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ABSTRACT

Particle-reinforced metal matrix composites generally have different recrystal-

lized textures compared with unreinforced alloys. During annealing, the large

local strain in the particle deformation zone (PDZ) induces particle stimulated

nucleation (PSN) of recrystallized grains, influencing the final recrystallized

texture. Quasi in situ EBSD observation was conducted in a TiB2/Al-3wt%Mg

composite to study the PSN behavior around clustered TiB2 particles. PSN

grains were found to recrystallize faster and related to the local strain in the

PDZs. However, compared with grains recrystallized from other sites, the PSN

grains still could not grow out of the PDZs. Thus, orientation preference in the

grain growth process, known as oriented growth, influenced a little on the

textures of all PSN grains. According to the statistics of orientations of recrys-

tallized grains around TiB2 particles, PSN grains tended to randomize recrys-

tallized textures.

Introduction

During annealing, recrystallization and following

grain growth occurred in deformed alloys can change

the grain structures and textures, which relate to the

properties of alloy. Accordingly, thermal mechanical

process is a common method to obtain desired

properties. For example, bimodal grains can form

after designed annealing [1] or partial recrystalliza-

tion [2, 3] to enhance the ductility of alloys. Goss

textures can be generated by utilizing abnormal grain

growth to improve the magnetic properties of silicon

steel [4–6]. As a critical issue, well-designed grain

structures or textures need a solid understanding of

the contributing factors for recrystallization.
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With the addition of particles, particle-reinforced

metal matrix composites can possess enhanced

mechanical properties, and thus be widely used in

activation and automotive fields [7, 8]. However, the

recrystallization behavior of composites during

annealing always differs from that of alloys due to

the presence of particles [9, 10]. The influences of

particles on recrystallization are twofold. On the one

hand, particles may retard recrystallization by pre-

venting the migration of grain boundaries, known as

Zener pinning [11]. On the other hand, particles may

also promote the formation of new recrystallized

grains via particle-stimulated nucleation (PSN)

[12, 13]. Since particles’ deformability are generally

smaller than the matrix, severe local deformation will

present in the regions adjutant to particles, known as

the particle deformation zones (PDZs) [14, 15]. In

PDZs, a high density of dislocations is stored and

rapid recovery as well as formation of recrystallized

nuclei is possible upon annealing.

Besides accelerating the recrystallization, PSN was

also reported to influence the recrystallization tex-

tures. Many previous studies related the formation of

P-orientation grains to the PSN phenomenon [16–19].

However, after verification by Tangen [16] and Eng-

ler [20], it was found that the formation of P texture

was attributed not only to PSN but also to the ori-

ented growth of recrystallized grains. In other words,

the P-oriented nuclei become a dominant texture in

the final recrystallized state because they grow faster

than grains of other orientations. Therefore, the

strengthening of P texture is not an inevitable conse-

quence of PSN. A number of researchers believed

that PSN would actually weaken the recrystallized

texture and randomize the orientation distribution

[21–23]. On the basis of acknowledging oriented

growth, Lücke [24] calculated the recrystallized tex-

ture of PSN, and it was found that the final recrys-

tallized texture tended to be random. Recently,

various research on the thermomechanical treatments

of Al-based alloys and composites also discovered

that when influenced by PSN, the textures tended to

be random [25–27].

The controversy of the topic stems from some

intrinsic difficulties that can hardly be resolved in

these previous studies. Textures in completely

recrystallized polycrystalline alloys resulted from

various nucleation sites, like deformation bands,

grain boundaries, and so on [15]. Thus, comparing

the recrystallized textures of the alloy with and

without particles could not isolate the influence of

PSN from other nucleation sites. By inferring the

process from those observed results, this method was

also poor at accurately verifying the influence of

oriented growth on PSN orientations, because the

orientation relationships between grains would

change during the grain growth process [5, 28].

Besides, if PSN originates from particles whose dis-

solution or precipitation behavior is temperature-

dependent, influence of PSN on recrystallization

textures can be disrupted by protean pinning force

[29–31]. In polycrystalline alloy, in situ experiments

enabling the observation of the whole recrystalliza-

tion process can be used to study the changes of

orientations caused by PSN properly.

Quasi in situ recrystallization experiments of TiB2/

Al–Mg composites were conducted to investigate the

orientations of PSN grains. Because of the thermal

stability of TiB2 particles [32, 33], no dissolution or

precipitation behavior could interfere with the

observation of PSN behavior. The process from

deformation state to recrystallized grain growth was

tracked, with which the factors affecting PSN orien-

tations were also discussed.

