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ABSTRACT

Dynamic recrystallization mechanism and microstructure evolution of a novel

quasi-continuous network reinforced TiAl matrix composites, TiAl/B4C com-

posites were studied in this paper. The isothermal compression experiments, the

scanning electron microscopy, and the electron back-scattered diffraction were

carried out. Besides the discontinuous dynamic recrystallization (DDRX), the

continuous dynamic recrystallization occurred in c-phase grains during the

loading, characterized by crystal orientation accumulation. Additionally, a large

number of 89 ± 3� grain boundaries associated with DDRX also appeared

during the loading. With the temperature increasing or/and the strain rate

decreasing, the volume fraction of recrystallized grains increased significantly,

the\ 010[ crystal direction of c-phase grains within the matrix unit of present

composites was gradually parallel to compression direction, and the texture

changed from scatter to concentration. The variety of texture was mainly related

to different dynamic recrystallization mechanisms in various conditions.
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Introduction

Due to excellent oxidation resistance and strength at

high temperatures, high specific strength, and low

density, TiAl matrix composites are thought as the

primary candidate to replace Ni-based superalloys

and to achieve large-scale weight reduction in the

aerospace engine [1, 2]. However, high-temperature

strength or room-temperature plasticity of the exist-

ing TiAl matrix composites were insufficient to meet

the requirement of structural materials with high

performance [2–4]. Thus, some researchers tried to

improve the mechanical properties of TiAl matrix

composites by different types of reinforcement

addition, such as Ti2AlNb [5], Ti2AlN [6, 7], Y2O3

[8, 9], Ti3AlC [10], Ti2AlC [11], and TiB [12], etc.

Meanwhile, growth and distribution of reinforce-

ments were controlled to establish a quasi-continuous

network structure within TiAl matrix composites, for

excellent mechanical properties [6, 11, 13].

Wang et al. [6] established a quasi-continuous

network reinforced structure with Ti2AlN particles

within TiAl matrix composites through the in-situ

reaction of nitrogen with titanium and aluminum.

The authors enhanced the flexural strength of the

materials at 700 �C and 800 �C, but the flexural

strength decreased significantly with the temperature

increasing to 900 �C. Ren et al. [11] prepared Ti2AlC/

TiAl composites with a three-dimensional network

structure and increased the flexural strength of the

composite with 20 vol% Ti2AlC to 900.9 MPa at room

temperature. In combination with pressure infiltra-

tion and hot-press sintering, Li et al. [13] prepared

TiAl-based composites with a quasi-continuous net-

work structure consisting of Ti5Si3 reinforcement. The

authors increased the ultimate tensile strength (UTS)

of the composites at 700 �C and 800 �C and the

elongation at room temperature to 594 MPa,

520 MPa, and 2.5%, respectively, but the UTS of the

composites at 850 �C was only 390 MPa.

Based on above researches, the authors tend to

establish a quasi-continuous network reinforced

structure within TiAl matrix composites, for the

improvements of mechanical properties. Li et al. [10]

found that carbides with self-lubricating properties

could coordinate the plastic deformation of TiAl

matrix through activated slipping systems during the

loading, and the refined a2/c lamellae spacing caused

by carbon addition could support creep deformation

of TiAl alloys. Meanwhile, borides could effectively

enhanced the UTS of TiAl alloys through the obsta-

cles for dislocation movement and pinning interfaces

sliding at high temperature [12]. Thus, a novel quasi-

continuous network reinforced structure with in-situ

borides and carbides was constructed at the interface

layer of matrix unit within TiAl-based composites.

Borides and carbides were employed to strengthen

the interface layer of matrix units. Furthermore, hot

processing is treated as an important manufacture for

TiAl matrix composites in the aerospace industry.

Deformation behavior and microstructure evolution

of the novel TiAl matrix composites with quasi-con-

tinuous network reinforced structures are still not

investigated clearly, which hinder the application of

present composites. Thus, it is necessary to study

deformation behavior and microstructure evolution

of the composites before industrial practice.

The main objective is to investigate the effect of

temperature and strain rate on the microstructure

evolution and the deformation behavior of the novel

TiAl/B4C composites in this paper. The microstruc-

ture evolution will be analyzed by scanning electron

microscopy (SEM), electron back-scattered diffraction

(EBSD), and X-ray diffraction (XRD).

