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A B S T R A C T   

This work used electroshocking treatment (EST) plus external loading to regulate the microstructure of titanium 
matrix composites (TMCs). The external loading was 0.3 MPa. After EST plus external loading with 0.3 MPa, the 
α was reduced to 2.53 μm in size. The percentage of high angle grain boundaries (HAGBs) in α increased first and 
then decreased. The percent of HAGBs in TiB decreased, mainly due to the introduction of abundant dislocations 
in the TiB/matrix interface after EST. After EST, the maximum texture strength of TiB decreased from 13.09 to 
12.97, and that of α decreased from 3.11 to 1.58. After EST under external loading with 0.3 MPa, the maximum 
texture strength of TiB decreased to 8.10. The orientation of TiB experienced significant variation. TEM results 
showed that TiB and α formed a distorted interface after EST under external loading with 0.3 MPa. The inter-
planar spacing of TiB and α was varied. All results show that the texture of TMCs can be relieved by EST plus 
external loading with 0.3 MPa. It is mainly attributed to the thermal and athermal effects and the imposed 
external loads with EST. EST plus external loading provides a new method for manipulating the microstructure of 
TMCs.   

1. Introduction 

Titanium matrix composites (TMCs) are widely used in aerospace, 
automotive and military fields due to their high temperature resistance 
and high specific strength [1–9]. Some researchers have shown that the 
mechanical properties of TMC are closely related to its microstructure 
and texture [10]. Therefore, a deep understanding of the microstructure 
evolution of TMCs is of great theoretical significance for the wider 
application of TMCs. It is known that the properties of TMCs are closely 
related to their microstructure and texture. It was reported that the 
microstructure and mechanical properties of TMCs could be altered 
through different treatments [11,12]. 

Sasaki et al. [13] stated that α-Ti precipitated on two different TiB 
planes after heat treatment in β-stabilized 
Ti–15Mo-2.6Nb–3Al-0.2Si-0.12B, and multiple orientation relationships 

between α and TiB were found. Shibayan et al. [14] investigated that the 
regular β-grains of the extruded Ti–6Al–4V-0.1B consisted of fine pris-
tine β-grains and acicular β-flakes with a stable microstructure. Wen 
et al. [15] showed that the nanocrystalline grains and high dislocation 
density were formed in the nanocrystalline layer, and the compressive 
residual stress and hardness of the shot peened surface were improved 
after shot peening on (TiB + TiC)/Ti–6Al–4V. Indrani et al. [16] found 
that due to the strain incompatibility between the matrix and TiB, dis-
locations and twins were generated during the cyclic loading process, 
which reduced the cyclic stress-strain. Zhang et al. [17] showed that the 
new Ti–Al –Sn alloy exhibited the highest ultimate tensile strength and 
yield strength after heat treatment, with the precipitation of a second 
phase at a certain solution temperature. As the solution temperature 
increased, the size of the precipitated phase increased. Yu et al. [18] 
found that TiBw/Ti–6Al–4V after heat treatment, the fine α+β The size 
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of the phase increases with the increase of aging temperature, and the 
mechanical properties increase with the increase of temperature. The 
mechanical properties at high temperature and room temperature are 
different. Huang et al. [19] studied that the in-situ TiBw reinforced TC4 
composite material has continuous reinforcement network distribution, 
and the network boundary generated strengthening effect at high tem-
perature. It is the main reason for the significant improvement of room 
temperature/high temperature tensile properties. Huang et al. [20] 
showed that TiBw/Ti–6Al–4V after by hot pressing sintering can in-
crease tensile strength. 