Materials and methods

Al-3wt%Mg alloy and two TiB2-reinforced compos-

ites with the same Mg content but varying TiB2 par-

ticles fraction, 1wt%TiB2/Al-3wt%Mg and

5wt%TiB2/Al-3wt%Mg, were prepared in State Key

Laboratory of Metal Matrix Composites, Shanghai

Jiao Tong University. The composites were fabricated

by in situ mixed salt method [34–36]. Blocks of alloys

and composites were cold-rolled with a 70% reduc-

tion in the normal rolling direction (ND). Specimens

with 10 mm in the rolling direction (RD) and 8 mm in

the transverse direction (TD) were cut from the as-

deformed sheets. A Tescan MAIA3 scanning electron

microscope (SEM) equipped with an Electron-

backscattered diffraction (EBSD) detector Bruker

e-FlashHR was used for EBSD characterization. For

EBSD detection, the RD-ND section of specimens was

first mechanically polished and then polished with

0.04 lm SiO2 solution for 60 min. The quasi in situ

annealing experiment was conducted at 300 �C on

Al-3wt%Mg-1wt%TiB2 with the SEM and a periph-

eral furnace. To track the same zone after annealing,

several indentations were marked on the polished
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surface with 1 N force for 15 s. In order to avoid the

influence of indentations on the recrystallizations, the

chosen area for observation were away from the

indentation marks. After observing the as-rolled state

in SEM, the sample was taken out and placed in a

furnace, which had already been heated to 300 �C.
The sample was repositioned into the electron

microscope, and the same area could continue to be

observed with the location of the indention marks.

Transmission electron microscopy (TEM) samples at

as-deformed state were prepared through mechanical

polishing and final thinning using a twin-jet polish-

ing unit with a solution containing 30% methanol and

70% nitric acid at 0 �C. TEM examinations were car-

ried out using Talos F200X.

Results

Deformed microstructures

The microstructures of the studied materials after

rolling are summarized in Fig. 1. The grains of

unreinforced Al-3%Mg alloy were elongated along

the RD with a large number of shear bands inside.

After deformation, the most strained regions with the

highest dislocation density were those inside the

shear bands and close to grain boundaries (especially

triple junctions), with a lower EBSD detection rate

due to severe lattice distortion. After heating at high

temperatures, these regions could be the potential

nucleation sites for recrystallization.

On the other hand, for deformed composites con-

taining TiB2 particles, shear bands resembling those

in unreinforced Al-3%Mg alloy were barely detected

(Fig. 1b and c). The regions bearing most of the strain

during deformation were now PDZs around TiB2

particles. In the prepared composites, some TiB2

particles agglomerated to form clusters. Small

amounts of these particle clusters were located within

the grains, while most were at grain boundaries, as

shown in Fig. 1b and c. When the content of TiB2

particles increased from 1 to 5wt%, more particle

clusters were detected on the ND-RD section. In

metallic materials containing particles, these particle

clusters were easy to accumulate dislocations during

deformation, resulting in the formation of PDZs

around particles [14]. Therefore, for TiB2-reinforced

Al–Mg composites, PDZs around clustered particles

would act as an important recrystallization nucle-

ation site.

The deformed textures of the unreinforced alloy

and reinforced composite are compared in Fig. 1d.

For unreinforced Al–Mg alloy, the texture was

dominated by deformed texture components includ-

ing Copper f112g\111[ (27.1%), Brass

f110g\112[ (15.9%) and S 123f g\634[ (14.3%),

while fractions of recrystallized textures like Cube

f001g\100[ , P f011g\122[ and Goss

f011g\100[ were much smaller. The fraction of

Goss was only 4.0% and almost no Cube and P were

detected in Al–Mg alloy after the rolling. Different

from unreinforced alloy, the fractions of those texture

components in composites were relatively uniform.

For example, with 5wt% TiB2 particles addition,

although Copper was still the texture component

with the highest fraction, its fraction decreased to

10.1%. The fractions of S and Brass decreased to 3.5%

and 5.3%, respectively. The fractions of Goss and P

were 5.1% and 1.9%. With a fraction smaller than 1%,

Cube was still rare in composites after rolling.

Orientation in PDZs

Misorientations between PDZ around particles and

matrix away from particles have been observed by

previous researchers [16, 37]. As shown in the region

in Fig. 2a, a severely deformed zone around particles

existed. According to the IPF mapping, the orienta-

tion of the regions (in color blue) close to the severely

deformed zone differed from the orientation of the

matrix (in color green). As the {111} PF of the entire

region in Fig. 2c, orientation of the deformed grain

rotated around the axis close to the TD direction.