Materials and methods

TiAl (Ti–45Al–8Nb at%) powders and 5.75 wt% B4C

powders were used to fabricate TiAl/B4C composites

with quasi-continuous network reinforced structure

via vacuum reactive hot-press sintering technique, as

exhibited in Fig. 1. As shown in Fig. 2a–f, B4C pow-

ders displayed an average diameter of 5 lm. TiAl

powders with an average diameter of 120 lm mainly

consisted of a2-Ti3Al phase and c-TiAl phase. A low-

Figure 1 The fabrication process of the quasi-continuous network

reinforced TiAl/B4C composites.
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energy ball milling was used to combine TiAl pow-

ders and B4C powders in argon atmosphere; the

mixing speed and the duration of low-energy ball

milling in this work were 200 rpm and 8 h. Vacuum

hot pressing sintering was used to compact the mixed

powder in a graphite mold at 1200 �C for 1 h and

under a pressure of 40 MPa. After hot pressing sin-

tering, the samples were held at 900 �C for 12 h and

then furnace quenched.

The specimens with U8 mm 9 12 mm were used

in isothermal compression tests, which were carried

out in Gleeble-3500 instrument. Deformation condi-

tions were chosen to be (1050 �C, 1150 �C)/0.01 s-1

and 1150 �C/(0.1 s-1, 0.001 s-1); heating rate was

10 �C/s; engineering strain was 50%. After isother-

mal compression, the samples were immediately

water quenched to preserve deformed microstruc-

ture. An X-ray diffractometer with Cu Ka radiation

was used to determine the phase composition of raw

material powders and sintered composites with steps

of 0.013� and scanning angles of 10–90�. Scanning

electron microscopy (SEM) and electron back-scat-

tered diffraction (EBSD) techniques were used to

analyze microstructure. Samples for EBSD analysis

were electrochemically polished with a solution of

10% perchloric acid, 30% butanol, and 60% methanol

at approximately -25 �C and 25 V. EBSD observation

was carried out with the step of 0.15 lm. In this work,

the crystallographic information of gamma phase

with FCT structure was entered in the Twist module

of Channel 5 software, to establish EBSP file of

gamma phase for EBSD analysis.

Figure 2 The SEM images

and XRD patterns of powders:

a SEM images and b XRD

pattern of B4C powders;

c SEM images and d XRD

pattern of TiAl powders; e–

f Line scanning analysis.
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Results and discussion

The initial microstructure of TiAl/B4C
composites

The SEM images and XRD pattern of TiAl/B4C

composites are exhibited in Fig. 3. The initial

microstructure of the composite is shown in Fig. 3f.

The present composite mainly consists of c-TiAl, a2-
Ti3Al, TiB2, and Ti2AlC. No peak of B4C in the XRD

pattern indicates that borides and carbides rein-

forcements synthesize completely during the hot-

press sintering process. The initial as-sintered

microstructure of TiAl/B4C composites is shown in

Fig. 3a–e. The (a2 ? c) lamellae can be observed in

matrix unit; the average size of lamellar colonies on

the edge of matrix unit is much smaller than that in

the center because the cooling rate of external powder

is fast. To better exhibit the arrangement of the rein-

forcements at the interface layer, the sample was

etched for various time. Figure 3e shows the sample

etched at long time (10 min), which caused the matrix

unit to be etched completely. As shown in Fig. 3a–e,

borides and carbides distributed at the interface of

matrix units and constructed a quasi-continuous

network reinforced structure.

Deformation behavior

Hot process of TiAl composites is mainly affected by

work hardening, dynamic recrystallization, and

dynamic recovery. Due to low stacking fault energy,

the softening process of TiAl alloys mainly depends

on dynamic recrystallization during the loading [14].

Temperatures and strain rates significantly influence

the dynamic recrystallization of TiAl matrix com-

posites during the loading. To study the effect of

deformation parameters on the deformation behavior

of TiAl/B4C composites, the flow stress curves in

Figure 3 The initial

microstructure of the quasi-

continuous network reinforced

TiAl/B4C composites: a, b

BSE image; c–e SE image;

f X-ray diffraction pattern.
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various conditions (1050 �C/0.01 s-1 and 1150 �C/
0.01 s-1) are exhibited in Fig. 4.

It can be observed that flow stress increases rapidly

to peak during the initial stage, and then decreases

gradually, finally tends to be stable. The phenomenon

is due to the work hardening caused by dislocation

pile-ups in the initial deformation stage, which leads

to a significant increase in flow stress. Dislocation

pile-ups will promote the nucleation of recrystallized

grains during the loading. When work hardening and

recrystallization reach equilibrium, flow stress

reaches the peak stress. With further deformation, the

effect of recrystallization is stronger than that of work

hardening, and flow stress decreases gradually.

