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Abstract In this study, Al-TiAl3 nanocomposites were

produced by applying annealing treatment (AT) before and

after the accumulative roll bonding (ARB). First, the

sandwich of two Al sheets containing pure Ti powder was

subjected to cold roll bonding (CRB) and then underwent

AT-ARB and ARB-AT processes. Annealing conditions

were used to form the intermetallic compound at 590 �C
for 2 h, and the ARB process was performed for a maxi-

mum of five cycles. The chemical and microstructural

revolutions were evaluated using field emission scanning

electron microscopy (FESEM) equipped with an elemental

analyzer (EDS) and electron backscatter diffraction

(EBSD) analysis. The results showed that through

annealing after CRB, TiAl3 intermetallic compound was

formed in the Al matrix, and then, the obtained Al-TiAl3
composite was subjected to the ARB process. Finally, a

composite containing a uniform distribution of TiAl3 par-

ticles of larger than 200 nm in the Al matrix was obtained.

Microstructural changes showed that with an increase in

strain due to the development of continuous recrystalliza-

tion, a structure containing grains smaller than 500 nm was

obtained. The microstructural evaluation of the ARB-AT

composite showed that the grain size of Al and particle size

of TiAl3, in this case, were in micrometer and larger.
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1 Introduction

Recently, much interest has been directed toward Al metal

matrix composites due to their lightweight, high elastic

modulus, and suitable electrical and magnetic properties.

They have many modern and advanced applications in the

aerospace, defense, and automotive industries [1]. Particle

reinforcements in Al matrix composites are mainly ceramic

particles such as SiC and Al2O3. Ceramic reinforcements

have a comparatively low density (about 3 g/cm3) and a

superior elastic modulus (200–200 GPa) [2]. Metal alu-

minides are intermetallic compounds with a density near to

that of ceramics; in addition, some of them have an elastic

modulus comparable to that of ceramics. Most signifi-

cantly, they are in thermodynamic equilibrium with the Al

matrix. Therefore, there is an actual chemical bond

between Al and its reinforcing aluminides. In ceramics,

there is only one intermediate reaction zone.

Among the aluminides, Ti aluminide, in addition to

having these specifications, is one of the compounds with

the highest elastic modulus and melting point. The com-

posite comprises of Ti aluminides, and thus, a combination

of low density, high strength of Ti aluminides, and good

toughness of Al; moreover, it maintains the desired high

temperature of aluminides [3, 4]. TiAl3 intermetallic

compound, as the most thermodynamically stable inter-

metallic composition of the Ti–Al diagram, has an enthalpy

of - 34 kcal/mol and Gibbs free energy of - 32.5 kcal/-

mol [5].

Common fabrication methods for particle-reinforced

metal-based composites include powder metallurgy, cast-

ing, and spray deposition. Due to the high cost of the

equipment required and the complicated procedure of the

production methods, the expense of fabricating metal-

based composites through these procedures is significant,

which has restricted the uses of these materials. Among the

conventional composite fabrication techniques, the cold

roll bonding (CRB) and annealing process have experi-

enced rapid growth in the last decade because of their high

performance and cost-effectiveness compared to the other

methods. The solid-state roll welding process, which

involves an atom–atom bond between two layers, has been

widely used to bond the same and different types of metals

through rolling in the manufacturing of foil and multilayer

composite sheets.

Past research has shown that materials with nanometer

grain size exhibit unique characteristics such as high

strength, super plasticity at high strain rates and low tem-

peratures, and excellent corrosion resistance. Severe plastic

deformation methods with high plastic strain are exten-

sively applied to fabricate nanograin substances. One of

these methods of making fine-grained sheets is the accu-

mulative roll bonding (ARB) process. In this process, strain

is distributed almost uniformly throughout the grains. Due

to the repetition of the process, metal or intermetallic

reinforcing particles that may exist between layers can

uniformly distribute in the matrix.

ARB method may also be considered as a method of

mass production of sheets with this property [6–8]. In this
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process, two sheets with a thickness of t are placed over

each other and then rolled. The rolling process must be

such that the thickness of the two sheets on top of each

other (t2) is equal to the thickness t (i.e., the deformation

rate is equal to 50%). The two-layer sheet, which is now of

thickness, is cut into half, and then, one side of each half is

roughened and they are stacked on top of each other. They

are then rolled again, as mentioned. Repeating this process

causes a relatively high deformation in each layer during

each cycle, thus causing severe plastic deformation

throughout the sheet.

In the ARB process, the application of severe plastic

deformation to multilayer materials and fine-graining leads

to incidental dislocation boundaries and necessary geo-

metric boundaries [6]. Moreover, the cold rolling process,

by producing dislocations and other crystal defects,

accelerates the reactions during the subsequent diffusion

operation and speeds up the formation of the intermetallic

Ti aluminide compound through annealing. Therefore, by

using the CRB process on Al–Ti and then annealing, an Al-

based composite with aluminide compounds can be

obtained [4].

Previous researches have mainly involved rolling or

ARB and then annealing to make reinforcing particles.

Through this process, it is impossible to reach a final

product with a small grain size and good mechanical

properties [9–13]. Nevertheless, there is little research on

performing ARB on composite samples obtained in pri-

mary roll bonding and annealing to achieve uniform par-

ticle distribution. For example, Liu et al. [14] obtained an

Al-based composite with Al3Mg2 reinforcement particles

through hot roll bonding, vacuum annealing, and, finally,

ARB of Al sheets and Mg foil. However, the implemen-

tation of, first, roll bonding and annealing and then ARB on

the composite to distribute the reinforcing particles and to

obtain a fine-grain structure was proposed by Yazdani et al.

