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EffEct of cyclic HEat trEatmEnt on microstructurE Evolution of ta15 titanium alloy

To investigate the effect of cyclic heat treatment on the microstructure evolution of titanium alloys, Ta15 alloys were subjected 
to different numbers of heat treatment cycles at various temperatures in the (α + β) two-phase region. The resulting microstructure 
and hardness of the alloy were characterized by using the metallographic microscopy, scanning electron microscopy, and Vick-
ers hardness testing. The morphology of the initial Ta15 alloy was nearly equiaxed structure. The α phase content, thickness of 
the oxygen-rich α layer, and hardness of the Ta15 alloy increased with the number of cycles. The morphology of the Ta15 alloy 
changed into the Widmannstatten structure when the alloy underwent six cycles of heat treatment between 970 and 800°C. The 
thickness of the oxygen-rich α layer and hardness of the alloy increased with the lower limit temperature of the cyclic heat treat-
ment. Compared with the number of cycles, the lower limit temperature of the cyclic heat treatment was a more significant factor 
on the microstructure evolution of the Ta15 titanium alloy.
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1. introduction

Titanium alloys are used in the aerospace, military, biomedi-
cal, and chemical industries because of their high toughness, 
strength, and corrosion resistance [1]. There are two main phases 
in titanium alloys, namely, the α and β phases. The α phase, which 
has a hexagonal closed packed (hCP) structure, is stable at room 
temperature and can be transformed into the β phase, which has 
a body-centered cubic (BCC) structure. Titanium alloys can be 
classified into α, β, and (α + β) types based on the content of α 
and β phases. Ta15 titanium alloy (Ti-6.5al-2Zr-1Mo-1V) is 
a near-α titanium alloy with high aluminum content. The main 
strengthening mechanism of Ta15 alloy is solution strengthening 
of the stable element al in the α phase. The stable elements Mo 
and V in the β phase and neutral element Zr are also added to 
improve the processing properties [2,3]. Therefore, Ta15 tita-
nium alloy has not only the high thermal strength and weldability 
of α-type titanium alloys, but also the plasticity of (α + β)-type 
titanium alloys. These good comprehensive properties have led 
to the widespread use of Ta15 alloy in the aviation field. it is an 
important material for aircraft engines as well as the structural 
parts of aircraft and other equipment [4-6].

Common treatment processes for titanium alloys such as 
deformation heat treatment [7-9] and annealing treatment [10-12] 
usually involve multiple processes in which the cooling process 
from holding temperature to room temperature may take a certain 
amount of time. When titanium alloys undergo quenching from 
high temperatures during solution and aging heat treatment, large 
internal stresses may be introduced, which leads to changes in 
size [13,14]. The quenching process is usually followed by an 
aging treatment to precipitate the second strengthening phase 
and stabilize the size of the alloys [15,16]. This leads to ad-
ditional factors that need to be controlled to perform the heat 
treatment process properly. Cyclic heat treatment can simplify 
the intermediate cooling step and improve the properties of 
titanium alloys to some extent, which greatly reduces the time 
and processing cost. The influence of cyclic thermal treatments 
on the oxidation behavior of Ti-6al-2Sn-4Zr-2Mo alloy was in-
vestigated by Fargas et al. it is found that cyclic treatments have 
a more significant role in increasing the weight gain compared 
to isothermal treatments [17]. in addition, β-segregation can be 
eliminated at the grain boundary and interlamellar regions of 
Ti-46al-6nb titanium alloy by extending the holding time and 
increasing the number of heat treatment cycles [18].
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Most cyclic heat treatments can eliminate the Widmannstat-
ten structure in titanium alloys and make the spheroidization of 
α phase occur [19-22]. Moreover, because cyclic heat treatment 
is a simple and low-cost process, it is greatly significant to inves-
tigate the cyclic heat treatment process. in this study, the effects 
of different lower limit temperatures and number of cyclic heat 
treatment on the microstructure, oxygen-rich layer, and hardness 
of Ta15 titanium alloy are investigated to obtain a processing 
method that can not only improve the microstructure and prop-
erties of Ta15 titanium alloy but also reduce its industrial cost.