When recrystallization and work hardening reach

equilibrium again, the flow stress curve becomes

stable. As shown in Fig. 4a and b, the flow stress

decreases with temperature increasing or/and strain

rate decreasing.

Microstructure evolution
during the isothermal compression

Based on the stress–strain curves, the variety of

temperature and strain rate can influence

microstructure evolution of the present TiAl matrix

composites. TiAl-based materials display different

types of microstructure evolution in various condi-

tion, which influences mechanical properties [15, 16].

As shown in Fig. 5, the reinforcements in the inter-

faces rotate in the direction that is perpendicular to

compressive direction, while matrix units tend to

deform along the compressive direction during the

loading. Furthermore, it can also be seen that the

thick lamellar colonies in the center of the matrix unit

are bent and twisted in condition 1050 �C/0.01 s-1

and 1150 �C/0.1 s-1. Moreover, (a2 ? c) lamellar

colonies coarsen substantially as a result of dynamic

recrystallization at high temperatures. The recrystal-

lized grains can be seen clearly in the BC diagram. In

condition 1050 �C/0.01 s-1 and 1150 �C/0.1 s-1,

recrystallized grains distribute as necklace-like

around the deformed grains. The recrystallized

grains display much larger size in condition 1150 �C/
0.01 s-1 and 1150 �C/0.001 s-1, compared to that in

condition 1050 �C/0.01 s-1 and 1150 �C/0.1 s–1. High

deformation temperature and sufficient time can

promote dislocation slipping and the nucleation and

growth of recrystallized grains.

Dynamic recrystallization mechanism

The nucleation and growth of recrystallized c grains

dominate the deformation of matrix units. As shown

in Fig. 6, the grain boundary and GOS distribution of

c-phase can be seen. As the note in the figures, sig-

nificant differences are exhibited in the GOS values of

individual samples. Previous studies have suggested

that the end-point of first considerable peak with a

low GOS value could be regarded as the critical GOS

value (CGV) of recrystallized grains [17–19]. As

shown in Fig. 6e–h, the CGV values of the four

samples are 2.1, 1.6, 2.1, and 1.3, while the volume

fractions of recrystallized grains are 37%, 33%, 18.4%,

and 39.3%, respectively. The size of recrystallized

grains in condition 1150 �C/0.01 s-1 is about

1.98 lm, which is 50% larger than that in condition

1050 �C/0.01 s-1. The size of recrystallized grains in

condition 1150 �C/0.001 s-1 is 70% larger than that in

condition 1150 �C/0.1 s-1.

Figure 6a–d shows the grain boundary diagram of

c phase in different conditions. Low angle grain

boundaries (LAGBs, 2–10�), medium angle grain

boundaries (MAGBs, 10–15�), and high angle grain

boundaries (HAGBs, 15–180�) are marked with green,

red, and blue lines. HAGBs are generally produced

Figure 4 The flow stress

curves of the quasi-continuous

network reinforced TiAl/B4C

composites in different

conditions a 0.01 s-1,

b 1150 �C.
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by recrystallized grains nucleation or/and grain

coarsening, while LAGBs usually form in the sub-

grain boundaries during the loading. In Fig. 6a and b,

a large number of LAGBs extend to the region of

grain center and exist within the deformed grains.

The LAGBs split deformed grains into interconnected

Figure 5 The SEM images of

the interfaces a, d, g, j and

matrix b, e, h, k, the BC

diagram c, f, i, l of c phase

within the quasi-continuous

network reinforced TiAl

composites in various

conditions.

Figure 6 Grain boundary a–d and GOS e–h distribution of c phase after compressive deformation in condition 1050 �C/0.01 s-1 a,

e,1150 �C/0.01 s-1 b, f,1150 �C/0.1 s-1 c, g and 1150 �C/0.001 s-1 d, f.
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parts, which indicates the appearance of sub-grains

within the deformed grains. In addition, MAGBs can

also be seen in the diagram, which is traditionally

regarded as a prerequisite for the nucleation of

CDRXed grains. Thus, it is judged that CDRX dis-

plays an important influence on the deformation

process [20].