[15] as a new method for Al sheet/Ti powder/Al sheet

layers. In their previous work, they successfully imple-

mented this method in the Al-Ti system and reached a

nanocomposite with a strength of 400 MPa. First, CRB and

annealing processes led to the development of intermetallic

particles. Then, ARB led to the achievement of a composite

with a homogeneous distribution of intermetallic com-

pounds with nanoparticle size in the Al matrix. In this

research, Al-based composites with Ti aluminide rein-

forcements were also fabricated and evaluated through

CRB, annealing and then ARB in order to compare the

results with the results of the common method applied by

others [10, 16]. For the first time, a more detailed study of

microstructural changes was performed using the electron

backscatter diffraction (EBSD) test on two composites, and

the effect of annealing before and after ARB was

determined to obtain more comprehensive information

about this new fabrication method.

2 Materials and Methods

For the fabrication of Al/Ti aluminide composite, 1100 Al

sheets (with 99.5 wt. % of Al) with dimensions of

100 9 50 9 100 mm were used. The annealing process

was applied to these sheets at 350 �C for 1 h to remove the

rolling history in the material. Consumable Ti powder with

99% purity and an average size of 0.8 lm was prepared by

Merck & Co. (Kenilworth, NJ, USA). Annealed Al sheets

were cut to 100 9 50 mm2. After washing them with acid

and cleaning them with acetone, they were brushed. A wire

brush with an outer diameter of 6 cm was selected for

brushing. To apply Ti powder between the Al sheets, the

powders were poured into ethanol solution and then

sprayed only on the surface of one sheet. To prevent re-

contamination of the surfaces, the rolling process must be

performed within 120 s after surface preparation. Finally,

the rolling process was performed using a rolling machine

with a rotation speed of 10 rpm. Annealing of the samples

was performed in an electric furnace. To protect the sam-

ples from oxidation, the samples were placed in containers

containing alumina powders. Subsequently, the samples

were heated to the determined temperatures at a heating

rate of 10 �C/min and then were cooled in the furnace. The

samples were then subjected to the ARB process for a

maximum of five cycles. To prevent the spread of edge

cracks created during ARB cycles, the cracked parts were

cut after each cycle. The temperature conditions selected

according to a previous work of the authors of the present

study [15] were 590 �C for 2 h; the percentage of defor-

mation implemented was determined according to another

research by these authors [17]. Al sheet sandwiches with

0.5wt% of Ti (0.2 g of Ti powder) added between them

were subjected to CRB with 50% deformation (CRB

sample). For the formation of the intermetallic compound

at the interface between the sheets, after CRB, annealing

treatment was performed (CRB-AT sample). The ARB

process was then applied to these samples for a maximum

of five cycles. These samples were named CRB-AT-ARB.

Al samples without reinforcing particles were produced

under the same manufacturing conditions and were called

Al-ARB.

For comparison, some 1100 Al sheet sandwich samples

containing 0.5wt% of Ti powder, after CRB without

intermediate annealing, underwent ARB process for a

maximum of five cycles (CRB-ARB sample), and finally,

for the formation of the intermetallic compound, they were

annealed and named CRB-ARB-AT. In these samples, the

intermediate annealing stage was eliminated, and the
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formation of intermetallic composition due to annealing

occurred after ARB.

To calculate the parameters required for determining the

dislocation densities, X-ray diffraction (XRD) evaluation

was used. XRD tests were carried out using a diffrac-

tometer (model X’pert MPD; Philips, Amsterdam,

Netherlands) at a current of 30 mA and a voltage of 40 kV.

A field emission scanning electron (FESEM) microscope

(model S-4800; Hitachi, Chiyoda City, Tokyo, Japan) was

employed to evaluate the microstructure and particle dis-

tributions of the obtained phase. The microscope was also

equipped with an elemental analyzer for energy-dispersive

X-ray spectroscopy (EDS) to achieve elemental analysis

and element distribution maps. Uniaxial tensile tests were

employed to evaluate the tensile behavior of the samples.

Tensile strength samples were prepared alongside the

rolling direction, and the tests were done at a rate of 1 mm/

min. The sub-surface areas of the samples were prepared

for SEM evaluation using focused ion milling (FIB) in

SEM (Quanta 200-3D; FEI Company, USA) using a cur-

rent of 20 nA to a depth of 1 lm. A FESEM microscope

(LEO 1530 FEG, ZEISS, Jena, Germany) was used to

investigate the orientation of the grains. This analysis was

performed at a voltage of 20 kV on the RD-ND plane at

exactly half the thickness. The used step size was deter-

mined in the range of 0.05–2 lm, according to sample

type. According to the agreement, high-angle grain

boundaries were defined as grain boundaries with a

misorientation degree of above 15�. Low-angle grain

boundaries were defined as grain boundaries with a

misorientation degree between 2� and 15�. The data

obtained from the EBSD analysis detector were processed

using MTEX software. To obtain the geometric charac-

teristics of powder particles, including size, shape, and

particle distribution, and to calculate the percentage of

phases, digital image processing software was used.

Equivalent strain or eeq after n cycles of the ARB is

demonstrated as Eq. 1 [18].

eeq ¼
ffiffiffi

3
p

2
ln rð Þ; r ¼ 1� t

t0
¼ 1� 1

2n
ð1Þ

where t0 is the initial thickness of the layers that are placed

on top of each other, r is the thickness reduction for each

cycle, and t is the thickness after rolling. For ARB with

50% thickness reduction for each cycle, |eeq| is equal to 0.8

n.

