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Abstract 

Nanocomposites of Ti–18 vol.% Al2O3 were fully consolidated by applying severe plastic 

deformation to powder mixtures using high-pressure torsion (HPT). The HPT-processed composites 

exhibited an unusual increase in the hardness from 350 Hv to 650 Hv when they were annealed at 

973 K for 1 h. Microstructural observations including elemental mappings were conducted using 

scanning electron microscopy with an electron probe X-ray micro-analyzer and scanning 

transmission electron microscopy with an energy dispersive X-ray spectrometer. It was shown that 

the Al2O3 particles are fragmented and the grain size of the Ti matrix is reduced to the nanometer 

level (<100 nm) after processing with HPT. Following the annealing, the fragmented Al2O3 

particles with particle sizes less than ~400 nm are reduced to Al in the Ti matrix and the average 

grain size of Ti is coarsened to ~500 nm in conflicting with the hardness increase. The hardness 

increase after annealing is attributed to the dissolution of Al and O atoms in the Ti-matrix and the 

formation of reaction product, Ti3Al intermetallic, at the interface and improvement of mechanical 

connectivity. Enrichment of Al along grain boundaries confirmed that Al atoms diffuse fast through 

the grain boundaries and move towards the grain interior from the grain boundaries. 

Keywords: Titanium-matrix composite; Ultrafine grain; High-pressure torsion; Severe plastic 

deformation; Consolidation. 
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1. Introduction 



 

2 

Composites of Al2O3-reinforced Ti are promising candidates for aeronautical, automobile and 

biomedical applications because of their high strength to weight ratio, good high temperature 

properties and high biocompatibility [1,2]. Fabrication of Ti/Al2O3 composites, especially with 

large fractions of Al2O3, is difficult using conventional techniques such as hot-press sintering 

because of the high sintering temperature and long sintering time [3]. Cold consolidation of 

Ti/Al2O3 composites using the high-pressure torsion (HPT) method can be an effective solution to 

avoid the limitations of hot-press sintering [4]. 

In the HPT method, which is usually used to achieve ultrafine-grained materials, a thin disc 

specimen is placed between two massive anvils under high pressure and intense shear is introduced 

by rotating the two anvils with respect to each other [5–10]. In addition to grain refinement, the 

HPT is also applicable as a processing tool for consolidation of metallic powders [11,12], composite 

powders [13,14], amorphous powders [15,16], ceramic powders [17], metallic machining chips 

[18,19] and amorphous machining chips [20] without sintering process. The current authors used 

HPT for consolidation of Ti/Al2O3 composites and found that the composites with the Al2O3 

fraction of up to 50 wt.% were successfully consolidated by HPT at room temperature [4]. They 

reported that despite a full consolidation after processing by HPT, the composites with different 

Al2O3 fractions exhibit exceptional increases in the hardness by ~300 Hv after annealing around a 

temperature of 800–900 K. Although, all their results suggest the importance of post-HPT annealing 

in improving the hardness of the composites, the mechanism for this unusual increase is not clearly 

understood. 

In this study, Ti–18 vol.% (20 wt.%) Al2O3 powder mixtures are selected as model composites 

and subjected to HPT and post-HPT annealing and microstructural analyses are conducted to 

examine the mechanism of the hardness increase following the annealing. 

 

2. Experimental procedures 

Materials used in this study were high purity Ti (99.9%) powders with ~70 m diameter and 

commercially pure -Al2O3 powders with ~1 m particle size. The morphology of Ti and Al2O3 

powders was reported in an earlier paper [4]. The Ti powders were mixed with 18 vol.% Al2O3 

powders using mechanical agitation. The HPT facility consists of upper and lower anvils having a 

shallow hole of 10 mm diameter and 0.25 mm depth at the center. The details concerning the HPT 

anvils were reported elsewhere [21]. Approximately 0.5 g of the powder mixtures was put in the 

hole located at the center of the lower anvil and HPT was conducted at room temperature at a 

rotation speed of ω = 1 rpm for N = 10 revolutions under a pressure of P = 6 GPa. The 

HPT-processed samples were annealed at 973 K for 1 h in an argon atmosphere. 