Figure 7 shows the misorientation angle distribu-

tion of c phase in different samples. It can be clearly

seen that there is a dominant angle peak with 89 ± 3�
misorientation. The 89 ± 3� GBs are marked with a

red line in the GOS maps. It can be seen that the GOS

values of the grains with 89 ± 3�GBs are less than the

CGV values of the corresponding samples. These

grains are judged as DRX grains. Most of these types

of grains nucleate within matrix grains, which dis-

play as deformed grains or DRX grains. A similar

phenomenon also appears in the research by Zong

et al. [19]. By the orientation deviation measurement

of matrix grains, the twin boundary analysis, and the

TEM study, Zong et al. [19] concluded that the grains

with 89 ± 3� GBs were related to DDRX. Many pre-

vious studies have proven the occurrence of DDRX in

TiAl alloy [21–23]. DDRX dominates the nucleation

and growth of recrystallized grains through the bulge

and migration of HAGBs, as shown in Fig. 8. Previ-

ous studies reported that the nucleation sites of

DDRXed grains are mainly at grain boundaries, sub-

grain boundaries, and twin boundaries, especially at

triple junctions, as exhibited in Fig. 8b. Because the

intense dislocation movement around the grain

boundary can provide higher energy and promote

the nucleation and growth of DDRXed grains

[19, 24, 25]. Moreover, the nucleation time of DRXed

grains is different, while the original grain bound-

aries and twin boundaries transform to HAGBs with

random distribution during the loading. Therefore,

the orientation of DDRXed grains will be different

from the orientation of original grains [24]. Crystal

orientation schematic diagrams and Euler angles of

small grains with 89 ± 3� GBs in deformed grains

(marked by green grains) and DRX grains (marked

by blue grains) are exhibited in Fig. 7. It can be seen

that the crystal orientation of grain B is completely

different from matrix grain A (deformed grain), and

the crystal orientation of grain C is also completely

different from matrix grain D (recrystallized grain).

Therefore, it is speculated that DDRX produces the

tiny grains with 89 ± 3� GBs.

Figure 7 Misorientation angle distribution a, b, c, d, 89 ± 3� GBs distribution diagram e, f, g, h and crystal orientation diagram inside i,

j, k, l the grains of c phase in various conditions.
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In contrast to DDRX, CDRX generally occurs

within the grains. Figure 9 shows a nucleation and

growth mechanism for the grains with CDRX, which

is considered to be an intense recovery process.

During the loading, sub-grain boundaries continu-

ously absorb dislocations, which lead to increasing

misorientation of sub-grain boundaries, and result in

continuous rotation of sub-grains [26–29]. With fur-

ther deformation, the sub-grain boundaries with low

angle gradually transform into HAGBs, and the sub-

grains also become independent recrystallized grains

[30]. Because CDRX will lead to local rotation and

orientation difference to result in orientation gradi-

ents within the grains [24]. As shown in Fig. 10, large

grains with gradient colors were present in various

samples. Different colors in the grains indicate the

differences between the orientation groups of the

crystals. The crystal orientation accumulation curves

along the line from point O to point A in the

deformed grains were measured. From the curves, it

can be seen that the orientation accumulation pattern

is a typical orientation jumping pattern. And the

accumulated misorientation is all greater than 15�.
Additionally, when direct misorientation angle of

grain boundary represents at 10–15�, grains nucle-

ation with CDRX can be carried out by sub-grain

rotation [31, 32]. In summary, two types of dynamic

recrystallization mechanism, DDRX, and CDRX,

appear during the isothermal deformation.

The variety of grain orientation

Figure 11 shows the inverse pole figure (IPF) maps of

matrix unit in various conditions. The inverse polar

figure shows the statistical results about the crystal

orientation of c-phase grains. Obviously, dynamic

recrystallization happens in various conditions, but

recrystallized grains will be much smaller at low

temperature or high strain rate. The point with higher

pole densities (red dots) in the inverse pole figure is

considered to be possible preferred orientation of

grains [24]. It can be seen that the point gradually

rotates in\ 010[direction with the temperature

increasing or the strain rate decreasing in Fig. 11. The

polar figures of deformed samples in various condi-

tions are shown in Fig. 12. The comparison of texture

in condition 1150 �C/0.1 s-1 and 1150 �C/0.001 s-1

are exhibited in Fig. 12c and d. By comparison of

(100), (110), and (111) polar figures, it can be found

that distribution of texture tends to be scattered in

condition 1150 �C/0.1 s-1. With the strain rate

decreasing to 0.001 s-1, the scattered texture trans-

forms to be a texture with high strength. The peak

intensity of polar graph in Fig. 12d is twice as strong

as that in Fig. 12c. Similarly, with the temperature

increasing to 1150 �C, the texture of c-phase trans-

forms from scattered to concentrated at the same

strain rate.