Wang et al. [21] reported that the extruded composite material 
exhibited a strong (0001)α//extrusion direction fiber texture, which was 
transformed from the (110)β//extrusion direction fiber texture based on 
the Burgers relationship, which was beneficial to the tensile properties 
of TMCs. Hill et al. [10] reported the orientation relationship between 
equiaxed α and TiB precipitation as (0001)α//(001)TiB and [1120]α//[ 
010]TiB. Ni et al. [22] indicated that the position of TiC particles and TiB 
whiskers were relatively fixed, and TiCp tended to grow on the (101)TiB 
plane. The (0002) pole figure of rolled Ti–6Al–4V showed the “TD 
splitting” at lower rolling temperature [23]. Huang et al. [24] found that 
the particle-induced nucleation (PSN) behavior of TiB particles caused 
the recrystallized grains of different orientations to nucleate around a 
single TiB particle through random lattice rotation. Lu et al. [25] showed 
that the orientation relationship between TiB and Ti is related to the 
solidification path and growth mechanism of TiB. Saito et al. [26] re-
ported that TiB reinforced titanium alloys exhibit excellent mechanical 
properties at high temperatures up to 1100K. Li et al. [27] demonstrated 
that SLM-fabricated 2 vol% TiB/Ti–6Al–4V has a higher yield strength 
(1345 MPa) and a significant increase in fracture strain to 31.3 %.Wu 
et al. [28] stated that short and thick TiB whiskers in 
Ti–5Mo–5V–8C–3Al alloy, and the boronized Ti–5Mo–5V–8Cr–3Al alloy 
has better wear resistance than the original alloy. Yang et al. [29] 
researched that the growth and morphology of TiB are closely related to 
the surface properties of titanium alloys. The above studies show that 
the grain size of TMCs decreases and the texture strength changes after 
heat treatment, which can improve its comprehensive properties to a 
certain extent. Although a reasonable heat treatment process can 
effectively improve the mechanical properties of TMCs, the energy uti-
lization rate of the heat treatment process is low. 

In recent years, electroshocking treatment (EST) has attracted 
attention by many researchers due to its low energy consumption, short 
processing time, and targeted treatment. Song et al. [30] demonstrated 
that EST accelerated the movement of dislocations and reduced the 
dislocation density from 2.37 × 1015 m− 2 to 1.96 × 1015 m− 2, thereby 
promoting local recrystallization, and the typical deformation texture 
was significantly weakened. Wu et al. [31] investigated that refined and 

spheroidized primary α phase was obtained in Ti-6.6Al-3.4Mo after EST. 
Liu et al. [32] indicated that Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) alloy 
underwent phase transformation and dislocations accumulated at the 
boundary to form defects after EST, which declined strength of the alloy. 
Xie et al. [33] demonstrated that EST can refine TiB from micrometers to 
nanometers in TiB/Ti–2Al–6Sn. Xie et al. [34] found that the porosity of 
laser melting deposited β-titanium alloys decreased significantly from 
0.81 % to 0.1 % after EST. The maximum texture strength of β phase 
decreased from 23.18 to 13.15 after EST in near-β titanium alloy, and 
the texture strength had uniform distribution [35]. Besides, the micro-
structure of TC11 titanium alloys changed after EST, the α texture in-
tensity increased from 4.94 to 8.52, and that of β phase increased from 
3.35 to 9.88 [36]. In summary, previous studies mainly focused on the 
microstructure variation and mechanical properties of TMCs after EST. 
However, the influencing mechanism of EST on the evolution of grain 
boundaries, texture and the phase content of TiB reinforced TMCs are 
still unclear and need further investigation. 

In this work, the advantages of EST and a specific external loading 
are applied synchronously during EST for tailoring the microstructure 
and mechanical properties of TiB/Ti–2Al–6Sn. The variation of texture, 
grain size, and grain orientation of α phase and TiB are analyzed by 
Electron Backscattered Diffraction (EBSD) in detail. Furthermore, the 
evolution mechanism is discussed based on the results, which can pro-
vide new ideas and methods for processing TMCs. 