XRD test was utilized to measure the sub-grain size

(crystallite size) and the amount of micro-strain applied to

the samples. The Rietveld refinement method was

employed to inspect the X-ray diffraction patterns. To

measure the mentioned parameters, the XRD patterns of

samples were analyzed in MAUD software. In the present

study, the diffraction patterns obtained from the X-ray

diffraction test using MAUD software were matched to the

graph calculated by the software so that the goodness-of-fit

(GOF) was always less than 2. This factor shows the degree

of conformity of the laboratory diffraction patterns with the

computational graphs. Dislocation densities can be

obtained indirectly through the Rietveld method and with

the help of microstructural analysis results. Using the

method proposed by Smallman-Westmacott [19], the dis-

location densities (q) can be obtained from the values of

micro-strain (e) and crystallite size (D) in the form of

Eq. (2):

q ¼ qDqSð Þ1=2 ð2Þ

where qD is the dislocation density due to the size of the

crystallite and qS is the dislocation density due to the

micro-crack, and these are calculated using the following

equations:

qD ¼ 3

D2
ð3Þ

qS ¼
6p e2ð Þ
b2

ð4Þ

In the above relation, b is the Burgers vector, and its

value for the face-centered cubic (FCC) lattice is equal to
a
ffiffi

2
p (a represents the lattice parameter). In summary, the

density of dislocations can be obtained using Eq. 5.

q ¼ 3
ffiffiffiffiffiffi

2p
p

e2ð Þ1=2

Db
ð5Þ

3 Results and Discussion

3.1 Microstructural Evaluations in CRB-AT-ARB

and CRB-ARB-AT Samples

3.1.1 CRB-AT-ARB Composite

For the first group of specimens, after the initial CRB of Al

sheet/Ti powder/Al sheet, annealing is performed. Per-

forming annealing for these powder specifications results in

the complete conversion of Ti and TiAl3 intermetallic

composite particles formed throughout the interface. In the

Ti and Al diffusion couple, it has been observed that in

most cases, the TiAl3 phase is the first phase to be formed

and is also the phase that is created in large quantities at

temperatures under the Al melting point. It is suggested

that this is due to the increase in the number of unoccupied

spaces in the Al lattice in the TiAl3 layer. They speculated

that in the presence of such a gradient, Al diffuses more

rapidly, preventing the formation and growth of any

expected intermediate phase [20, 21]. Formation mecha-

nism of TiAl3 intermetallic in a Al-Ti system during heat

treatment can be described by increasing of Ti and TiAl3
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phase masses, formation of micro-cracks, higher diffusion

of Al in Ti and remaining Kirkendall voids in Al, volume

increase at Ti and TiAl3 phases, micro-cracks established

along with particles and easier formation of brittle TiAl3
[22]. The dislocation density is calculated using Eq. 5. The

results show that in the CRB sample, the dislocation den-

sity is equal to 7 9 1013 m-2. After annealing, the dislo-

cation density decreases to 3.6 9 1013 m-2.

In obtained Al–TiAl3 composite, the intermetallic par-

ticles are still located in the previous locations of the Ti

through the interface of the two Al sheets. Therefore, the

primary aim of applying the ARB technique in the next

step is the breakup of intermetallic particles and their

uniform distribution in the Al matrix. Furthermore, con-

tinuous plastic deformation in the ARB method can assist

the removal of Kirkendall voids caused by the formation of

intermetallic compounds and thus enhance the mechanical

Fig. 1 (a) and (b) SEM images

of the distribution of TiAl3
intermetallic composite

particles in the CRB-AT-ARB5

sample and (c) and (d) Relevant
EDS analysis of one of the

particles in this sample

Fig. 2 Engineering stress–strain curves of a initial Al, CRB, and CRB-AT, and b CRB-AT-ARB samples after 1 to 5 ARB cycles
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properties of the composite. Figure 1a and b shows

microscopic pictures of the CRB-AT-ARB composite

made in the fifth ARB cycle (with a strain of 4). As can be

seen, with ARB, the intermetallic composite particles break

up due to the vertical compressive force of the roller and

the increase in the length of the rolled sheets, and a better

dispersion is seen in the particles. Moreover, the

microstructure has an acceptable distribution of particles

with a maximum size of 5 lm. In addition, Kirkendall

voids are not visible at this scale. The reduction in voids

improves the bonding quality between intermetallic parti-

cles and the bonding quality between the two Al sheets

and, ultimately, enhances the strength of the composite

[23]. According to the previous work of these authors [15],

the tensile strength of this composite after the fifth cycle

gets to 400 MPa, which is remarkably higher than the

300 MPa of monolithic Al prepared in the same way.

The results of elemental analysis of one of the particles

in this composite (Fig. 1c) are shown in Fig. 1d. This

indicates that no phase change has occurred during ARB,

and finally, an Al matrix composite with TiAl3 inter-

metallic reinforcement particles is obtained. It is known

that with an increase in the number of cycles of the ARB

process, the number of layers increases. This increase in

the number of layers increases the homogeneity of the

intermetallic particle distribution in the ND direction.

Another reason for particle uniformity with growing ARB

cycles may be the effect of friction in the middle of the

roller and the sheet. Initially, a sharp plastic deformation

occurs below the surface and is transferred to the middle of

the sandwich with the repetition of the ARB process. The

calculated dislocation density for this sample is

45 9 1013 m-2.

The engineering stress–strain curves of CRB-AT-ARB

composite samples are shown in Fig. 2. The initial Al

sample had an ultimate tensile strength of 150 MPa (ac-

cording to Fig. 2a). After cold roll bonding, its ultimate

strength increases to 250 MPa, while its ductility decrea-

ses. In the CRB-AT sample, the ductility decreases

however, its value is still less than that of the initial Al

sample. Figure 2b shows the stress–strain curves of the

CRB-AT-ARB samples in different ARB cycles. As

demonstrated, after the first cycle of the ARB, ductility

decreases in comparison with the CRB-AT sample, and

strength increases to 240 MPa. Subsequent cycles of the

ARB lead to the gradual improvement of ductility and

strength, with the final strength after five ARB cycles

reaching 400 MPa, a great value for an Al alloy. The

elongation of the CRB-AT sample is 23%, which decreases

by 4% after the first cycle of the ARB procedure. The

ductility is gradually enhanced by increasing the number of

ARB cycles. Eventually, the ductility of the composite with

TiAl3 particles after five cycles of the ARB is 10%. TiAl3
in the CRB-AT-ARB5 sample is uniformly distributed in

the Al matrix with an ultra-fine grain structure (Fig. 1a).