The HPT-processed samples before and after annealing were evaluated through measurements 

of density and Vickers microhardness and were analyzed by scanning electron microscopy (SEM) 

equipped with an electron probe X-ray micro-analyzer (EPMA) and scanning transmission electron 

microscopy (STEM) equipped with an energy dispersive X-ray spectrometer (EDS). First, after 

processing by HPT and after annealing, disc samples were polished to a mirror-like surface and the 

Vickers microhardness was measured at 4 mm from the disc center in 8 radial directions using an 
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applied load of 1 kg for a duration of 15 s. Second, the sample density was determined by 

Archimedes’ principle using an electronic balance with an accuracy of 0.1 mg. Third, SEM with 

EPMA was performed at 20 kV for examining the distribution of Al2O3 particles in the Ti matrix at 

4 mm from the disc center. Fourth, for STEM, thin foils were prepared from the discs at 4 mm from 

the center with a focused ion beam (FIB) system. STEM was performed at 200 kV for 

microstructural observation and for recording EDS analysis and elemental mapping. The details 

concerning the microstructural observations were reported elsewhere [22]. 

 

3. Results and discussion 

Table 1 documents the microhardness, measured density and relative density for the 

composites after processing with HPT, and after post-HPT annealing at 973 K for 1 h. The 

microhardness and density values calculated using the rule of mixtures are also included in Table 1 

using the data taken from Refs. [4,17,23,24]. It should be noted that the hardness values after HPT 

correspond to the steady state in the plot of hardness against equivalent strain as reported in an 

earlier paper [4]. The density measurements show that powder mixtures can be fully consolidated to 

a relative density level as high as 100% by HPT. It should be noted that an earlier paper reported 

that the temperature increases during the HPT processing is not significant [21], and thus, the full 

consolidation achieved in this study cannot be attributed to the temperature increase during the HPT 

process. The consolidation, however, appears to be a high-strain induced process, although the 

compression may have an appreciable influence on the process [25]. Table 1 shows that post-HPT 

annealing results in a marked increase in the hardness, but no change in the density. 

 

 

Table 1. Hardness, density and relative density for as-HPT-processed sample and for 

HPT-processed sample after annealing. 

 HPT Post-HPT Anneal Rule of Mixtures 

Microhardness (Hv) 350 650 540-760 

Density (g.cm
-3

) 4.44 4.44 4.44 

Relative Density (%) ~100 ~100 --- 

 

 

In order to clarify the effect of annealing temperature on the hardness, hardness data are 

reproduced from Refs. [4,17] and plotted in Fig. 1. Fig. 1 shows the variation of microhardness 

against the annealing temperature for Al2O3, Ti (99.9%) and Ti–18 vol.% Al2O3 after consolidation 

by HPT and post-HPT annealing. While the hardness decreases in pure Ti and is very low in Al2O3 

after annealing at 973 K, the composites containing 18 vol.% of Al2O3 exhibit an abrupt increases in 

the hardness around a temperature of 800–900 K. The increase in hardness may be due to three 

reasons: (1) the connectivity between Ti particles improves by post-HPT annealing; (2) the 

connectivity between agglomerated Al2O3 particles is improved by post-HPT annealing; and (3) the 
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connectivity between Ti and Al2O3 particles improves by interface reaction of Ti and Al2O3 by 

post-HPT annealing. Regarding the first reason, an earlier investigation on consolidation of Ti 

powders using HPT [26] concluded that the connectivity of Ti powders after processing by HPT is 

perfect and is the same as bulk samples. Therefore, it is unlikely that the connectivity of Ti powders 

can be improved by annealing. Fig. 1 also shows no increase in the hardness for Ti powders only. 