2. Experimental 

2.1. Specimens preparation and EST experiments 

In this work, 8 % TiB particle-reinforced TiB/Ti–2Al–6Sn was syn-
thesized by in situ method [33]. Before EST, a cylindrical specimen with 
a diameter of 5 mm and a length of 10 mm was processed by 
wire-electrode cutting. In order to perform the EST experiments, the 
surface oxide layer on specimen was removed. Note that, the top and 
bottom surfaces of the cylindrical specimen were smooth to ensure that 
both surfaces of the specimen were in full contact with the two elec-
trodes of the EST equipment. The mere EST with 0.06 s and the EST with 
0.06 s plus an external loading of 0.3 MPa were applied on specimens, 
and the schematic is shown in Fig. 1(a). Because the external load (P) 
was low, the load was directly applied to the upper surface of copper 
electrode. The specimen number and processing parameters are shown 
in Table 1. The untreated specimen was marked as No.1, the specimen 
with mere EST as No.2 and the specimen with EST plus the external 
loading as No.3. The EST current amplitude and density were 4.5 × 103 

A and 2.3 × 104 A/cm2, respectively. The EST pulse voltage signal 
monitored by the Hall current sensor was 7.8 × 103 mV. The detailed 
EST process can be found in our previous works [32,33]. The 
oxide-removed sample was placed between two copper electrodes in the 
EST device, and the upper and lower surfaces of specimens were in 
contact with the electrodes. The temperature change of specimens 
during EST was detected by Fotric Infrared Imager. The distance be-
tween the infrared thermal imager and the sample is 20 cm, and the 
focus is kept clear at a room temperature of 20 ◦C. Infrared thermal 
imager (Fotric-220) response wavelength is 8–14 μm, choose the 

Fig. 1. Schematic diagrams of: (a) specimen under EST and EST plus loading P, (b) microstructure characterization area for SEM and TEM, and (c) microstructure 
characterization area of EBSD. 

Table 1 
Specimens number and EST parameters under different loading.  

Specimen number EST time(s) P (MPa) 

No.1 0 0 
No.2 0.06 0 
No.3 0.06 0.3  
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emission rates of 0.15 and 0.23. The Hall current sensor externally 
connected to the electroshocking instrument is used for computer signal 
collection. The experimental instruments include an electroshocking 
instrument, the infrared thermal imager that monitors the temperature 
changes of the sample in real time, the Hall current sensor externally 
connected to the electroshocking instrument, and the computer con-
nected to the Hall current sensor to collect current and pulse data. 

2.2. Microstructure characterization 

The specimens were cut by wire-electrode cutting after EST for 
microstructure characterization. The specimens were prepared by 
standard metallographic method, and the specimens were mounted and 
the surface were ground by sandpapers. Then the specimens were pol-
ished by a mixed solution containing OPS and H2O2 (VOPS: VH2O2 = 3: 2), 
in which the OPS solution was a SiO2 suspension. The microstructure of 
TiB and α phase before and after EST were observed by SEM (Zeiss Ultra 
Plus, Germany) under a voltage of 10 kV, and the characterization area 
at middle position (M) is shown in Fig. 1(b). The specimens for TEM 
characterization were prepared using focused ion beam (FIB), and the 
current of FIB was set as 0.79 nA. The specimen contained both the 

matrix and TiB reinforcement, and the TEM observation area is shown in 
Fig. 1(b). The dislocations on phase boundaries and the element distri-
bution were characterized and analyzed by Talos F200S TEM (FEI, USA). 
The TEM spot resolution was 0.25 nm, the resolution was 0.12 nm, the 
electron gun acceleration voltage was 200 kV, and the minimum spot 
size was 0.3 nm. Furthermore, the high-resolution atomic image char-
acterization was performed on Titan Cubed Themis G2 300 (THERMO 
FISHER SCIENTIFIC). All experimental results were analyzed and dis-
cussed in detail. Meanwhile, the grain size, grain orientation and texture 
were characterized using the EBSD attachment on SEM (Zeiss Ultra Plus, 
Germany), and the characterization area was also the M area shown in 
Fig. 1(c). Before EBSD characterization, the specimens were polished via 
electrolytic polishing, and both the matrix and TiB reinforcement were 
characterized. In addition, the scanning area was 250 μm × 150 μm, and 
the step size of 0.5 μm was selected to detect the size variation of matrix 
and TiB before and after EST. 

