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Abstract Thermal stability of microstructure was investigated of ultrafine-grained (UFG) pure titanium
subjected to anneal at 300°C, 400°C, 500°C and 600°C. Hardness variety was used to evaluate the effect of
annealing temperature on mechanical properties in UFG titanium. Microstructural observation showed that
the average grain size slightly increased in UFG pure titanium annealed below 400°C, while the dislocation
density significantly decreased. As the annealing temperature increased to 500°C and 600°C, the average
grain size dramatically increased and dislocation density sharply reduced. The hardness almost remained
constant, when the annealing temperature was 300°C, while it gradually decreased, as the annealing
temperature increased to 400°C. The hardness dramatically decreased in the samples annealed at 500°C and
600°C. The relationship between the microstructural stability and mechanical property variety in UFG Ti
during annealing is discussed.
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1. Introduction

Research on the ultrafine processing of grains in metals and alloys has attracted a lot of attentions
since Prof Valiev and co-workers firstly produced the refined microstructures of less than 1 micron,
which has a superior high strength, in copper via equal channel angular pressing (ECAP) technique
two decades ago [1-4]. Ultrafine-grained (UFG) metals and alloys have demonstrated the higher
combination of strength and ductility than the coarse-grained counterparts. The UFG titanium
shows higher corrosion resistance than coarse-grained one due to rapid passivation [5]. Several
severe plastic deformation (SPD) techniques have been used to fabricate UFG or nano-grained
metals. For example, high pressure torsion (HPT) used for Cu, Cu-Zn, and Cu-Sn alloys [6,7],
cumulative roll bonding (ARB) used for some fcc and hcp metals [8-10]. Thermal stability is a big
concern for ultrafine-grained materials. Majid Hoseini et.al found that UFG pure titanium had a
good thermal stability of microstructure below 450°C [11]. The grain growth activation energy (Q)
is close to the self-diffusion activation energy in Ti [12,13]. Although the ultrafine processing of
pure titanium has been well studied, little information is available on the thermal stability of
mechanical properties and microstructure in UFG pure Ti. The objective of this paper is to study
microstructural stability and mechanical property variety in UFG titanium subjected to anneal at
different temperatures.

2. Experimental procedure

The UFG pure Ti sheets of 0.2mm in thickness were produced by repeat-rolling with a reduction of
97.5% in thickness at 450°C. Then these sheets were isothermally annealed at 300°C, 400°C, 500°C



and 600°C respectively for 20 minutes in the VTHK-350L vacuum furnace under 10~ Pa. The
heating rate was 8-10°C/min. The samples of 30mmx30mm were cut along rolling direction of
plates for microstructural examination and micro-hardness measurement. TEM foils were thinned to
about 70-80pum by mechanical grinding, and then electronically thinned with a twin jet
electropolisher at 25V and -30°C. TEM examinations were carried on with a JEOL JSM-200CX
TEM at 160KV. Texture was determined using an X’Pert PRO XRD equipped with a Cu-Ka ray
source. Micro-hardness was measured in Tukon 2100B tester with a load of 20g holden for 10
seconds.

3. Results and discussion
3.1 Microstructure evolution of UFG Ti at different annealing temperatures

The optical microstructure in UFG pure Ti samples subjected to anneal at different temperatures is
shown in Fig. 1. The as-rolled deformed microstructure remained (Fig.1(a)) and grain boundaries
became obscure when the annealing temperature was below 400°C, as shown in Fig. 1(b) and (c).
However, as the annealing temperature increased to above 500°C, equiaxed grains were observed,
as shown in Fig. 1(d) and (e). Furthermore, the grain size increased with the annealing temperature.
The average grain size increased to 3pum and 7um, respectively, when the annealing temperature

increased to 500°C and 600°C.
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Figure 1. Optical microstructure in UFG Ti samples annealed at different temperatures:
(a) as-repeat rolled; (b) 300°C; (c) 400°C; (d) 500°C; (e) 600°C.
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TEM examination shows the variety of deformed substructure and grain size with the annealing
temperature, as shown in Fig. 2(a) to (e). The ultrafine-grains with a high density of dislocations
were produced in the as-rolled samples (Fig.2(a)). The less well-defined grain boundaries and high
density of dislocation tangles were the predominant features in the samples subjected to anneal
below 400°C, as shown in Fig.2(b) and (c). High density of dislocation cells were formed at 300°C
(Fig. 2(b)). Grain boundaries became distinguishable at 400°C (Fig.2(c)). When the annealing
temperature was higher than 500°C, well-defined grain boundaries were observed. Most
dislocations in the interior of grains disappeared, as shown in Fig.2 (d) and (e). The diameter of
grains in the sample annealed at 400°C is larger than that annealed at 300°C. Grain obviously grew
and grain size significantly increased as the annealing temperature increased to 500°C and 600°C.
The effect of annealing temperature on grain sizes of UFG Ti are summarized in table 1. There is
not an obvious increase of grain size under 400°C. It indicates that the deformed microstructure
remained stable under 400°C. However, grains apparently grow when the annealing temperature
increased to 500°C and 600°C. In other words, microstructural stability was lost over 500°C.
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Figure 2 . TEM micrographs in UFG pure titanium annealed at different temperatures:
(a) as-repeat rolled; (b) 300°C; (c) 400°C; (d) 500°C; (e) 600°C.