Regarding the second reason, the connectivity between Al2O3 powders is hardly improved by the 

annealing at 973 K for 1 h as reported earlier for the consolidation of Al2O3 powders by HPT and 

subsequent annealing [13]. Fig. 1 also shows very low hardness values for Al2O3 powders only after 

annealing at 873 K, 1273 K and 1473 K for 2 h. It is considered that the third reason should be most 

probable based on the observations reported earlier for the reaction between Ti and Al2O3 in the 

Ti–Al–O system [27–31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Variations of Vickers microhardness with respect to annealing temperature for HPT- 

processed Ti composite containing 18 vol.% of Al2O3 including HPT-processed pure Ti and  

Al2O3 powders. Data were taken from Refs. [4,17]. 

 

SEM micrographs obtained using backscatter electrons (BSE) including the corresponding 

EPMA mapping of Al (right) are shown in Fig. 2(a) and (b), respectively, for the HPT sample and 

in Fig. 2(c) and (d), respectively, for the post-HPT annealed samples. Note that the blue color in 

EPMA mappings of Fig. 2(b) and (d) represents Al-enriched regions. From the EPMA analysis, the 

dark areas in Fig. 2(a) and (c) correspond to Al2O3 particles. It is shown that the microstructures 

consist of a uniform distribution of Al2O3 particles. However, there are some dark areas of which 

sizes are up to ~50 m. Since the initial particle size of Al2O3 powders was 1 m, this indicates 
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that some fractions of the Al2O3 particles are present in an agglomerated form. When Fig. 2(a) is 

compared with Fig. 2(c), it appears that the volume fraction of Al2O3 particles decreases by post 

HPT-annealing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM micrographs obtained using BSE (left) and corresponding EPMA mappings of Al 

(right) for samples after (a)–(b) HPT, and (c)–(d) post-HPT annealing. 

 

Micrographs taken by STEM are shown in Fig. 3 for the sample after HPT processing. Fig. 

3(a) is an overall view of the thin sample fabricated by FIB and recorded using secondary electrons 

(SE), and Fig. 3(b) a dark-field (DF) image and Fig. 3(c) a bright-field (BF) image, both of which 

are a magnified view of the rectangular area marked in Fig. 3(a). It should be noted that the dark 

areas in Fig. 3(b) and bright areas in Fig. 3(c) correspond to the Al2O3 particles. It is apparent from 

Fig. 3 that the HPT-processed sample contains various sizes of Al2O3 particles in the range from 

several micrometers to less than 100 nm. In particular, the particles sizes well below ~1 m are 

clearly visible in the DF image shown in Fig. 3(b). This indicates that the Al2O3 particles are 

fragmented during HPT processing. Close examination of the microstructure in Fig. 3(c) reveals 
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that grains in the Ti matrix are surrounded by ill-defined grain boundaries and their average grain 

size is less than 100 nm which is consistent with an earlier observation by conventional TEM [4]. 

This grain size is smaller than the value reported earlier for bulk Ti after processing by HPT [24]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. STEM micrographs for sample after 

HPT: (a) overall view after fabrication by FIB 

recorded using SE, (b) DF image, and (c) BF 

image. 

Fig. 4. STEM micrographs for sample after 

pos-HPT annealing: (a) overall view after 

fabrication by FIB recorded using SE, (b) DF 

image, and (c) BF image. 

 

Fig. 4 shows STEM micrographs after annealing of the HPT-processed sample: (a) an overall 

view of the thin sample fabricated by FIB and recorded with SE mode, and (b) a DF image and (c) a 

BF image magnified from the rectangular area in (a). Examination of Fig. 4 indicates that the Al2O3 

particles fragmented to the sizes smaller than 400 nm are now not seen and this is well confirmed 
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by the DF image in Fig. 4(b). The absence of the smaller particles is also consistent with the 

observation shown in Fig. 2 that the volume fraction of Al2O3 particles decreases by the post HPT 

annealing. Observation of Fig. 4(c) shows that the average grain size of the Ti matrix is increased to 

500 nm and grain boundaries become straight and well defined after the annealing. Now, there is a 

clear contradiction between the hardness measurements and the microstructural observations: the 

disappearance of Al2O3 which is a very hard phase and the coarsening of the grain size must lead to 

a softening, whereas the hardness value significantly increases after the annealing, as documented 

in Table 1 and Fig. 1. EDS analyses are further carried out to clarify the reasons for this 

contradiction. 