According to recent researches [24, 28, 29], when

CDRX mechanism dominates the deformation, a

Figure 8 The schematic

diagram of discontinuous

dynamic recrystallization

mechanism.

Figure 9 The schematic

diagram of continuous

dynamic recrystallization

mechanism.
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texture with high strength occurs in condition with

large strain. Although CDRX, characterized by sub-

grain rotation, slightly changes the orientation of sub-

grains, the deformation mechanism of sub-grains and

parent grains is the same. It will cause the same

direction rotation between sub-grains and parent

grains [33, 34]. Even if the sub-grain formation might

cause the orientation difference, sub-grains and par-

ent grains will still tend to be the same component of

texture. When DDRX becomes the dominant defor-

mation mechanism, the concentrated texture might

not appear. It mainly results from a large difference

between the crystal orientations of DDRXed grains

and the original grains. Thus, two reasons might be

Figure 10 The orientation

maps and the misorientation

measurement along the black

line of c phase after isothermal

compression in condition

1050 �C/0.01 s-1 a, 1150 �C/
0.01 s-1 b, 1150 �C/0.1 s-1

c and 1150 �C/0.001 s-1 d.
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suggested for the texture evolution during the

deformation. (1) At low temperatures or high strain

rates, the recrystallized grains do not grow, the vol-

ume fraction of recrystallized grains is small, and the

texture mainly influenced by deformed grains tends

to be scattered. With the temperature increasing or/

and the strain rate decreasing, recrystallized grains

grow significantly. The texture mainly influenced by

the nucleation and growth of recrystallized grains

tends to be concentrated. (2) At lower temperatures

or higher strain rates, the dynamic recrystallization

mechanism might be dominated by DDRX, which

results in scattered texture. With the strain rate

decreasing, the dominant mechanism of dynamic

recrystallization changes from DDRX to CDRX,

which leads to a concentrated texture.

Conclusions

In this paper, (a2 ? c) lamellar colonies occur within

the matrix units of the present composites, while the

size of the lamellar colonies in the center of matrix

unit is much larger than that in the edge of matrix

unit. The reinforcements distribute as a network

structure in the interface layer of matrix units. After

the isothermal compression, most reinforcements are

perpendicular to the compressive direction. The main

conclusions are listed as follows.

1. A large number of recrystallized grains with

89 ± 3� GBs appear in the c phase within the

matrix units during the loading. The nucleation

and growth of discontinuous dynamic recrystal-

lized grains are usually dominated by the HAGB

migration at grain boundaries, sub-grain bound-

aries, and twin boundaries. The sub-grain bound-

aries within deformed grains provide nucleation

sites for DDRX. Additionally, sub-grain bound-

aries lead to dislocation pile-ups, which provide

Figure 11 Inverse pole figures (// Compression direction) of c phase after isothermal compression in condition 1050 �C/0.01 s-1 a,

1150 �C/0.01 s-1 b, 1150 �C/0.1 s-1 c and 1150 �C/0.001 s-1 d.
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sufficient energy for nucleation and growth of

recrystallized grains with DDRX.

2. Continuous dynamic recrystallization within the

deformed grains is mainly caused by the sub-

grain rotation within the matrix units. It is

generally dominated by the accumulation and

entanglement of dislocations, the formation of

sub-grain boundaries and the transformation

from sub-grain boundaries to HAGBs. The orien-

tation accumulation is the typical directional

jump pattern, while the accumulated misorienta-

tion all exceeds 15�. It indicates the existence of

continuous dynamic recrystallization within the

matrix units.

3. With the temperature increasing and the strain

rate decreasing,\010[direction of c-phase grains
gradually tends to be parallel to compressive

direction, and texture changes from scattered to

concentrated. With the volume fraction of recrys-

tallized grains increasing, the crystal orientation

primarily is influenced by the orientation of

recrystallized grains. Additionally, the continu-

ous dynamic recrystallization might lead to a

concentrated texture during the loading.

Figure 12 Pole figures of c
phase for the alloy after

isothermal compression in

condition 1050 �C/0.01 s-1 a,

1150 �C/0.01 s-1 b, 1150 �C/
0.1 s -1 c and 1150 �C/
0.001 s -1 d.
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