After annealing, recovery mainly happened in

severely deformed zone. This previously difficult-to-

detect zone was gradually able to be detected by

EBSD as in Fig. 2b. Orientation of part recovered

region labeled with a red point in Fig. 2b is plotted in

PF of Fig. 2c. Orientation of this recovered region was

similar to those of regions (in color blue) close to

severely deformed zone before annealing. Misorien-

tation compared with the recovered region with red

point along the white line in Fig. 2b started from red

point, and the result is shown in Fig. 2d. The con-

tinuous orientation development along the white line

indicated the misorientations existed between PDZs

and the matrix of deformed grain.
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Quasi in situ observation on the PSN around
TiB2 clusters

With the addition of TiB2 particles, the change of

recrystallization nucleation sites was related to the

increase in PDZs and the decrease in shear bands.

Besides, because of the smaller grain size in the

composites compared with the unreinforced alloy as

in Fig. 1, area of grain boundaries in composites was

also larger than that in the alloy. Thus, the number of

potential recrystallization nucleation at grain

boundaries in unreinforced alloy and reinforced

composites were also different. If the recrystallized

textures of polycrystalline composites after annealing

is directly compared with those of unreinforced alloy,

the differences in textures should be influenced by

various nucleation sites. Thus, to obtain the sole

influence of PSN on orientations, in situ observation

of the PDZs is necessary.

In the region shown in Fig. 3a, some TiB2 particles

were present inside grains and some were on grain

boundaries. Here we focused on the TiB2 particle

clusters found inside a specific grain (labeled as D1)

and at grain boundaries between D1 and three other

grains (labeled as D2, D3 and D4). Severely deformed

zone existed after rolling were marked with a dotted

blue line in Fig. 3a and shown in Fig. 3b and c with

higher magnification. Those area were difficult to

detect by EBSD due to the high strain localization. For

regions close to the particle clusters but could be

detected by EBSD, they underwent an orientation

change compared with those away from the particle

clusters according to the color of IPF map. There were

many low angle grain boundaries (gray lines) or even

some high angle grain boundaries (black lines) in

regions close to particles as in Fig. 3. With the influ-

ences of TiB2 particles and their neighboring grains,

the orientations of grains D1-D4 after rolling were

Figure 1 Microstructure of different Al–Mg alloys and

composites. a–c show ND-RD sections of Al-3%Mg, 1%TiB2/

Al-3%Mg and 5%TiB2/Al-3%Mg after rolling. The fraction of

texture components in these materials are summarized in d. Green

phases in b and c are TiB2 particles.
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complicated. The {111} Pole figures (PFs) of grain D1-

D4 are shown as Fig. 3d–f, correspondingly. The

distributions of the orientations of the four grains on

the PFs were scattered, indicating a certain rotation

inside these grains during the deformation. The

rotation axes of those grains were all close to TD.

After annealing at 300 �C for 5 min, as shown in

Fig. 4a, recrystallized grains or nuclei formed in

severely deformed regions which were difficult to

detect at as-rolled state (Fig. 3a–c). A new recrystal-

lized grain R1 nucleated at the lower right corner of

TiB2 in grain D1 (Fig. 4b). The orientation relation-

ship between recrystallized grain R1 and deformed

grain D1 is shown in PF in Fig. 4d. The orientation of

PSN grain R1 rotated by 16̊ around \012[ from

matrix of grain D1. The other three recrystallized

grains, R2, R3 and R4 formed around TiB2 at the grain

boundary intersection of four deformed grains D1-D4

(Fig. 4c). The orientations of R2, R3 and R4 were

plotted in the PFs with orientations of deformed

grains D1-D4 as shown in Fig. 4e–h, correspondingly.

From those four PFs, three recrystallized grains R2-

R4 were not similar to any orientation of four sur-

rounding deformed grains. The orientation relation-

ship between these three recrystallized grains R2-R4

and the surrounding four deformed grains D1-D4 is

calculated and shown in Table 1. Misorientations

between recrystallized grains and deformed grains

were all different, while three recrystallized grains

R2-R4 all had small misorientation angles with one of

their neighboring deformed grains. For example, the

misorientation between R2 and its neighboring

deformed grain D1 was 21̊, smaller than misorienta-

tions between R2 and D2-D4.

After further annealing the sample for another

20 min, there were some other grains recrystallized in

the focused region as shown in Fig. 5. Many of those

new recrystallized grains were larger than the PSN

grains R1-R4, while PSN grains still kept almost the

same size and morphology when comparing Fig. 4a.