Therefore, the composite containing Ti aluminide has

higher strength than the Al sample produced using the

same method without Ti powder, which has an ultimate

tensile strength of 300 MPa [15, 24]. The increase in

strength by raising ARB cycles can be due to increased

deformation, decreased grain size, enhanced dislocation

density, and the pinning of the grain boundaries by hard

intermetallic particles [25]. In the other word, the presence

of particles affects the mean dislocation activity signifi-

cantly [26].

When the intermetallic compound is formed during

annealing at 590 �C for 2 h, the Kirkendall pores are pro-

duced. In these composites, an increase in ductility by

growing the ARB cycles after annealing can be related to

the removal of Kirkendall pores due to the subsequent

ARB rolling. This can be seen in the SEM images of the

longitudinal cross sections of the samples (normal to the

TD) prepared through Focused Ion Beam (FIB) milling

(Fig. 3). The SEM images after one (Fig. 3a) and five

(Fig. 3b) ARB cycles indicate a reduction in the number

and size of the pores by extending ARB cycles. Moreover,

Fig. 3a displays a discontinuity in the interface of Al lay-

ers; after five cycles of ARB (Fig. 3b), the number of these

Fig. 3 SEM images of a CRB-

AT-ARB1, (Al layers’ interface

discontinuities are shown with

black arrows), and b ARB-AT-

ARB5 samples after FIB milling
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discontinuities is significantly smaller. This shows better

bonding between the layers, as well as at the matrix–re-

inforcement phase interface, which can be an ineffective

factor in decreasing porosity.

3.1.2 CRB-ARB-AT Composite

In the second fabrication method, Al /Ti powder/Al is roll

bonded and then undergoes five cycles of ARB procedure

and, finally, is annealed. Figure 4 displays the annealing

results for the CRB-ARB sample that underwent five ARB

cycles. According to Fig. 4a and b, the particle size of the

intermetallic compound has decreased due to the increase

in the number of ARB cycles. However, due to the pres-

ence of large Ti particles after five ARB cycles, the TiAl3
intermetallic compound is present in different sizes in the

microstructure. According to these images, after five cycles

of ARB and annealing, fine intermetallic particles as small

as 200 nm are present in the microstructure along with

large micrometer particles. Moreover, the morphology of

Fig. 4 (a) and (b) SEM images

of the distribution of TiAl3
intermetallic particles in the

CRB-ARB5-AT sample and

(c) and (d) Relevant EDS
analysis of one of the particles

in this sample

Fig. 5 Engineering stress–strain curves of a initial Al and CRB and b CRB-ARB1-AT, CRB-ARB3-AT, and CRB-ARB5-AT samples
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the smaller particles is very close to spherical. The ele-

mental analysis results are demonstrated in Fig. 4c and d,

which show the formation of the TiAl3 intermetallic

compound in the Al matrix. It is clear that after annealing,

the amount of defects, including the density of dislocations,

decreases. Calculation of dislocation densities show that

this factor is 0.05 9 1013 m-2 in the CRB-ARB1-AT

sample, 0.22 9 1013 m-2 in the CRB-ARB3-AT sample

and reduces to 0.8 9 1013 m-2 in the CRB-ARB5-AT

sample. The researchers suggested that in the Al/Ti diffu-

sion system, the Al element diffuses more easily into the

Ti. Therefore, Al is the only diffusion element in the dif-

fusion coupling of this system. Al has a much higher dif-

fusion rate than Ti. Moreover, the diffusion of Ti atoms

toward Al is much higher than the diffusion of Al into Ti.

As soon as the TiAl3 intermetallic layer is formed, Ti is

limited to diffusion through TiAl3 and, therefore, will not

be able to diffuse through and inside Al, but Al is free to

diffuse into TiAl3 and Ti [27].

Figure 5 shows the engineering stress–strain curves of

the CRB-ARB-AT samples. Figure 5a, similar to Fig. 2a,

shows that CRB has increased the strength and decreased

the ductility of the sample compared to the initial Al.

Figure 5b shows that the strength of the sample that has

undergone one cycle of the ARB procedure before

annealing is 160 MPa. By growing ARB cycles, the

strength of the samples is expanded, and the ultimate ten-

sile strength of CRB-ARB5-AT is 240 MPa. Ductility also

increases from 17% after one cycle to 20% after five

cycles. The initial Al has an elongation of 24% and ulti-

mate tensile strength of 150 MPa, is observed in Fig. 2a.

Although annealing at 590 �C for 2 h after five cycles of

ARB process has increased the ductility, the results show

that annealing as the last step of the process has derived a

reduction in strength. The strength of this sample

(240 MPa) is not significantly greater than that of the initial

Al and is substantially lower than the 400 MPa of the

CRB-AT-ARB5 sample (Fig. 2b). Revolutions in strength

and microstructure are fully consistent with each other. It

can be seen that as a result of annealing after the ARB

procedure, the structure undergoes a recovery process

resulting in decreased dislocation density, as well as

recrystallization, and, finally, grain growth. This process

decreases strength while improving ductility. In addition,

the driving force of recrystallization is the energy stored as

a result of cold work. This means that the extent of

recrystallization increases with an increase in cold work,

turning sub-grain boundaries into main grain boundaries.

