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Abstract The microstructure evolution upon annealing of

1100 aluminum samples that were accumulative roll

bonding (ARB) processed were studied with the use of

transmission electron microscopy. It was found that the

ultra-fine microstructure resulted from the ARB process

was not stable. Specifically, a two-stage grain growth

behavior was observed, in which a relatively slower rate of

grain growth was followed by a more rapid grain growth

rate at higher annealing temperature. The bonding inter-

faces that were unique to the roll bonding process were

found to have a significant influence on the grain growth

behavior when the grain size of the material was of similar

dimension as the bonding interface separation. Discontin-

uous pockets consisting of smaller grains were found to

have formed upon annealing. These pockets represented

the remnants of the heavily deformed layer from wire

brushing.

Introduction

The desire to obtain ultra fine (UF) grained materials, i.e.

materials with grain size in the submicron range, for

improvement of material strength has long been the driving

force for the development of procedure(s) to produce UF

grained material in bulk quantities. In recent years, Saito

et al. [1, 2] successfully applied a procedure named accu-

mulative roll-bonding (ARB) to produce UF-grained

materials. The procedure involved the passing of two

sheets, one sheet stacked securely on top of the other,

through a set of rollers to achieve a 50% reduction in the

sheet thickness. With the proper surface treatments, such as

degreasing and surface contaminates removal with the use

of a steel wire brush prior to the stacking of the two sheets,

a sound bond can be formed between the two sheets after

the rolling pass [3, 4]. The product after the rolling pass

were cut into halves and subjected to the same rolling

process once again. This procedure can be done repeatedly

as desired. The reduction ratio of each pass does not need

to be set at 50%, although a certain threshold reduction

ratio must be surpassed to assure a sound bond [5]. How-

ever, 50% would results in a constant thickness after any

given number of passes. The ARB process has been dem-

onstrated to be able to produce UF grained sheets of

various aluminum alloys [6–16], copper and copper alloys

[17–19], and even interstitial free steels [20].

One of the concerns with adapting UF grained material

for practical uses is the lack of ductility that the product

exhibits. The logical solution to this dilemma is the use of

proper postprocess treatment such as annealing. Obviously,

the knowledge of microstructure evolution upon annealing

of ARBed materials is a critical part of our understanding

of microstructure–property relationship of this type of

materials for their practical applications. The focus of the

present study was therefore set to evaluate systematically

such microstructure evolution upon annealing of ARBed

1100 series commercial-purity aluminum materials after

different number of ARB cycles by using transmission

electron microscopy (TEM). Effort has also been placed in

the observation of microstructure evolution of the layer

interfaces embedded within ARB material. The layer

interfaces contain oxide particles that had originated from

the oxide film formed on the faying surface, which can be
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detrimental to mechanical properties. The number of

interfaces increases exponentially with the number of

passes performed in the ARB process, and hence the

number of interfaces is quite large in ARB materials. It is,

therefore, important to point out that any detrimental effect

arriving from each individual interface will magnify sig-

nificantly with the increase in the number of interfaces. The

present investigation also attempted to explore the effect of

such interfaces on microstructure evolution.

Experimental procedure

Sheets of 1100 commercial-purity aluminum with a

thickness of 1 mm were used as the base material for this

study. The aluminum sheets were first heat treated to a

fully annealed condition by annealing at 400 �C for 1 h.

The intended bonding surfaces on each sheet were

degreased with acetone and wire brushed with a steel wire

brush. The two sheets were then stacked one on top of the

other and secured tightly together by steel wires at the

corners of the assembled sheets. The assemblage was then

cold rolled to a 50% reduction. This procedure was then

repeated up to eight times. Samples investigated in this

study were obtained after four cycles, six cycles, and eight

cycles of the ARB process. Post-ARB annealing was done

in an air furnace with annealing temperature ranging from

100 to 600 �C for 1.8 ks.

Microstructure analyses were carried out using a Hitachi

H-800 Transmission Electron Microscope (TEM) with an

accelerating voltage of 200 kV. TEM thin foil samples

were prepared using twin-jet electro-polishing with an

electrolyte consisting of a ratio of 1:2 nitric acid to meth-

anol. Grain size measurements were carried out by

measuring at least 200 grains from three distinctive

micrographs for each set of samples. Optical microscopy

(OM) was also performed on selected samples where TEM

analysis was deemed unsuitable. OM samples were elec-

trolytically etched with an electrolyte consisting of 4%

HBF4 at 30 V.

Results and discussion

Microstructure evolution upon annealing

The micrographs of the eight cycles samples after anneal-

ing at different temperatures are shown in Fig. 1. The

micrographs of the six cycles and four cycles samples upon

annealing are presented in Figs. 2 and 3, respectively. A

summary of the mean grain size of four cycles, six cycles,

and eight cycles sample upon annealing at different tem-

perature is presented in Fig. 4.