Fig. 2. Distribution of TiB on low-magnification SEM images for specimens: (a) No.1, (c) No.2, (e) No.3, and on high-magnification SEM images for specimens: (b) 
No.1, (d) No.2, (f) No.3. 
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Fig. 3. (a), (b) and (c) grain boundary misorientation distributions of specimen No.1, No.2 and No.3 respectively; (d), (e), (f) statistics of TiB and (g), (h) and (i) 
statistics α grain boundary misorientation in specimen No.1, No.2 and No.3 respectively. 

Fig. 4. (a)–(c) the grain orientation maps of specimen No.1, No.2 and No.3 respectively; (d) the standard orientation of α and TiB phases.  
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3. Results and discussion 

3.1. Microstructure of specimens before and after EST 

Fig. 2 shows the distribution of TiB before and after EST in M area, 
Fig. 2 (a), (c) and (e) are low-magnification SEM images, and (b), (d) and 

(f) are high-magnification SEM images. As seen from the distribution of 
TiB in No.1 (Fig. 2(a) and (b)), TiB is short-fiber-shaped along the axial 
direction and is unevenly distributed in the matrix. After EST in No.2 (in 
Fig. 2(c) and (d)), TiB is fractured and refined, and the distribution of 
TiB is relatively uniform. The interface cracks are introduced, resulting 
in formation of defects. This is due to the thermal and athermal effects of 

Fig. 5. (a), (b) and (c) show the equivalent diameter statistics of TiB in specimen No.1, No.2 and No.3 respectively; (d), (e) and (f) show the diameter statistics of α 
grains in specimen No.1, No.2 and No.3 respectively. 

Fig. 6. (a), (b) and (c) show the phase distributions of specimen No.1, No.2 and No.3 respectively (the red areas represent α phase, and the yellow areas represent TiB 
phase); (d) the phase contents in specimens No.1, No.2 and No.3, respectively. 
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EST. In thermal effect, EST generated high energy pulse which caused 
the Joule thermal effect. In athermal effect, high energy pulse current 
caused the targeting effect and the selective effect. The energy is 
concentrated in TiB tip and TiB broken under the extrusion of matrix. In 
No.3, under the applying of EST plus external loading, the interface 
cracks are repaired under the effect of external loading. In TiB/ 

Ti–2Al–6Sn, it mainly contains TiB and α phase, few β phase can be 
found [33]. After EST, the best refinement effect of TiB is shown in No. 3, 
which was under the simultaneous effect of EST and external loading (in 
Fig. 2(e) and (f)). 

In order to investigate the influence mechanism of EST on the matrix 
and TiB, EBSD is utilized to analyze the grain boundary misorientation, 

Fig. 7. Inverse pole figures (IPF) of TiB phase in specimen: (a) No.1, (b) No.2 and (c) No.3.  

Fig. 8. Inverse pole figures (IPF) of α phase in specimen: (a) No.1, (b) No.2 and (c) No.3.  
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grain size, grain orientation and texture. The phase contents of speci-
mens are also analyzed and discussion in the following sections. 

3.2. Distribution of grain size and grain boundary misorientation 

Fig. 3(a)–(c) show the distribution of grain boundary of specimens 

No.1, No.2 and No.3. It can be seen from Fig. 3(d)–(f) that the HAGBs 
percentages of TiB in No.2 (10 %) and No.3 (10 %) are reduced 
compared to No.1 (16.26 %). The LAGBs percentages of TiB in No.2 (90 
%) and No.3 (90 %) are larger than that in No.1 (83.74 %). The LAGBs is 
composed of dislocations. The increase of LAGBs indicates that the 
dislocation density increases after EST [37]. This is mainly due to the 

Fig. 9. (a)–(c) the statistics of TiB correlated and uncorrelated boundary orientation difference angles in specimen No.1, No.2 and No.3 respectively; (d)–(f) the 
statistics of α correlated and uncorrelated boundary misorientation angles in specimen No.1, No.2 and No.3 respectively. 