The SEM image of the CRB-ARB5-AT sample after

FIB milling indicated in Fig. 6 demonstrates a high density

of Kirkendall pores and their distribution in the

microstructure. In these specimens, because of the

Fig. 6 SEM images of CRB-ARB5-AT sample after FIB milling

Fig. 7 XRD patterns of a Initial

Al, b CRB, c CRB-AT, d CRB-

AT-ARB5 and e CRB-ARB5-

AT samples
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formation of the intermetallic compound at the final step of

the process, the Kirkendall pores created are not elimi-

nated, which reduces the strength, ductility, and density of

the composite.

3.1.3 XRD Evaluations of CRB-AT-ARB and CRB-ARB-AT

Composites

As already mentioned, the dislocation densities were cal-

culated using the XRD patterns of different samples. Fig-

ure 7 demonstrates the XRD patterns of initial Al, CRB,

CRB-AT, CRB-AT-ARB5, and CRB-ARB5-AT samples.

It can be observed that after the CRB process, the XRD

pattern shows peaks corresponding to only the Al matrix

and the added Ti particles, but after the CRB-AT, almost

all Ti is turned into the TiAl3 phase. In XRD patterns, the

crystallite size reduction and increasing internal stresses

are considered by the diffraction peak broadening. The

peak broadening value for the CRB-AT-ARB5 sample is

higher than that for the CRB-ARB5-AT sample with a

dislocation density of 45 9 1013 m-2 and 0.8 9 1013 m-2,

respectively. It can be reported that the grain refinement of

the ARB samples by increasing the number of ARB cycles

is because of the formation of the boundaries with different

geometries which are arranged in parallel bundles and

according to the axis of the deformation [28]. In addition,

there is a shift of Al peaks toward lower diffraction angles

for cold rolled samples and also toward higher diffraction

angles for heat treated samples. These changes could be

due to high dislocation density and internal stresses in the

first group, and low lattice size for the second group.

4 EBSD Evaluations in CRB-AT-ARB, Al-ARB,
and CRB-ARB-AT Samples

4.1 CRB-AT-ARB Composite

The results of the EBSD analysis of the cold roll bonded

and then annealed sample are presented in Fig. 8. The

electron image in Fig. 8a shows the presence of a powder

particle in the background of Al at the interface of the two

layers. The associated phase analysis (Fig. 8b) illustrates

that the powder particle has a chemical composition of the

Fig. 8 Images obtained from

the EBSD analysis of the CRB-

AT sample in the ND-RD

section, including a electron

image, b phase map, and c Al

matrix boundary map
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TiAl3 intermetallic compound, marked in blue and placed

on a red background in Al. The boundary map shown in

Fig. 8c shows the main and secondary boundaries of the Al

matrix with the misorientation angles. Thus, the main

boundaries or high angles include misorientation angles of

greater than 15�, and the sub-boundaries or low angles

include misorientation angles of less than 15�. However,
tiny low-angle boundaries containing misorientations of

less than 2� have not been investigated due to the low

accuracy of EBSD measurements [29]. According to this

image, the boundaries formed in the matrix are the main

boundaries with misorientation angles of greater than 15�.
The grain size of Al after annealing at 590 �C for 2 h has

become so large (about 60 lm) that, in this image, a

complete Al grain is not seen, and there is a limited number

of main grain boundaries between 2 Al grains.

Furthermore, the TiAl3 intermetallic compound is a poly-

crystalline compound containing small grains. The average

grain size for this compound is equal to 5 lm.

Figure 9 presents the misorientation angles distribution

diagram obtained from the CRB-AT sample. Sections a and

b of Fig. 9 show the distribution of the misorientation

angles in the Al matrix and the TiAl3 intermetallic com-

pound in this sample, respectively. According to this figure,

all existing boundaries belonging to both the matrix and the

reinforcement particles are high-angle boundaries. The

maximum intensity belongs to the misorientation angle of

about 28� for the main Al boundaries.

The results of the EBSD inspection of the sample that

underwent CRB, annealing, and then, five cycles of ARB

(CRB-AT-ARB5) are presented in Fig. 10. The electron

image in Fig. 10a shows the structure of fine-grained Al.

Fig. 9 Diagram of the

misorientation angle

distribution of the a Al matrix

and b TiAl3 intermetallic

compound in the CRB-AT

sample
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The maximum Al grain size is 500 nm. The elongation of

the grains in the direction of rolling can also be seen. The

associated phase analysis (Fig. 10b) illustrates that the

TiAl3 intermetallic compound marked in blue is uniformly

distributed on the red Al matrix. The particle sizes of the

intermetallic compound are within the nanometer range.

The boundary map shown in Fig. 10c also indicates that

these Al ultra-fine grains mainly have high-angle

Fig. 10 Images obtained from

the EBSD analysis of the CRB-

AT-ARB5 sample in the ND-

RD section, including a electron

image, b phase map, and c Al

matrix boundary map

Fig. 11 Diagram of the

misorientation angle

distribution of the Al matrix in

the CRB-AT-ARB5 sample
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boundaries. Fine-grain formation occurs during severe

plastic deformation as a result of the production and

arrangement of dislocations in regular structures divided by

high angular boundaries. The ARB sample shows that the

lamellar structure is extended in the rolling direction. There

are two kinds of boundaries in this structure, the lamellar

boundaries (LBs) which are parallel to the rolling direction,

and the short interconnecting boundaries (IBs) which

separate the layer boundaries vertically. The average dis-

tance between the lamellar boundaries in this sample is

about 200 nm.

