE50) to 215 μm 
(TE750). It can be mainly attributed to more oxygen 
penetrating into the alloy, and oxygen element acts as 
one of the most important α phase stabilizing elements. 
Large pure α zone is developed with the increased 
thermal exposure cycles. 

The enhanced oxygen penetration process can be 
mainly affected by the thermal stress accumulation with 
the increase in thermal exposure cycles. Although alloy 
atoms distribute uniformly, uphill chemical diffusion 
happens easily when stress gradient exists in the alloy 
[21]. 
 
D=kTB                                     (1) 
V=BF                                      (2) 
 
where D represents chemical diffusion rate, k represents 
diffusion constant, T represents temperature, B represents 

 

 
Fig. 3 OM micrographs showing 40 mm×3 mm section of laser deposited Ti60A alloy: (a) TE50; (b) TE250; (c) TE500; (d) TE750 
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Fig. 4 Effect of thermal exposure cycles on average oxygen 
content of zone A and average depth of zone B 
 
transfer rate, V represents atom diffusion rate and F 
represents value of stress. 

Equations (1) and (2) illustrate that chemical 
diffusion rate (D) is determined by transfer rate (B) and 
temperature (T), and stress gradient (F) is the driving 
force for atomic diffusion rate (V). With the increasing 
thermal exposure cycles, stress gradient is accumulated 
in the laser deposited Ti60A alloy and enhances the 
atomic diffusion. Thus more oxygen atoms occupy the 
interstitial positions dissolving in α solid solution, 
resulting in the enhanced oxygen penetration process. 

Microstructures of the laser deposited Ti60A alloy 
after cyclic thermal exposure are shown in Fig. 5. 
According to the Rosenberg’s aluminum equivalent 
formula [Al]eq=[Al]+[Sn]/3+[Zr]/6+10(O+2N+C)≤9, the 
aluminum equivalent of laser deposited Ti60A alloy is 
7.23, which is lower than the critical value of 9. This 
means that the microstructural changes during thermal 
exposure may not lead to the development of α2 phase 
and silicides. Microstructure of TE50 changes little  
(Figs. 5(a) and (b)), compared with the as-deposited 
alloy (Fig. 2). Few β phases start to disperse, and some 
edges of the β phases coarsen slightly. It is notable that 
the original basket-weave microstructures become so 
dissociated that cannot be distinguished any more from 
TE250 to TE750 (Figs. 5(c)−(h)). The coarsened 
wedge-like β phase of TE250 and TE500 are the 
intermediate morphology (Figs. 5(d) and (f)). Finally, 
few granular β phase and most α matrix occur in the 
alloy (Figs. 5(g) and (h)). Meanwhile, the length of β 
phase decreases from 20 to 3 μm and the area fraction of 
α phase increases from 78.5% to 97.6% with the 
increased thermal exposure cycles (Fig. 6). There is a 
microstructure evolution tendency that the as-deposited 
lamellar β phase breaks to granular β phase, and higher 
area fraction of stabilized α phase occurs. The possible 
tendency of the final microstructure after numerous 

thermal exposure cycles is the disappearing of all β 
phases and the development of all α phases. 
 
3.3 Formation mechanism of unique microstructure 

of broken-up β phase in α matrix 
Schematic diagram of the formation of the special 

broken-up β phase and coarsened α microstructure 
during cyclic thermal exposure is shown in Fig. 7. It is 
essentially attributed to β phase coarsening and 
dissolving interactive process during thermal exposure 
cycle. The oxygen content of TE250 is 3.92%, while the 
oxygen contents of TE500 and TE750 increase to 6.56% 
and 7.02%, respectively (Fig. 4). In the previous 250 
thermal exposure cycles, the oxygen penetration is 
insignificant, so every thermal exposure cycle is 
dominant. Each thermal cycle contains 120 s up to high 
temperatures while 60 s down to low temperatures   
(Fig. 1(d)), the time of α transforming to β process is 
longer than β transforming to α, so the β phase 
coarsening plays a leading role. Different phase 
boundary morphologies result from different interfacial 
structures and energies between β phase and different 
parts of α laths [22,23]. Some active α/β phase 
boundaries dissolved and released β stabilizing elements. 
The immigration of α/β phase boundaries leads to the 
formation of broken and coarsened lamellar β phase 
during previous 250 cycles. 

The oxygen penetration process is enhanced with 
the increased thermal exposure cycles (Fig. 4) and 
oxygen as one of the most significant α stabilizing 
elements is helpful to form stabilized α phase. So, β 
dissolving process is dominant and coarsened α phase is 
developed in the later 250 to 750 thermal exposure 
cycles. It is acknowledged that the specific surface 
energy of granular β phase is in more thermodynamic 
steady state than the wedge-like β phase. Thus, the 
wedge-like β phase is the intermediate transient 
morphology, and the smaller size of broken-up β phase 
and edges of wedge-like β phase disappear together, 
leaving a small amount of granular β phase and 
coarsened α phase alone. 
 