2. Experimental methods

Test samples with the dimensions of 10 mm×10 mm×5 mm 
were extracted from hot-processed Ta15 titanium bars which 
were produced by the Baoji Titanium industry Company Lim-
ited. The production process of this hot-processed Ta15 bar 
was that after an upsetting and drawing treatment at 1150℃, 
the as-cast Ta15 ingot was processed by a forging treatment 
with 40% deformation at 1050℃, and finally by an anneal-
ing treatment at 800℃ for 2 h. The mass fraction composition 
of Ta15 is al (6.70%), Mo (1.80%), V (2.20%), Zr (2.20%), 
Si (0.02%), Fe (0.04%), C (0.01%), n (0.01%), h (0.02%), and 
o (0.13%), and the remaining composition is Ti. Metallographic 
tests indicated that the phase transition point of the Ta15 alloy 
was 1010°C. The initial microstructure of the Ta15 alloy before 
cyclic heat treatment is shown in Fig. 1. it can be seen that there 
was a large amount of equiaxed α phase and stripe-shaped α phase 
in the Ta15 alloy. Moreover, some transformed β morphologies 
were clearly observed. it is worth noting that the appearance of 
the stripe-shaped α phase was due to the extraction of the Ta15 
alloy samples from hot-processed bars. it is obvious that the 
initial microstructure of the Ta15 alloy was close to the equiaxed 
structure of titanium alloys.

Fig. 1. initial microstructure of the Ta15 alloy

a resistance furnace was used for heat treatment in the 
cyclic heat treatment experiments. The cyclic heat treatment 
process is shown in Fig. 2. after the sample was kept in the heat 

treatment furnace at the upper limit temperature for 10 min, the 
sample was removed and placed in the heat treatment furnace 
at the lower limit temperature for 10 min. The process was re-
peated, following which the sample was cooled by air cooling. 
This constitutes a complete two-cycle heat treatment process. 
Based on the results of the phase transition point, 970°C was set 
as the upper limit temperature of the cyclic heat treatment, while 
the lower limit temperature was set at 650°C, 700°C, 750°C, or 
800°C. Two, four, six, or eight cycles were performed on the 
samples with a holding time of 10 min for each heating.

Fig. 2. Cyclic heat treatment process

Before the morphologies of the samples with different 
heat treatment conditions were observed by optical micros-
copy (oM) and scanning electron microscopy (SeM; Zeiss 
Sigma), the Kroll reagent with a volume percentage ratio of 
hF:hno3:h2o = 2:3:95 was used to corrode the polished 
Ta15 alloy samples for 5-10 s. hardness measurements were 
performed by using a MhV-1000Z Vickers hardness tester under 
a load of 0.49 n for 15 s.

3. results and discussions

3.1. Effect of cyclic heat treatment on microstructures

Fig. 3 shows the microstructure of the Ta15 alloy after six 
cycles of cyclic heat treatment at the lower limit temperatures of 
650°C, 700°C, 750°C, and 800°C. The primary α phase became 
coarser and spheroidized, and its content increased obviously as 
the lower limit temperature increased to up to 700°C. Part of the 
α phase gradually transformed from the sphere to the strip. When 
the lower limit temperature exceeded 750°C, the content of the 
equiaxed α phase decreased obviously with increasing tempera-
ture. after heat treatment at 750°C, the morphology of the alloy 
was nearly a two-state structure, which changed into the Wid-
mannstatten structure when the temperature increased to 800°C.