All materials that have undergone the ARB process

contain large low-angle grain boundaries, but the contri-

bution of high-angle boundaries is an essential factor for

fine-grained severe plastic deformed structures [30]. The

diagram of the misorientation angles distribution of the Al

matrix related to this specimen is shown in Fig. 11. In this

figure, it is observed that about 90% of the formed grain

boundaries have high angles. Increasing the density of

dislocations increases the mean intra-grain misorientation

by increasing the strain [31]. The share of the main grain

boundary increases in comparison with the Al sample

before the ARB process. The misorientation of the main

boundary with the maximum intensity also increases with

increasing strain and reaches 55�.

4.2 Al-ARB Sample

The results of EBSD analysis of the 1100 Al sample

without reinforcement particles, which underwent initial

Fig. 12 Images of the EBSD

analysis of the Al-ARB5 sample

in ND-RD section including

a electron image, b phase map,

and c Al boundary map

Fig. 13 Diagram of misorientation angle distribution in the Al-ARB5

sample
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CRB, annealing, and then, five cycles of ARB (Al-ARB5)

are illustrated in Fig. 12. The electron image in Fig. 12a

shows that the Al structure with ultra-fine grains elongate

in the rolling direction. The maximum grain size of Al is

700 nm. The associated phase analysis (Fig. 12b) shows

that the red matrix belongs to Al. The boundary map in

Fig. 12c also shows that these Al ultra-fine grains mainly

have high-angle boundaries.

The diagram of the distribution of misorientation angles

associated with this sample is shown in Fig. 13. As can be

seen, about 80% of the formed grain boundaries have high

angles. The share of high-angle boundaries has increased

with ARB cycles. In this sample, the maximum distribution

of the misorientation angle is about 50�. Observation of the

lamellar structure has been reported by researchers in 1100

Al alloy, oxygen-free high thermal conductivity (OFHC)

copper, and very low carbon steel after the ARB process

with maximum strains of 3.2, 4.8, and 5.6, respectively

[32, 33]. At low-to-medium strains, necessary geometric

boundaries and inter-grain incidental dislocation bound-

aries are formed. The misorientation angles between these

two types of boundaries also increase with increasing

strain, which leads to grain fracture into cells [34]. In

Figs. 10 and 12, it can be seen that after five cycles of

ARB, equiaxed grains are formed with an increase in ARB

cycles. The formation of equiaxed grains in the fifth cycle

confirms the occurrence of recrystallization in Al. The

mechanism of the formation of ultra-fine grains during

severe plastic deformation is still debated. A previous

research on the EBSD of 1100 Al subjected to the ARB

process showed that the ARB process resulted in a reduc-

tion in grain size, orientation in the rolling direction, and

development of sub-grains and their conversion to main

boundaries through dynamic recrystallization [35]. How-

ever, recent research [32] shows that the procedure of ultra-

fine grains formation is not discontinuous, but is charac-

terized by continuous recrystallization (including separa-

tion of very fine grains due to short-range grain boundary

migration). Discontinuous recrystallization is believed to

occur in materials with large initial grain size and low

strain. In materials with smaller initial grain size and high

strain, a microstructure with high-angle grain boundaries is

formed through partial grain boundary movements with a

continuous crystallization process [36]. It can be observed

Fig. 14 Images of the EBSD

analysis of the CRB-ARB1-AT

sample in the ND-RD section

including a electron image,

b phase map, and c Al matrix

boundary map
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that the presence of TiAl3 intermetallic compound particles

in the CRB-AT-ARB5 sample increases the mean misori-

entation angles compared to the Al sample without rein-

forcement particles (Al-ARB5). This difference is due to

the presence of more strain in the Al layers in the com-

posite sample than in the reinforcement particles. Al acts as

a fluid base to accommodate the breakage of intermetallic

particles during severe plastic deformation. Al matrix

layers are softer, undergo more local deformation, and have

more strain. Therefore, more grain refining occurs in this

composite sample with greater grain size reduction [37].

4.3 CRB-ARB-AT Composite

The results of the EBSD analysis of samples after CRB and

one cycle of ARB (with a strain of 0.8) and then annealing

are demonstrated in Fig. 14. The electron image in Fig. 14a

indicates the presence of TiAl3 particles at the interface of

the two Al layers. The associated phase analysis (Fig. 14b)

indicates that these particles have the TiAl3 intermetallic

compound composition marked in blue color and placed on

a red Al matrix. Grains as big as 30 lm are present in the

Al matrix. The maximum particle size of the intermetallic

compound is about 15 lm. The microstructure shows that

the recovery, recrystallization, and grain growth phenom-

ena have occurred due to annealing. It should be pointed

out that the recrystallization temperature for 1100 Al alloy

is equal to 340 �C [37]. Therefore, recrystallization and

grain growth at 590 �C can be expected. However, in the

interface layer, non-uniform growth in Al grains is

observed throughout the microstructure. This abnormal

growth can be assigned to the existence of more strain in

the interface and the presence of reinforcement particles in

the intermetallic compounds. These factors make the grains

that are located in the area around the TiAl3 particles, act as

a small deformation and elongate slightly in the rolling

direction. There is a decrease in this abnormal growth due

to annealing. The boundary map shown in Fig. 14c also

shows that low-angle sub-grains are present within the

high-angle Al grains.

The misorientation distribution diagram for the CRB-

ARB1-AT sample is shown in Fig. 11. According to this

figure, the Al matrix has a maximum intensity at a

misorientation angle of 45� (Fig. 15a). Moreover, the dis-

tribution of misorientation angles in this sample is very

close to the curve obtained for the random texture of cubic

materials reported by Mackenzie [38]. According to

Fig. 15b, the boundaries of the TiAl3 intermetallic com-

pound formed are almost all main boundaries and have

high misorientation angles (average 75�).
The results of the EBSD analysis of the sample after

CRB and five cycles of ARB (with a strain of 4) and then

annealing are displayed in Fig. 16. The electron image in

Fig. 16a illustrates the formation of a fine-grained structure

next to bulky grains and the presence of small grains cre-

ated through discontinuous static recrystallization during

annealing. It also shows that the grains have entered the

growth stage due to annealing. The associated phase

analysis (Fig. 16b) indicates that the small particles marked

in blue, placed in the red Al matrix, have the TiAl3 inter-

metallic composition. The map of the Al boundaries in

Fig. 16c shows that the recrystallized structure has main

grain boundaries and the share of sub-grain boundaries in

this sample is very small. This image shows a chain of

small grains of at least 1 l next to large grains with a

maximum size of 20 lm. Nucleation of new grains during

annealing alongside the rolling direction shows that there is

an orientation-dependent recrystallization mechanism in

this composite [39].