Even when the sample has fully recrystallized, as in

Fig. 5b and c, recrystallized grains around clustered

TiB2 particles were still smaller than those away from

TiB2 particles.

Figure 2 Misorientations between PDZs and region away from

particles. a and b show the evolution inside a grain before and

after annealing at 300 �C for 5 min. c is the PF showing the

orientation relationship between the red point in b and the matrix

of the grain. d shows misorientation along the white line in

b compared with the orientation of the red point. The phases in

color green are TiB2 particles.
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Figure 3 A region shows both particle clusters inside grain and on

grain boundaries prior to annealing. a shows there are severely

deformed zones around the particle clusters. b shows the particle

clusters and surrounding PDZ inside grain D1, which is a graph

with higher magnification in black rectangle in a. c shows the

particle clusters and surrounding PDZ on grain boundary junctions

of grain D1-D4, which is a graph with higher magnification in light

blue rectangle in a. d–g are {111} PFs showing the orientations of

grain D1-D4. TiB2 particles are in the green phase and the

clustered ones in b and c are marked with points.

Figure 4 PSN occurred around TiB2 particles inside a grain and

on grain boundaries after annealing. a–c show the microstructure

after annealing at 300 �C for 5 min in the same zone of Fig. 3. d–

h are {111} PFs representing orientation relationships between

PSN grains and deformed grains. d compares orientations of grain

R1 and deformed grain D1. e–h compare orientations of grain R2-

R4 and deformed grain D1-D4, correspondingly.
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Discussion

Origin of PSN orientations

As the results in ‘‘Orientation in PDZs’’ section,

misorientation had already existed between orienta-

tions inside PDZs and those of neighboring deformed

grains. The results in ‘‘Quasi in situ observation on

the PSN around TiB2 clusters’’ section also indicated

that there were obvious rotations between the PSN

grains and the neighboring deformed grains. In the

traditional understanding of the origin of recrystal-

lized texture, the orientations of recrystallized grains

are inherited from deformed orientations [38, 39].

Accordingly, after annealing, newly recrystallized

PSN grains had orientations inherited from PDZs and

then inherited the misorientations between PDZ and

neighboring deformed grains.

Thus, the orientation of PSN grains before further

grain growth could be determined by two factors: (1)

the orientation of deformed grains that form PDZs

around the particles; (2) misorientations between

PSN grains and deformed grains inherited from those

between PDZs and deformed grains. Within TiB2-

reinforced Al–Mg composites, the orientations of

deformed grains are usually randomly distributed

because there are lacking of strongly deformed tex-

tures when compared with alloy as shown in Fig. 1d.

Thus, the orientations of neighboring deformed

grains are more possible to be different for different

sites of PSN. As for the misorientation angle between

PDZ and matrix, it is related to the amount of local

strain accumulated in PDZ [40], which is in turn

influenced by particle size. As shown in Fig. 6,

microstructures around two TiB2 particles with dif-

ferent sizes were different. TiB2 particle in Fig. 6a was

about 1 lm, larger than another particle in Fig. 6b

with size of about 600 nm. The local dislocation

densities in the zone around large particle were

higher than that around the small one. Influenced by

these dislocations, the lattice around the particles

rotated and generated misorientation with the matrix

Table 1 Orientation relationships between recrystallized grain

R2-R4 and deformed grain D1-D4, respectively

Misorientations R2 R3 R4

D1 21� 124h i 40� 343
� �

49o 214
� �

D2 45� 133
� �

21o 130h i 57o 212
� �

D3 53� 243
� �

30� 432h i 48o 121
� �

D4 51� 233
� �

24o 141
� �

28o 234
� �

Figure 5 PSN grains in Al-

3%Mg-1%TiB2 composites

are difficult to grow after

further annealing. a show the

partially recrystallized

microstructures in the same

zone of Figs. 3 and 4, after

annealing at 300 �C for

25 min. b and c are part of

zones in composites after full

recrystallization. The phases in

color green are TiB2 particles.
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away from particles. Because the size of particles and

particle clusters are also different from this research

and some previous studies [32, 41], the local strain in

different PDZs is also different. Influenced by those

two factors, different orientations of deformed grains

and different local strains, the PSN grains from dif-

ferent PDZs are more possible to have different

orientations.

Influence of grain growth on PSN
orientations

Grain growth behavior of recrystallized grains after

nucleation could also affect texture development.

Based on the grain growth theory, the migration rate

of grain boundary during the recrystallization stage

can be expressed as [42, 43]:

V ¼ MPeff ð1Þ

where M is the mobility of grain boundaries, Peff is

the effective driving force for grain growth.