Figs. 5 and 6 show (a) STEM-DF images and the corresponding EDS mappings of (b) Al, (c) 

Ti and (d) O, for the sample after HPT processing and after post-HPT annealing, respectively. It is 

apparent from Fig. 5 that Al and O are present only in the Al2O3 particles and no alloying occurs in 

the Ti matrix or in the Al2O3 particles through the HPT processing. However, inspection of Fig. 6 

reveals that Al and O are now present in the Ti matrix. In particular, larger amounts of Al are 

detected more in the grain boundaries, as shown in Fig. 6(b). Here, for the reference, the traces of 

the grain boundaries visible in Fig. 6(a) are depicted in the elemental mapping of Fig. 6(b)–(d) by 

dotted lines. This suggests that Al atoms diffuse through the grain boundaries and move towards the 

grain interior. Although the Al2O3 phase is stable at the annealing temperature of 973 K, the 

reduction of Al2O3 to Al occurs thermodynamically in the presence of active Ti matrix at this 

temperature [27]. 

Al2O3 → 2 [Al] Ti + 3 [O] Ti (1) 

The distribution of O appears to be more uniform in the Ti matrix when compared with Al 

because of faster its diffusivity through the Ti matrix, although there may be a certain fraction of O 

which leaves from the material in the form of O2 [31]. One reason for the increase in the hardness 

may be attributed to the presence of Al and O in the Ti matrix because these elements are known to 

be typical elements for the solid solution hardening of Ti [32]. 

The results of quantitative analysis are shown in Fig. 7 where EDS spectra are given in (a) and 

STEM-DF images are in (b) and (c) for the sample subjected to annealing after HPT processing. 

The EDS spectra in Fig. 7(a) were acquired by positioning the incident electron beam on the four 

points marked A, B, C and D in the STEM-DF images in Fig. 7(b) and (c). Positions A, B, and C 

and D are selected at the distances of 50 nm, 150 nm and more than 1 m from the Ti/Al2O3 

interface, respectively. It was found that positions A and B contain ~30 at.% of Al and positions C 

and D ~7 at.% of Al. According to the Ti–Al binary equilibrium phase diagram [32], the former 

composition corresponds to Ti3Al intermetallic and the latter to a solid solution phase of Al in Ti. 

Therefore, the reaction at the interface may follow the form as [28] 

Al2O3 + 6 Ti → 2 Ti3Al + 3 [O] Ti (2) 

 

 



 

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. (a) STEM-DF image and corresponding EDS mappings with (b) Al, (c) Ti and (d) O for 

sample after HPT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) STEM-DF image and corresponding mappings with (b) Al, (c) Ti and (d) O for sample 

after post-HPT annealing. 
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Fig. 7. (a) EDS spectra for sample after post-HPT annealing taken from positions A and B in (b) 

and positions C and D in (c), where (b) is STEM-DF image containing Ti/Al2O3 interface and (c) is 

STEM-DF image away from Ti/Al2O3 interface. 

 

It should be noted that this reaction occurs through some intermediate reaction paths and O 

may present in the reaction product to some levels [27–31]. This indicates that the reaction takes 

place by the expense of the Al2O3 phase with high hardness and pure Ti with relatively low 

hardness to form Ti3Al intermetallic with high hardness. It should be noted that since the fraction of 

Ti3Al is very low when compared to the total fractions of Ti and Al2O3, it could not be detected 

using X-ray diffraction analysis. 