Table 1. The average grain size in the UFG pure titanium samples annealed at different temperatures

Annealing temperature (°C) 25 300 400 500 600
Average grain size (um) 0.1 0.2 0.2 3 7

Microstructural observation showed that the average grain size slightly increased when the
annealing temperature was less than 400°C. However, the grain size dramatically increased when
the annealing temperature was higher than 500°C, as shown in Fig 3. When the annealing
temperature is below 400°C, grain size remains constant; however, the distortion and defects in
crystal lattice disappear leading to a decrease of the internal stress. When the annealing temperature
was higher than 500°C the recrystallization took place in the deformed UFG pure Ti. As a result, the
dislocation density remarkably decreased and well-developed grain growth occurred.
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Figure 3. Average grain sizes in UFG pure Ti annealed at different temperatures.
The effect of annealing temperature on texture in UFG titanium is showed in Fig 4. The XRD curve
in the initial UFG pure Ti shows that the highest peak is {0002} as shown in Fig 4(a). With
increasing annealing temperature to 500°C, the highest peak becomes {10-10}, as shown in Fig 4(b).
It means that the lattice rotation took place in UFG titanium during recrystallization.
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Figure 4. XRD curves of UFG pure titanium annealed at different temperatures

Based on microstructural observation with OM and TEM, it is demonstrated that the microstructure



in UFG pure Ti remains a good thermal stability below 400°C.
3.2 Decrease in hardness during annealing

Hardness was measured in the UFG samples annealed at different temperatures, as shown in Fig 5.
The hardness almost remained a constant below 300°C. However, the hardness dramatically
decreased when the annealing temperature increased to above 400°C, especially 500°C. The
hardness of sample annealed at 600°C is close to that of coarse-grained titanium. This means that
the stability of mechanical properties could be kept in the UFG pure Ti below 400°C.
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Figure 5. Effect of annealing temperature on micro-hardness in UFG pure titanium
The decrease of hardness in the UFG Ti could be attributed to the following two reasons. When the
annealing temperature is below 500°C, the decrease of dislocation density is a predominant factor.
While, as the annealing temperature increase to above 500°C, recrystallization and grain growth
predominately contributed to the decrease of hardness.

4. Conclusions

1) The average grain size of UFG pure titanium slightly increased when the annealing temperature
is lower than 400°C. The microstructure remains stable under 400°C. While the grain size
dramatically increased as annealing temperature increased to 500°C or higher. Recrystallization
and grain growth took place in ultrafine-grained Ti as annealing temperature is above 500 °C.

2) The rolling texture orientation of UFG pure Ti is {0002} and it disappears when the sample is
annealed at 500°C and 600°C.

3) The hardness of UFG Ti slightly decreased when the annealing temperature was lower than



400°C. While, the hardness dramatically decreased as the annealing temperature increased to
above 500°C. In former, the decrease of hardness is attributed to the decrease of dislocation
density. In the latter, dramatic decrease in hardness results from the recrystallization and grain
growth.

Acknowledgements

This project was financially supported by the National Natural Science Foundation of China
(51071118, 51271136 and 50831004) the 973 Program of China (2010CB631003), and the 111
Project of China (B06025).

References

[1] Valiev RZ, Krasilnikov NA, Tsenev NK. Plastic deformation of alloys with submicron-grained
structure. Mater Sci Eng A, 137 (1991) 35-40.

[2] I. Sabirov, Y. Estrin, M.R. Barnett,et al. Enhanced tensile ductility of an ultra-fine-grained
aluminum alloy. Scripta Materialia, 58 (2008) 163—166.

[3] L. Jiang, M.T. Pe'rez-Prado, P.A. Gruber,et al. Texture, microstructure and mechanical
properties of equiaxed ultrafine-grained Zr fabricated by accumulative roll bonding. Acta Materialia,
56 (2008) 1228-1242.

[4] HW. Ho™ppel ,M. Kautz , C. Xu,et al. An overview: Fatigue behaviour of ultrafine-grained
metals and alloys. International Journal of Fatigue, 28 (2006) 1001-1010.

[5] A. Balyanov a, J. Kutnyakova a, N.A. Amirkhanova,et al. Corrosion resistance of
ultrafine-grained Ti. Scripta Materialia, 51 (2004) 225 - 229.

[6] Y.H. Zhao, Z. Horita, T.G. Langdon,et al. Evolution of defect structures during cold rolling of
ultrafine-grained Cu and Cu—Zn alloys: Influence of stacking fault energy. Materials Science and
Engineering A, 474 (2008) 342-347.

[7] Honggang Jiang, Y. Theodore Zhu, Darryl P. Butt,et al. Microstructural evolution,
microhardness and thermal stability of HPT-processed Cu. Materials Science and Engineering A,
290 (2000) 128-138.

[8] Naoki Takata, Seong-Hee Lee, Nobuhiro Tsuji. Ultrafine grained copper alloy sheets having
both high strength and high electric conductivity. Materials Letters, 63 (2009) 1757—-1760.

[9] Naoya Kamikawa, Nobuhiro Tsuji, Xiaoxu Huang,et al. Quantification of annealed
microstructures in ARB processed aluminum. Acta Materialia, 54 (2006) 3055-3066.

[10] Daisuke Terada, Seiya Inoue, Nobuhiro Tsuji. Microstructure and mechanical properties of
commercial purity titanium severely deformed by ARB process. ] Mater Sci 42 (2007) 1673—1681.
[11] Majid Hoseini, Meysam Hamid Pourian, Florent Bridier, et al. Thermal stability and annealing
behavior of ultrafine grained commercially pure titanium. Materials Science and Engineering A,
532 (2012) 58-63.

[12] M.Ravi Shankar, Balkrishna C.Rao, Seongeyl, et al. Severe plastic deformation (SPD) of
titanium at near-ambient temperature. Acta Materialia, 54 (2006) 3691-3700.

[13] Xianfeng Jiang, Shunhua Xiang, Nailu Chen. Effect of annealing processes on recrystallization
texture of cold rolling pure titanium strip. Material & Heat Treatment, 40 (2011) 18 (in Chinese).