in the microstructures obtained by using optical microscopy, 
the white areas correspond to the α phase, and the dark areas refer 
to the transformed β microstructures. The content of the α phase 
can therefore be determined from the contrast difference of the 
photographs. Fig. 4 shows the curves for the α phase content of 
the Ta15 titanium alloy samples after cyclic heat treatment at 
different lower limit temperatures and numbers of cycles. The 
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sample with zero cycles corresponds to the untreated titanium 
alloy sample. it can be seen that for a given number of cycles, 
the content of the α phase initially increased and then decreased 
with increasing lower limit temperature. The α phase content 
was maximized at the lower limit temperature of 700°C. For 
a given lower limit temperature, the α phase content increased 
with the number of cycles, but had a smaller value compared to 
the initial state of the Ta15 alloy at the beginning of the cyclic 
heat treatment. This may be because the lower limit temperature 

became closer to the phase transition point of the Ta15 titanium 
alloy as the cyclic heat treatment temperature increased, which 
led to a reduction of the α phase content. The Widmannstatten 
structure was formed at 800°C (Fig. 3d). Meanwhile, the α phase 
content was the lowest at 800°C compared to the other lower 
limit temperatures when the number of cycles was four. This is 
because after four cycles of 970 ↔ 800°C heat treatment, most 
of the Ta15 alloy microstructure changed into a finer Wid-
mannstatten structure which could not be distinguished from 
the transformed β microstructure. however, when the number 
of cyclic heat treatment cycles reached six, the microstructure 
of the alloy completely changed into a Widmannstatten structure 
with a larger acicular structure compared to the structure formed 
after four cycles of heat treatment. This resulted in an increase 
of the α content. Therefore, it can be concluded that the lower 
limit temperature should not be too high during the cyclic heat 
treatment of Ta15 titanium alloy.

Fig. 5 shows the microstructures of Ta15 alloy after two, 
four, six, and eight cycles of cyclic heat treatment at the lower 
limit temperature of 700°C. a large number of striped α phases 
and a small amount of equiaxed α phases were observed in the 
Ta15 alloy. Meanwhile, a small amount of needled α phase 
was also formed. as the number of cycles increased, the striped 
α phase became coarser and gradually transformed into the 
equiaxed α phase.

Combined with the variational trend of the α phase content 
in Fig. 4, it can be seen that the α phase content increased with 
the number of heat treatment cycles. This is because the α phases 

(c) (d) 

(a) (b) 

Fig. 3. Microstructures of TA15 alloy after cyclic heat treatment at the lower limit temperatures of 650℃ (a), 700℃ (b), 750℃ (c), and 800℃ (d)

Fig. 4. Curves of the variation of the α phase content with the number 
of cyclic heat treatment cycles for Ta15 titanium alloy
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would increasingly contact and combine with one another dur-
ing the cyclic heat treatment in the the two-phase region of 
low-temperature. This resulted in spherality and the formation 
of stripes in Ta15 alloy as the number of cycles and, therefore, 
the heat treatment time, increased.

3.2. Effect of cyclic heat treatment  
on oxygen-rich α layer

The oxygen-rich layer on the surface of the Ta15 alloy sam-
ple with six cycles of treatment at the lower limit temperature of 
800°C is shown in Fig. 6. owing to the invasion of oxygen atoms 

during heat treatment, an oxygen-rich α layer with high oxygen 
content was formed on the surface of the titanium alloy after heat 
treatment, as shown in the highlighted area in Fig. 6a. Because 
oxygen is a stable element of the α phase in titanium alloys, the 
oxygen-rich α layer was mainly composed of coarse α phase. 
as can be seen from the SeM image in Fig. 6b, although there 
was a Widmannstatten structure in the alloy matrix, the coarse 
α phase was dominant in the oxygen-rich layer, which was close 
to the equiaxed structure. The thickness of the oxygen-rich layer 
formed on the surface of the sample was measured to be 34.7 μm.

The thickness of the oxygen-rich α layers on the surface 
of the Ta15 titanium alloy samples after cyclic heat treatment 
was measured and shown in Fig. 7. The sample with zero cycles 

(a) (b) 

(d) (c) 

Fig. 5. Microstructures of Ta15 alloy after two (a), four (b), six (c), and eight (d) cycles of cyclic heat treatment at the lower limit temperature 
of 700℃

(a) (b) 

Fig. 6. OM (a) and SEM (b) images of the oxygen-rich layer in the sample treated for six cycles at the lower limit temperature of 800℃
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refers to the untreated alloy. it can be seen from the curves that 
the thickness of the oxygen-rich α layer gradually increased with 
the lower limit temperature and the number of cycles (i.e., heat 
treatment time). This increase in thickness may be attributed to 
oxygen diffusion. as the heat treatment time and lower limit 
temperature of the cyclic heat treatment increased, oxygen atoms 
had more energy and time to diffuse into the matrix of the Ta15 
titanium alloy, which resulted in the continuous thickening of 
the oxygen-rich α layer.