It has been confirmed in Table 1 that the rule of mixtures is not applicable for the composite 

after HPT processing. This is because of the complexity in deducing the connectivity between the 

Al2O3 particles and the Ti matrix as well as the size and distribution of the Al2O3 particles for the 

HPT-processed sample. However, the marked increase in hardness after the annealing indicates that 

the formation of Ti3Al at the interface and the dissolution of Al and O in the Ti matrix are well 

sufficient to exceed a hardness decrease due to a loss of Al2O3 particles. The rule of mixtures is now 

applicable for the composite after annealing because of not only a hardness increase through the 

formation of Ti3Al and the solid solution effect on the matrix but also through a significant 

improvement of the connectivity at the interface. It should be noted that the findings reported in this 

study for Ti–18 vol.% nanocomposite are applicable to all other compositions that were used in an 

earlier paper [4]. 

 

4. Summary and conclusions 

Nanocomposites of Ti–18 vol.% Al2O3 powder mixtures were consolidated by high-pressure 

torsion (HPT) and post-HPT annealing. The following findings and conclusions were obtained from 

this study. 
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1. The hardness of HPT-processed composite unusually increases from 350 Hv to 650 Hv when it 

anneals at 973 K for 1 h. 

2. The grain size of the Ti matrix is refined to less than 100 nm after processing by HPT but the 

average grain size of the Ti matrix is increased from the nanometer level to ~500 nm by 

post-HPT annealing. This suggests that the unusual increase in the hardness is not due to the 

grain refinement of the Ti matrix. 

3. An appreciable fraction of Al2O3 particles are fragmented to the sizes below ~400 nm during 

HPT processing and they are totally reduced to Al in the Ti matrix by the subsequent annealing. 

There is also a formation of Ti3Al intermetallic at the interface between the Ti matrix and Al2O3 

particles with larger sizes than ~400 nm. 

4. Al atoms diffuse fast along the grain boundaries and they move towards the grain interior from 

the grain boundaries and O atoms diffuse uniformly through the grains and grain boundaries, 

resulting in the formation of solid solution of Al and O in the Ti matrix. 

5. The unusual hardness increases is attributed to the formation of Ti3Al intermetallic at the 

interface and resultant improvement of the connectivity as well as solid solution hardening 

through the dissolution of O and Al atoms in the Ti matrix. 

 

Acknowledgements 

We would like to thank Mr. Shingo Nishihata of Kyushu University for his kind assistance. 

One of the authors (KE) also thanks the Japan Society for Promotion of Science (JSPS) for a 

postdoctoral scholarship. This work was supported in part by the Light Metals Educational 

Foundation of Japan, in part by a Grant-in-Aid for Scientific Research from the Ministry of 

Education, Culture, Sports, Science and Technology of Japan in the Priority Area “Bulk 

Nanostructured Metals”, and in part by Kyushu University Interdisciplinary Programs in Education 

and Projects in Research Development (P&P). 

 

References 

[1] M.J. Mas-Guindal, E. Benko, M.A. Rodriguez, J. Alloys Compd. 454 (2008) 352–358. 

[2] B. Gibbesch, G. Elssner, G. Petzow, Clin. Mater. 5 (1990) 177–189. 

[3] H. Hough, J. Demas, T.O. Williams, H.N.G. Wadley, Acta Matall. Mater. 43 (1995) 821–834. 

[4] K. Edalati, H. Iwaoka, Z. Horita, M. Tanaka, K. Higashida, H. Fujiwara, K. Ameyama, 

Kovove Mater. 49 (2011) 85–92. 

[5] P.W. Bridgman, Phys. Rev. 48 (1935) 825–847. 

[6] R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Prog. Mater. Sci. 45 (2000) 103–189. 

[7] R.Z. Valiev, Y. Estrin, Z. Horita, T.G. Langdon, M.J. Zehetbauer, Y.T. Zhu, JOM 8(4) (2006) 

33–39. 

[8] A.P. Zhilyaev, T.G. Langdon, Prog. Mater. Sci. 53 (2008) 893–979. 