Fig. 10. (a)–(c) EBSD images of recrystallization, substructure and deformation phases of α and TiB in specimen No.1, No.2 and No.3 respectively; and the statistics 
of recrystallization, substructure and deformation phases of (d) TiB and (e) α phases in specimen No.1, No.2 ad No.3 respectively. 
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introduction of a large number of defects in TiB/matrix interface after 
EST [33]. In No. 2, interface cracks are introduced after EST. The effect 
of EST plus external loading in No. 3 can make crack repair without 
introducing new defects. So, the HAGBs of TiB in No. 3 do not change 
significantly. 

Fig. 3(d)–(f) show the HAGBs ratio of α in No. 1 is 49.93 %, and that 
of No. 2 is increased to 63.04 %. This is mainly due to the growth of α 
under the Joule heating effect produced by EST [38]. The growth of α is 
dominated by the migration of grain boundaries, transforming from 
LAGBs to HAGBs [39]. Therefore, the ratio of α HAGBs increases. In No. 
3, the proportion of α HAGBs is reduced to 37.28 %. This is because that 
the α recrystallizes when EST and external loading work together to 
produce a large number of sub-grains, which leads to an increase in 
LAGBs percentage and the smaller α size [40]. In addition, the dispersed 
TiB is conducive to the generation of sub-grain boundaries [41,42]. 

Fig. 4(a)–(c) show the orientation of grains in specimens No. 1, No. 2 
and No. 3. The grain orientation map is mainly composed of TiB and α 

phase. Comparing Fig. 4(a) and (b), the orientation of TiB in No. 2 has 
changed after EST. Because TiB reinforcements are fractured after EST. 
Especially in No.3, the orientation of TiB is changed substantially while 
0.3 MPa external loading is applied during EST, and the TiB particles are 
refined and their orientation becomes uniform, which are ascribed to the 
effects of EST and external loading. In addition, the α size becomes larger 
in No. 2, but it decreases significantly in No. 3 after applying external 
loading. 

Fig. 5 shows the grain size distribution in the middle of three spec-
imens. As seen from Fig. 5, the average size of TiB in No. 1 is 2.95 μm, 
and the average size of α is 2.42 μm. Compared with No.1, the average 
size of TiB in No.2 is reduced from 2.95 μm to 2.40 μm, which is ascribed 
to the refinement of TiB after EST. The average size of α grains increases 
from 2.42 to 3.24 μm, the potential reason is that the Joule heating effect 
introduced by EST promotes the growth of α grains [35,36,43]. In 
addition, compared with No.2, the average size of TiB in No.3 is 
increased, which may be influenced by some large and unrefined TiB. In 
No.3, the average size of α is reduced to 2.53 μm, which indicates that 
EST plus the external loading under 0.3 MPa can make α be refined. The 
thermal effect, athermal effect and external loading produced by EST 
refine the TiB particles. The decrease in α grain size is mainly due to the 
recrystallization of α under the extrusion of external loading during EST, 
which can produce a large number of sub-grains [40]. This is consistent 
with the results obtained in Fig. 4. 

3.3. Phase content 

The phase content of TiB and α phase can be obtained accurately 
according to EBSD results shown in Fig. 6. Fig. 6(a)–(c) shows the phase 
distribution of specimens No. 1, No. 2 and No. 3. The yellow area rep-
resents the TiB phase while the red area represents the α phase. The α 
phase is equiaxed. The phase content distributions of three specimens 
are shown in Fig. 6 (d). It can be observed from Fig. 6(a)–(c) that the TiB 
in No. 1 is short-fibrous and the size is larger and unevenly distributed. 
In No. 2, the TiB fractures and is refined, and the arrangement has been 
deflected. The large-size TiB has decreased after EST, which is consistent 
with the SEM results observed in Fig. 2(c)and (d). In No. 2, the α size 
becomes larger, which is consistent with the statistical results in Figs. 5 
and 4. In No. 3, it apparent that the TiB is refined significantly and 
evenly distributed in the matrix, and the α grain size becomes smaller 
obviously, due to the combined effect of thermal stress and external 
loading generated during EST. 