The misorientation distribution diagram of this sample

and the Mackenzie random texture curve [38] is presented

in Fig. 17. This diagram shows that almost all the main

grains formed in this sample have a misorientation angle of

higher than 15�, and the maximum misorientation is related

to an angle of 50�. As mentioned, increasing strain before

annealing leads to an increase in misorientation. Moreover,

severe plastic deformation can cause a large number of

misorientations within the material. These defects are the

pathway for high-speed diffusion; therefore, diffusion into

Fig. 15 Diagram of the misorientation angle distribution of a Al

matrix (along with random texture distribution diagram in cubic

structures) and b TiAl3 intermetallic compounds in the CRB-ARB1-

AT sample
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fine-grained materials is much faster than coarse-grained

materials. This will cause the elimination of dislocations

during annealing and lead to a greater recovery process

[40]. Therefore, according to Fig. 15, in this sample, the

proportion of sub-grain boundaries is much less than that of

the sample that underwent CRB, one cycle of ARB, and

then, annealing. Furthermore, due to the reduction in size

and greater uniform distribution of reinforcement particles

with growing strain, the average grain size in this sample is

less than the CRB-ARB-AT sample (Fig. 14). Another

point is the low misorientation angle of the CRB-ARB5-

AT sample compared to the CRB-AT-ARB5 sample

(Fig. 11), due to increasing grain size and reduction in

strain.

5 Evaluations of Al Grain Size in CRB-AT-ARB,
Al-ARB, and CRB-ARB-AT SAMPLES

5.1 CRB-AT-ARB Composite and Al-ARB Sample

The results of grain size calculations according to EBSD

analysis are given in Table 1. In CRB-AT-ARB samples,

after CRB and annealing, the main grain size of Al

decreases with an increase in ARB cycles. The particle size

of the intermetallic compound also decreases during ARB.

According to Fig. 10c, the grain size of the Al matrix

reaches about 500 nm after five ARB cycles, while it is

about 700 nm for Ti-free Al under the same manufacturing

Fig. 16 The EBSD analysis

results of the CRB-ARB5-AT

sample in the ND-RD section,

including a electron image

along with the ultra-fine grains

structure, b phase map, and c Al
matrix boundary map

Fig. 17 Diagram of the misorientation angle distribution of the

aluminum matrix in the CRB-ARB5-AT sample with random texture

distribution diagram in cubic structures
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conditions. This difference indicates a decline in grain size

caused by the presence of intermetallic compound particles

[41].

Several factors contribute to the fine-graining of Al

throughout the ARB procedure. One of these is severe

shear deformation. This severe plastic deformation as a

result of friction between the sheet and the roller under

non-lubricating conditions leads to fine-graining with

increase in the equivalent strain. This deformation region is

transferred to the middle area of the sample with increase

in ARB cycles, and therefore, the whole sample undergoes

severe plastic deformation [42]. Another effective mecha-

nism is continuous dynamic recrystallization in which

nanoparticles and ultra-fine grains are generated in severe

plastic deformed metals. With the formation of ultra-fine

grains, the creation of boundaries is accompanied by a

recovery process and short-range grain boundary

migration.

The occurrence of continuous dynamic recrystallization

during rolling in Al has been reported by other researchers

[6, 15, 43, 44]. Tsuji et al. [8] also described the grain

refining mechanism in the ARB method as grain frag-

mentation. In this mechanism, the primary coarse grains

are divided into several smaller grains due to plastic

deformation. In the initial cycles, a significant number of

dislocations are formed in the structure, and with the

enhancing number of cycles, the density of dislocations

increases and they form sub-grains. The grains formed at

this stage have low-angle boundaries. In the latter stages of

the ARB process, low-angle boundaries become high-angle

boundaries, resulting in ultra-fine grains throughout the

structure.

The most important effects of particles on continuous

recrystallization and thus reducing the grain size of the

composite are, first, the existence of particles and stored

energy, and consequently, increase in the driving force of

continuous recrystallization, and second, the behavior of

large particles as continuous recrystallization nucleation

locations. Moreover, fine reinforcement particles with

uniform distribution in the structure can be a factor for fine

refining. These particles are barriers to the movement of

dislocations and cause the accumulation of dislocations and

the formation of sub-grains. This high density of disloca-

tions leads to stress concentration and higher grain

boundary diffusion and thus accelerates boundary forma-

tion due to the presence of more misorientation. In general,

during the ARB process, a set of mechanisms occurs in Al,

and after five ARB cycles, a fine-grained structure is

obtained. The occurrence of these mechanisms has been

confirmed by other researchers [7, 42].

A noteworthy finding is the breaking up of the inter-

metallic composition of TiAl3 during the rolling process

and the achievement of a uniform distribution of particles

along with a further reduction in grain size due to the

presence of particles.

5.2 CRB-ARB-AT Composite

The results of measuring the grain size of Al and inter-

metallic compound particles through the EBSD analysis

are given in Table 2. It can be seen that due to the ARB

process, Al grain size has reached a small 1 lm, and the

minimum particle size of the intermetallic compound has

been reduced to 200 nm. Due to factors such as surface

preparation of the sheets and lack of lubrication, the shear

strain component is large and will perform an essential

function in the development of ultra-fine grains [37].