Therefore, the texture development during grain

growth process is mainly controlled by the mobility

of the grain boundary and the driving force acting on

grain boundaries. In previous studies, the strength-

ening of textures by PSN was commonly related to

oriented growth rather than the nucleation process of

PSN [16, 20, 44]. Generally, these previous studies

found that some orientations from PSN could grow

faster than others, which may result from high

mobility (M) grain boundaries with 40̊\ 111[ ori-

entation relationship. It has been observed that cer-

tain orientations from PSN retain growth advantages

even when Zener pinning force of the second-phase

particles reduces the effective driving force Peff

[29, 45, 46]. Therefore, the grain growth process can

affect the overall orientations if PSN grains are cap-

able of growing during the subsequent annealing.

However, in the TiB2-reinforced Al–Mg composites,

it was found to be difficult for PSN grains to grow

upon further annealing as in Fig. 5. This suggests that

Figure 6 Bright field of TEM

showing the dislocation

densities around TiB2 particles

with different sizes. a and c are

two TiB2 particles which can

be proved by the EDS in b and

d. TiB2 particle in a is larger

than that in c.
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PSN grains do not have a growth advantage over

other recrystallized grains. Two possible reasons for

this phenomenon are that PSN grains may not have

the high-mobility grain boundary of 40�\ 111[ -

type orientation relationship with their neighboring

deformed grains (such is the case of grain R1, R2 and

R4), or their growth may be completely retarded by

Zener pinning of the particles (particularly nanosized

particles, which often present in the composites). It is

well-acknowledged that it would be more difficult to

grow when recrystallized grains impinge on each

other. As a result, those PSN grains around clustered

TiB2 particles cannot grow to large size after

exhausting the PDZs. The growth of PSN grains is

unlikely to affect the final recrystallization texture in

any significant manner and it should be difficult for

the orientations of PSN grains to produce strong

textures in TiB2-reinforced Al–Mg composites.

To verify this, the orientation of recrystallized

grains around TiB2 particles in the Al-3wt%Mg-

1wt%TiB2 composite is concluded in Fig. 7. Because

most of the recrystallized grains around TiB2 particles

should recrystallize from PDZs, this result could to

some extent reflect the influence of PSN on the

recrystallization textures. From the orientation dis-

tribution function (ODF) of Fig. 7a and the PF of

Fig. 7b, the orientations of the recrystallized grains

around TiB2 were relatively random, and only a

slightly stronger S texture existed. As in Fig. 7c, the

fraction of S-oriented grains was about 8.5% and the

fractions of other typical texture components were

basically no larger than 5.0%. Most of the rest were

randomly oriented grains. It should be particularly

noted that P orientation, which was often associated

with the PSN phenomenon in some previous studies

[16–19], was weak in recrystallized grains around

TiB2 particles as shown in Fig. 7c. This is because the

fraction of Copper orientation, which can form

40̊\ 111[ grain boundaries with P orientations [16],

in composites was smaller than alloys as shown in

Fig. 1. Besides, influenced by Zener pinning force of

TiB2 particles on grain boundaries, those P-oriented

grains also cannot grow up. Thus, it is reasonable that

PSN grains induced by TiB2 particle clusters were

difficult to produce a strong P texture. In conclusion,

PSN grains recrystallized around clustered TiB2

Figure 7 Textures of recrystallized grains around TiB2 particles in Al-3wt%Mg-1wt%TiB2. a is ODF maps and b is PFs showing the

textures are random. c shows fractions of different textures.
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particles tend to randomize the final recrystallization

textures.

Conclusions

This work investigated the recrystallization and tex-

tures caused by PSN in TiB2 particles reinforced Al-

3wt%Mg composites. With quasi in situ experiments,

the same zone containing PDZs around TiB2 particles

before and after recrystallization was tracked, and the

individual contribution of PSN to recrystallized tex-

ture was studied. The following conclusions have

been drawn from this work.

(1) Obvious misorientation existed between the

PSN grains and the neighboring deformed

grains. The misorientations inherited from

those between PDZs and deformed grains were

determined by local strain in PDZs, which is

related to the size of TiB2 particles.

(2) During further annealing, PSN grains could

hardly grow out of PDZs resulting from the

pinning effects of particles and misorientations.

Because the grain growth behavior had little

effect on the PSN grains, the oriented growth

could not influence PSN orientations.

(3) Due to the relatively random deformed textures

in composite and different local strain in PDZs

affected by different TiB2 particle sizes, PSN

orientations tended to randomize textures,

which was consistent with the statistical results.
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