In Fig. 6(d), the phase content variation of TiB and α phase has been 
indicated. The content of α phase slightly decreases from 92 % (in No.1) 
to 91.1 % (in No.2) and 91.2 % (in No.3). By contrast, the TiB content 
increases slightly from 7.99 % (in No.1) to 8.90 % (in No.2) and 8.75 % 
(in No.3). Compared with No. 1, the contents of TiB phase and α phase in 
No. 2 and No. 3 show little variation. The above results verify that no 
new phase is formed after EST [36]. 

3.4. Texture analyses 

Considering that the variation of grain size and grain orientation 
would influence the texture distribution, the inverse pole figures (IPF) of 
TiB and α phase are obtained via EBSD and shown in Fig. 7 and Fig. 8 to 
further analyze the texture variation. As seen from the IPF of TiB (Fig. 7 
(a)), the maximum texture intensity of TiB in No. 1 is 13.09 and the 
intensity of {010} orientation is largest. Compared with No.1, the 
texture intensity of No.2 is reduced. As shown in Fig. 7 (b), the 
maximum texture intensity is 12.97, the intensity of {100} orientation 
becomes stronger, and the texture direction is parallel to the Z0 direc-
tion. The possible reason for this is that TiB fractures and deflects after 
EST, the orientation of TiB is redistributed, and the fractured TiB no 
longer shows the same orientation as the original TiB [33,42]. More-
over, the decrease in texture intensity in No.2 verifies the refinement 
and redistribution of TiB after EST. No. 3 shows the smallest texture 

Fig. 11. Atomic images of TiB near the TiB/matrix interface and the corre-
sponding selected area electron diffraction patterns of specimen: (a) No.1 and 
(b) No.3. 
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intensity after EST plus the external loading. As shown in Fig. 7 (c), the 
maximum texture intensity is 8.10, and both the intensities of {100} and 
{010} orientation become stronger, and the texture directions are par-
allel to the X0 and Z0 directions, respectively. Besides, the texture of 
{001} orientation parallel to the Y0 direction also exists. Compared with 
No.2, the texture in No.3 emerges along three directions, and the in-
tensity decreases significantly, which indicates the TiB in No.3 shows a 
better refinement and a more uniform distribution under EST plus 
external loading. These results are consistent with the microstructure 
variation shown in Fig. 2 and in our previous work [33]. 

Fig. 8 shows the texture distribution of α grains before and after EST. 
As shown in Fig. 8 (a), the maximum texture intensity of α in No.1 is 3.11 
along the {0001} direction. Compared with No. 1, the texture intensity 
of No. 2 becomes lower. As shown in Fig. 8 (b), the maximum texture 
intensity is 1.58 and the intensity of {0001} texture becomes weaker, 
which is parallel to the X0 direction. However, the texture intensity of 
{01–10} orientation becomes stronger, which is parallel to the Z0 di-
rection. The texture of α has changed from the original {0001} orien-
tation to {01–10} orientation. The possible reason is ascribed to the 
growing α under EST, which is due to the thermal and athermal effects 
by EST [35,44,45]. Besides, compared with No. 2, the texture intensity 
of α phase in No. 3 increases slightly, from 1.58 to 1.99. The potential 
reason is that the α grains are deformed slightly under the external load 
of 0.3 MPa. In addition, the dispersed TiB is conducive to the generation 
of sub-grain boundaries, which can provide enough nucleation sites for α 
recrystallization [41,46]. The orientation between sub-grains may have 
a certain correlation [47]. Therefore, the α texture intensity of No. 3 
increases, and the intensity of {01–10} orientation becomes weak, 
which is also related to the refinement and orientation variation of TiB. 