Through comparison with the results presented in Table 1,

it can be concluded that annealing has caused the grains to

grow. In addition, the particle size of the intermetallic

compound has a wide range. As mentioned, the presence of

Table 1 Results of measuring the average grain size of CRB-AT-

ARB and Al-ARB samples using EBSD analysis

Sample Al matrix grain size (lm) TiAl3 particles size

(lm)

Initial Al B 20 –

CRB B 3 –

CRB-AT B 60 B 100

CRB-AT-ARB

1

1–5 0.7–40

CRB-AT-ARB

2

0.8–1 0.6–10

CRB-AT-ARB

3

0.5–0.8 0.5–10

CRB-AT-ARB

4

0.4–0.6 0.5–8

CRB-AT-ARB

5

0.2–0.5 0.2–5

Al-ARB 5 0.4–0.7 –

Table 2 Results of measuring the average grain size of CRB-ARB-

AT samples using EBSD analysis

Sample Al matrix grain size (lm) TiAl3 particles size (lm)

Initial Al B 20 –

CRB B 3 –

CRB-ARB1-

AT

1–30 0.5–70

CRB-ARB3-

AT

1–25 0.3–60

CRB-ARB5-

AT

1–20 0.2–50
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large-sized TiAl3 intermetallic particles is due to the

insufficient fineness of Ti powders during the five cycles of

ARB.

6 Comparison of CRB-AT-ARB and CRB-ARB-
AT Composite Samples

In this section, the effects of annealing before and after

ARB on microstructural characteristics are briefly investi-

gated. An overview of the final Al-TiAl3 samples obtained

using optical microscope images is presented in Fig. 18. In

Fig. 18a, an image of a CRB-AT-ARB5 sample is pre-

sented. According to this image, the final structure is in the

form of a compact layer containing a fine-grained Al

matrix with a suitable distribution of TiAl3 intermetallic

compound particles. The optical microscope image of the

CRB-ARB5-AT sample is shown in Fig. 18b. This image

shows the lamellar structure in this sample. This figure re-

veals the presence of a recrystallized Al matrix placed

between the particles of the TiAl3 intermetallic compound

at the site of the interface. Reinforcement particles are

mainly present in the interface and, therefore, have a less

uniform distribution than in Fig. 18a.

A comparison of these two samples at further magnifi-

cation has also been performed using FESEM. FESEM

images obtained from the CRB-AT-ARB5 and CRB-

ARB5-AT samples are presented in Figs. 19a and b,

respectively. Evaluations of these images confirm that

performing 1–5 cycles of ARB after annealing (Fig. 19a)

lead to the expansion of the stretched lamellar structure

with a thickness of a few nanometers in the rolling direc-

tion in the Al matrix, but performing annealing after ARB

(Fig. 19b) results in the formation of a dual recrystallized

structure of Al with large grains of 30 lm alongside

smaller grains. It is discovered that, in the ARB process,

increasing the density of dislocations is one of the main

mechanisms of grain refining, while in the case of

annealing after rolling, it is recrystallization. This is in line

with previous reports by Zhang et al. and Zhao et al.

[45, 46].

7 Conclusions

In the present study, using EBSD analysis, a microstruc-

tural evaluation was performed on Al matrix composites

with TiAl3 reinforcement particles made through various

ARB and annealing methods on 1100 Al sheets and pure Ti

powders. The main results of this article are as follows:

1. CRB and then annealing of Al sheet/Ti powder/Al

sheet layers led to the formation of TiAl3 intermetallic

compound particles in the Al matrix.

2. Performing 1–5 cycles of ARB after annealing led to

the fabrication of an ultra-fine Al composite with a size

of about 500 nm containing a uniform distribution of

TiAl3 intermetallic compound particles with dimen-

sions larger than 200 nm. The grain size of Al in the

Fig. 18 Optical microscope

images of a CRB-AT-ARB5

and b CRB-ARB5-AT samples

Fig. 19 Field emission

scanning electron microscope

images of a CRB-AT-ARB5

and b CRB-ARB5-AT samples
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sample of non-reinforcing aluminum particles made

under the same conditions was about 700 nm.

3. The presence of reinforcement particles led to increas-

ing the density of dislocations and providing suit-

able places for the nucleation of sub-grains in the Al

matrix and consequently, the larger grain refinement of

the matrix was possible.

4. The average misorientation angle and volume fraction

of high-angle grain boundaries increased with the

increasing number of ARB cycles.

5. The microstructure evaluation of the composite made

through the CRB-ARB-AT method showed that the Al

grain size obtained after ARB and annealing processes

was in micrometer and extensive, and the intermetallic

compound consisted of a wide range of particle sizes,

between 0.2 lm and 50 lm.

6. In the CRB-ARB-AT samples, with increasing ARB

cycles, both the volume fraction of high-angle grain

boundaries after annealing and the average misorien-

tation angle increased. In comparison, the share of

low-angle grain boundaries decreased due to a more

significant recovery process.

7. Annealing before the ARB process caused the forma-

tion of a compact layer with a reduced number of

voids, while annealing after the ARB process increased

the number of voids and created an equiaxed structure.

8. The strength of the composite produced using CRB–

annealing–ARB process increased with ARB cycles

and, in the end, reached 400 MPa. The strengthening

of the Al-TiAl3 composite was essentially due to

reduction in the grain size of Al and the presence of

TiAl3 intermetallic particles.

9. A compact layered structure with little porosity, and

high strength and hardness was developed due to

annealing before the ARB process, while annealing

after the ARB process resulted in increased porosity,

decreased strength, and hardness, and a uniaxial grain

structure.
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