3.4 Effect of cyclic thermal exposure on 

microhardness 
The influence of cyclic thermal exposure on 

microhardness of the laser deposited Ti60A alloy is 
shown in Fig. 8. The microhardness values of TE50 and 
TE250 increase slightly. While, it is notable that the 
hardness of TE500 increases by 18.7% compared with 
the as-deposited one. The microhardness curve displays a 
linear increase feature from TE250 to TE750. There is a 
hardness peak for TE750, which is 33.3% higher than 
that of the as-deposited one. 
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Fig. 5 SEM micrographs showing microstructures of laser deposited Ti60A alloy: (a), (b) TE50; (c), (d) TE250; (e), (f) TE500; (g), (h) 
TE750 
 

It can be seen explicitly that both area fraction of α 
phase and length of β phase of TE50 change little (Fig. 6), 
and the same microstructure is nearly the same as the 

as-deposited one, so the hardness of TE50 increases 
slightly. Earlier investigations demonstrated oxygen 
diffusion during high service temperature inducing  
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Fig. 6 Effects of thermal exposure cycles on length of β phase 
and area fraction of α phase 
 

 
Fig. 7 Schematic diagram of formation of broken-up β and 
coarsened α during cyclic thermal exposure 

alloy hardening. Oxygen diffusion hardening treatment 
increased the hardness of Ti−6Al−7Nb alloy gradually 
[24]. Moreover, it is presented that high temperature 
exposure leads to the increase in the strength of 
Ti−6Al−4V alloy [25]. These explanations of alloy 
hardening are similar with our results. In the present 
study, the oxygen penetration process can be enhanced 
with the increasing thermal exposure cycles from 250 to 
750 (Fig. 4). The alloy hardening is mainly attributed to 
interstitial oxygen atoms solid-solution strengthening 
effect induced by enhanced oxygen penetration process 
during cyclic thermal exposure. This greatly explains the 
linear increase of microhardness curve from 250 to 750 
thermal exposure cycles, with a hardness peak for TE750    
(Fig. 8). 
 

 
Fig. 8 Microhardness of laser deposited Ti60A alloy as function 
of thermal exposure cycle 
 

According to the aforementioned results of 
microhardness and microstructure evolution of the laser 
deposited Ti60A alloy during cyclic thermal exposure, it 
can be concluded that the whole hardened and brittle α 
phases are the production of near α titanium alloys after a 
long-term temperature fluctuating service process. 
Further investigation of finite element analysis of 
temperatures and cyclic thermal stresses is necessary to 
examine and control the cyclic thermal exposure damage 
accurately. 
 
4 Conclusions 
 

1) The microstructure of laser deposited Ti60A alloy 
evolves from the original fine basket-weave β phase and 
78.5% α phase to transient wedge-like β phase, finally 
leaving a small amount of granular β phase in 97.6% α 
matrix with the increased thermal exposure cycles. 

2) The microstructure of broken-up β phase and 
coarsened α phase is attributed to the special thermal 
cycles in the former 250 cycles. Subsequently, it is 
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mainly produced by oxygen penetration process, which 
is promoted by cyclic thermal stress accumulation. 

3) Microhardness of the alloy presents linear 
increase after 250 thermal exposure cycles. The alloy 
after 750 thermal exposure cycles has the highest 
microhardness, 33.3% higher than that of the as- 
deposited one. They are mainly attributed to interstitial 
oxygen atoms solid-solution strengthening induced by 
enhanced oxygen penetration during cyclic thermal 
exposure. 
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激光沉积 Ti60A 钛合金的循环热暴露显微组织演变 
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摘  要：在激光沉积 Ti60A 合金片状试样(40 mm×12 mm×3 mm)上进行一系列的循环热暴露模拟实验，每个循环

包括红外加热 120 s 至最高 800 °C，随后压缩空冷 60 s 至最低 150 °C。采用 OM、SEM 及 EDS 分析了合金 α相

体积分数和 β相长度，并测试其显微硬度随热暴露循环次数的变化。结果表明，随着热暴露循环次数的增加，激

光沉积 Ti60A 合金从初始的网篮状 β相和体积分数为 78.5%的 α相逐渐向楔形 β相和粗大 α相过渡，750 次循环

后转变为极少量颗粒状 β相和体积分数为 97.6%的大块 α组织。讨论了特殊粗大 α和破碎 β组织的形成机理。经

750 次热暴露循环后的合金最硬，其显微硬度比沉积态的高 33.3%。 

关键词：激光熔化沉积；钛合金；循环热暴露；显微组织 
 (Edited by Hua YANG) 