Fig. 9(a)–(c) show the distribution of misorientation angles of 
correlated and uncorrelated boundaries of TiB in specimens No.1, No.2 
and No.3. The distribution of misorientation angles of correlated and 
uncorrelated boundaries of α in No.1, No.2 and No.3 are shown in Fig. 9 
(d)–(f). The red histograms indicate that the boundary misorientation 
angles are correlated, and the blue histograms indicate that the 
boundary misorientation angles are uncorrelated. All LAGBs show cor-
relation, mainly because the LAGBs are distributed inside the grains 
belonging to the same parent phase. After EST with 0.06 s in No.2, the 
correlation and uncorrelation of the misorientation angles between TiB 

and α boundary do no show significant change (Fig. 9 (b) and (e)). The 
grain boundaries with correlation are mainly distributed in LAGBs, and 
there is no bias angle preference selection in HAGBs. The main reason is 
that TiB is refined, α is recrystallized, and the misorientation angles of 
grain boundaries from the same parent phase are correlated. After the 
coupled effect of EST and external loading, the correlation and uncor-
relation of TiB boundary misorientation angles change not significantly 
(Fig. 9 (c)). The main reason is that the TiB originates from the same 
parent phase. The increase in the frequency of α boundary misorienta-
tion angle correlation is attributed to the combined action of EST and 
external loading (Fig. 9 (f)). As shown in Figs. 4 and 5, α is deformed, the 
size of α is significantly refined, and a large number of refined α sub-
grains come from the same parent phase, so the frequency of α boundary 
misorientation angle correlation increases. 

Fig. 10(a)–(c) displays the recrystallization images of α and TiB 
phases in specimens No.1, No.2 and No.3. The blue area represents the 
recrystallization phase, the yellow area represents the substructure 
phase, and the red area represents the deformation phase. The statistics 
of recrystallization, substructure and deformation phases of TiB and α 
phase in these three specimens are shown in Fig. 10(d) and (e). 
Compared with No.1, the proportion of the recrystallized region of No.2 
increases, and the area of the substructure region and the deformation 
region decreases, mainly due to the refinement of TiB, and the increase 
of α size. During recrystallization, the areas of substructure and 
deformed regions decrease, and the proportion of recrystallized regions 
increases. Compared with No.2, the recrystallization and substructure 
phase of No.3 are significantly reduced, and the deformation phase of α 
phase is significantly increased, the recrystallized and substructure 
phases are significantly reduced, while the grain refinement and the 
external loading lead to a significant increase in the deformation phase. 

Fig. 11 shows the atomic images of TiB and TiB/matrix interface of 
specimens No. 1 and No. 3, and the corresponding selected area electron 
diffraction (SAED) patterns are shown. The interplanar spacing of TiB in 
No. 1 (before EST) and No. 3 (after EST plus external loading) is 0.233 
nm (Fig. 11(a)) and 0.162 nm (Fig. 11(b)) respectively. It can be found 
that the interplanar spacing of TiB near the interface is changed after 
EST, which indicates that lattice distortion occurs after EST plus 0.3 MPa 
external loading. 