[9] R. Pippan, S. Scheriau, A. Taylor, M. Hafok, A. Hohenwarter, A. Bachmaier, Annu. Rev. 

Mater. Res. 40 (2010) 319–343. 

[10] M. Kawasaki, R.B. Figueiredo, T.G. Langdon, Acta Mater. 59 (2011) 308–316. 



 

11 

[11] A.V. Korznikov, I. Safarov, D.V. Laptionok, R.Z. Valiev, Acta Metall. Mater. 39 (1991) 

3193–3197. 

[12] Z. Lee, F. Zhou, R.Z. Valiev, E.J. Lavernia, S.R. Nutt, Scripta Mater. 51 (2004) 209–214. 

[13] V.V. Stolyarov, Y.T. Zhu, T.C. Lowe, R.K. Islamgaliev, R.Z. Valiev, Mater. Sci. Eng. A 282 

(2000) 78–85. 

[14] I.V. Alexandrov, Y.T. Zhu, T.C. Lowe, R.K. Islamgaliev, R.Z. Valiev, Metall. Mater. Trans. 

A 29 (1998) 2253–2260. 

[15] J. Sort, D.C. Ile, A.P. Zhilyaev, A. Concustell, T. Czeppe, M. Stoica, S. Surinach, J. Eckert, 

M.D. Baro, Scripta Mater. 50 (2004) 1221–1225. 

[16] A.R. Yavari, W.J. Botta-Filho, C.A.D. Rodrigues, C. Cardoso, R.Z. Valiev, Scripta Mater. 46 

(2002) 711–716. 

[17] K. Edalati, Z. Horita, Scripta Mater. 63 (2010) 174–177. 

[18] A.P. Zhilyaev, A.A. Gimazov, G.I. Raab, T.G. Langdon, Mater. Sci. Eng. A 486 (2008) 

123–128. 

[19] A.P. Zhilyaev, S. Swaminathan, A.A. Gimazov, T.R. McNelley, T.G. Langdon, J. Mater. Sci. 

43 (2008) 7451–7456. 

[20] K. Edalati, Y. Yokoyama, Z. Horita, Mater. Trans. 51 (2010) 23–26. 

[21] K. Edalati, R. Miresmaeili, Z. Horita, H. Kanayama, R. Pippan, Mater. Sci. Eng. A 528 (2011) 

7301–7305. 

[22] T. Yaguchi, M. Konno, T. Kamino, M. Watanabe, Ultramicroscopy 108 (2008) 1603–1615. 

[23] A. Krell, S. Schadlich, Mater. Sci. Eng. A 307 (2001) 172–181. 

[24] K. Edalati, E. Matsubara, Z. Horita, Metall. Mater. Trans. A 40 (2009) 2079–2086. 

[25] Y. Song, E.Y. Yoon, D.J. Lee, J.H. Lee, H.S. Kim, Mater. Sci. Eng. A 528 (2011) 4840–4844. 

[26] K. Edalati, Z. Horita, H. Fujiwara, K. Ameyama, Metall. Mater. Trans. A 41 (2010) 

3308–3317. 

[27] A.K. Misra, Metall. Trans. A 22 (1991) 715–721. 

[28] X.L. Li, R. Hillel, F. Teyssandier, S.K. Choi, F.J.J.V. Loo, Acta Metall. Mater. 40 (1992) 

3149–3157. 

[29] B.J. Lee, Acta Mater. 45 (1997) 3993–3999. 

[30] A. Zalar, B.M.M. Baretzky, S. Hofmann, M. Ruhle, P. Panjan, Thin Solid Films 352 (1999) 

151–155. 

[31] Metals Handbook, vol. 2, Properties and Selection of Nonferrous Alloys and Special-Purpose 

Materials, ASM International, Metals Park, Ohaio, 1990. 

[32] H. Baker (Ed.), ASM Handbook, vol. 3, Alloy Phase Diagrams ASM International, Metals 

Park, Ohaio, 1992. 