Fig. 7. Variation of oxygen-rich layer thickness in Ta15 titanium alloy 
with the number of cyclic heat treatment

3.3. Effect of cyclic heat treatment on hardness

To investigate the effect of cyclic heat treatment on the 
hardness of Ta15, the hardness of the oxygen-rich layer and 
the matrix alloy was measured. Fig. 8a shows the variation of 
the hardness from the surface to the matrix alloy after eight 
cycles of 970 ↔ 800°C cyclic heat treatment. It can be seen that 
the hardness of the Ta15 alloy surface was high while that of 
the matrix alloy was low. This indicates that the hardness of the 
oxygen-rich layer was higher than that of the matrix alloy. in ad-
dition, the hardness decreased with increasing distance from the 
surface to the matrix, and there was an obvious transition point 
in the hardness curve at about 45.5 µm. This implies that the 
thickness of the oxygen-rich layer measured from the hardness 
was 45.5 µm, which is consistent with the optical microscopy 
results (Fig. 7). Fig. 8b shows the hardness curves of the Ta15 
alloy after different numbers of cyclic heat treatment. The sample 
with zero treatments corresponds to the alloy in its initial state. 
Because the hardness of the oxygen-rich layer varied with the 
distance (Fig. 8a), the hardness at approximately 15 μm from 
the surface was taken as the hardness of the oxygen-rich layer to 
facilitate the hardness comparison of oxygen-rich layers obtained 
under different cyclic heat treatment conditions. This approach is 
reasonable because the thicknesses of all the oxygen-rich layers 
were larger than 20 μm (Fig. 7) and the width of the indentation 

in the hardness test was only approximately 12 μm. It can be 
seen that the hardness of the oxygen-rich layer was always higher 
than that of the matrix alloy under different cyclic heat treat-
ment conditions, and the Vickers hardness values were between 
580 and 630. There was no obvious regularity in the hardness 
of the oxygen-rich layer under different processes because of 
the higher hardness values. The hardness of the matrix alloy in 
the Ta15 alloy samples decreased with an increase in the lower 
limit temperature of the cyclic heat treatment, and showed an 
upward trend when the number of cyclic heat treatment cycles 
increased. This may be because the α phase in titanium alloy 
has a hexagonal crystal structure with a higher hardness. as 
the number of cycles increased, the α phase content increased, 
leading to a harder alloy. When the Ta15 alloy was processed 
at 970°C /10 min ↔ 800°C/10 min, the morphology of the al-
loy changed greatly from the equiaxed or duplex structure to 
the Widmanstatten structure. The resulting alloy had a larger 
organizational stress, which caused its hardness value to fluctuate 
with the number of cycles.

(a)

(b)

Fig. 8. Variation of hardness from surface to matrix alloy (a) and with 
the number of heat treatment cycles (b) for Ta15 titanium alloy
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4. conclusions

(1) as the lower limit temperature of the cyclic heat treatment 
increased, the content of the α phase in Ta15 titanium alloy 
initially increased and then decreased. The α phase content 
increased with the number of cycles.

(2) When the lower limit temperature was raised to 800°C, the 
morphology of the alloy changed from a duplex structure 
to a Widmanstatten structure.

(3) owing to the diffusion of oxygen atoms, the thickness of 
the oxygen-rich α layer on the surface of the Ta15 alloy 
increased with the lower limit temperature of the cyclic heat 
treatment and the number of cyclic heat treatment cycles.

(4) The hardness of the Ta15 alloy can be increased by increas-
ing the number of cycles and decreasing the lower limit 
temperature of the cyclic heat treatment.
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