Fig. 12 illustrates the TEM and HRTEM images of α and TiB phases in 

Fig. 12. (a)–(d) TEM images and corresponding HRTEM images of TiB and α interplanar spacing in No.1, (e)–(h) TEM images and corresponding HRTEM images of 
TiB and α interplanar spacing in No.3. 
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No.1 and No.3. Fig. 12(a)–(d) shows the HRTEM images of TiB and α in 
No.1. In No.1, the TiB/matrix interface shows a good contact, as shown 
in Fig. 12(a), and there is no stacking fault in TiB, as shown in Fig. 12(b). 
There is no defects in the α interplanar spacing is 0.240 nm. Fig. 12(e) 
and(f) shows the HRTEM images of TiB and α in No.3. As observed in 
Fig. 12 (e), the stacking faults are formed in TiB in No. 3, and the lattice 
distortion are introduced in the α phase (Fig. 12 (f)), indicating that the 
combined effect of EST and external loading result in the formation of 
stacking faults in TiB and the lattice distortion in α phase [48]. As seen 
from the HRTEM images of α in No.3 (Fig. 12(g) and(h)), the width of α 
interplanar spacing decreases from 0.240 nm to 0.180 nm after EST, and 
TiB produces defects, which is due to the combined effect of EST and 
external loading. 

Fig. 13(a) and(b) shows the HRTEM images of α phase in No.1 and 
No.3. It can be observed that there is few defects in No.1 before EST 
(Fig. 13 (a)). However, there are a large number of defects in No.3 after 
EST plus external loading (Fig. 13 (b)). The variation of interplanar 

spacing and the induce of defects after EST plus external loading are 
ascribed to the deformation of α phase and TiB. After mere EST, TiB is 
refined and deflected under the extrusion of the α matrix. The α locally 
grows and deforms under the thermal and athermal effects of EST, 
resulting in the variation of orientation and texture strength. While after 
EST plus the external loading, the refinement and deformation of TiB 
and α become more evident, which influences the recrystallization, 
substructure and deformation phases of TiB and α. Due to more apparent 
refinement and deformation of TiB and α, the lattice distortion and the 
variation of interplanar spacing are induced. These effects can be 
attributed to the thermal and athermal effects of EST, and the defor-
mation effect of external loading. 

4. Conclusions 

In this work, the texture evolution of TiB/Ti–2Al–6Sn TMC after EST 
plus external loading were studied, and the mechanism of TiB/ 

Fig. 13. (a) HRTEM images of α phase in No.1, (b) HRTEM images of α phase and defects in No.3.  
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Ti–2Al–6Sn after EST plus external loading is revealed. The TMC after 
EST plus external loading can modify the texture intensity, indicating 
that the advantages of EST plus external loading can be applied to 
change the microstructure of TMCs, which aims to provide new ideas 
and methods for the processing of TMCs. And some important results are 
summarized as follows: 

(1) After EST plus external loading, TiB refinement was more uni-
form, and a large number of sub-grains were induced, which 
refined the α grains. The variation in HAGBs proportion related to 
the change of the size of TiB and α.  

(2) After single EST, the HAGBs proportion of α increased from 49.9 
% to 63.0 % due to the growth of α under the thermal effect of 
EST. But, after EST plus external loading, the proportion of α 
HAGBs was decreased to 37.28 %. This reduction was attributed 
to the substantial formation of sub-grains resulting from α phase 
recrystallization, which increased the proportion of LAGBs.  

(3) After single EST, TiB orientation was redistributed, leading to the 
decrease in texture strength. After EST plus external loading, the 
texture strength decreased significantly, indicating that TiB 
exhibited better refinement and more uniform distribution under 
the combined action of EST and external loading.  

(4) After single EST, the orientation of α phase show significant 
variation, and the texture intensity decreased. This can be 
attributed to the local growth and deformation of the α phase 
under EST. After EST plus external loading, the texture intensity 
of α phase not change significantly compared with the specimen 
after a single EST, because the external loading was only 0.3 MPa.  

(5) The variation in interplanar spacing and the induce of defects 
observed after EST plus external loading can be ascribed to the 
deformation of α phase and TiB. The more significant refinement 
and deformation of TiB and α result in lattice distortion and 
changes in interplanar spacing. These effects can be attributed to 
both the thermal and athermal effects of EST, and the deforma-
tion effect of external loading. 

All results show that EST plus the external loading can modify the 
texture of TMCs. EST provides a simple and efficient method for 
manipulating the microstructure of TMCs. It is supposed to improve the 
mechanical properties of TMCs. 
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