The microstructure of all of the samples of the as-rolled

condition observed in the current study consisted of pan-

cake-shaped UF grains surrounded mostly by high-angle

boundaries, as shown in Figs. 1a, 2a, and 3a. Such obser-

vations of grains surrounded by high-angle boundaries as

well as the low-dislocation density within the grains for

such a severely plastic deformed material was consistent

with that of a dynamically recovered structure. Similar

observations of a dynamically recovered structure were

also reported in previous studies on ARB materials,

Fig. 1 Bright field TEM micrographs of eight cycles samples (a) in

the as rolled condition, and annealed at (b) 200 �C, (c) 250 �C, and

(d) 400 �C for 30 min
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specifically in [10–16] for 1100 series aluminum. There

were no noticeable changes in the mean grain size of the

as-rolled samples after the various numbers of cycles of

ARB tested in this study.

Recovery and grain growth occurred upon annealing of

the as-ARB materials. However, it should be noted that from

both qualitative study of the micrographs by comparing

Figs. 1–3, and quantitative analysis through grain size

measurements by comparing the results in Fig. 4, one could

not detect any apparent stage of recrystallization. Note that

the lack of recrystallization stage for ARB 1100 aluminum

was also reported in [13]. However, Kamikawa et al. have

reported recrystallization in their ARBed 4 N pure alumi-

num [14]. In the present investigation, instead, what was

found is the continuous growth of the grains even at very low

annealing temperature, suggesting that the microstructure

was not stable. Upon temperature increase up to the

annealing temperature of 200 �C, the grain growth rate was

comparatively slow. It should also be noted that, at annealing

temperatures below 200 �C, grain boundary migration rate,

as estimated from the slope of the grain size versus annealing

temperature curves in Fig. 4, in both the direction parallel to

the rolling direction and the direction perpendicular to the

rolling direction were found to have a similar rate until the

grains had reached an equaxied geometry at an annealing

temperature of 250 �C. Coincidentally, at annealing tem-

peratures slightly below 250 �C, rapid grain growth was

indeed observed to have begun.

In the present work, it was also noticed that the grain

growth behavior upon annealing was influenced by the

Fig. 2 Bright field TEM micrographs six cycles samples (a) in the

as-rolled condition, and upon annealing at (b) 150 �C, and (c) 200 �C

Fig. 3 Bright field TEM micrographs four cycles samples (a) in the

as-rolled condition, and upon annealing at (b) 200 �C, (c) 250 �C, and

(d) 300 �C
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bonding interfaces introduced in the rolling process. Such

an effect was most prominently shown in the grain growth

progress and grain size development of the eight cycles

samples when annealed at 300 and 400 �C. As can be seen

in Fig. 4, under such annealing conditions, the grains of the

eight cycles samples have been flattened to a value of

approximately 3 lm and these grains eventually grew

steeply to a conventional grain size that was similar to the

base material when the samples were annealed at 600 �C.

This phenomenon was clearly demonstrated when optical

micrographs of the transverse view of eight cycles samples

annealed at 400 and 600 �C were compared, as shown in

Fig. 5. It was interesting that some intact bonding inter-

faces can still be observed even after annealing the samples

at 400 �C, as shown (arrowed) in Fig. 5d. The afore-

described microstructures, specifically the fact that there

was a lack of significant grain growth between 300 and

400 �C, represent a relatively stable microstructure status.

It was apparent that grain boundary migration had been

retarded by the existence of the bonding interfaces. Cao

et al. has also observed this phenomenon and have sug-

gested that the rolled-in oxide have caused Zener drag

hence hindered the grain boundary migration across the

bonding interface [9]. Upon annealing at higher tempera-

ture, the driving force for grain boundary migration has

seemingly surpassed that of the Zener drag, hence leading

to further growth. This further growth has led to some of

the layer interfaces to be engulfed by the grain growth

process and such an engulfing effect cannot be detected

easily in most TEM samples. However, through a large

amount of TEM investigation, it has been indeed observed

in one of the TEM samples for the eight cycles 400 �C

annealed material, as shown in Fig. 5d (dashed arrows). In

Fig. 5d, the distance between the dashed arrows and the

solid arrows at the lower right corner is about 4 lm, a

value almost equal to the theoretical interface separation

distance. Although the dashed arrows in Fig. 5d do not

indicate a clear interface, the existence of the interface is

evidenced by the faint line from the grain beneath the TEM

foil surface indicated by the dashed arrows. The retardation

of grain growth due to Zener drag was expected to be

present for all of the samples regardless of the number of

cycles of ARB it had gone through. However, since the

bonding interface separation for the other samples were

relatively large compared to the grain size it would have

reached upon annealing at 300 and 400 �C, such an effect

was not noticeable in the grain size data.

Microstructure evolution upon annealing of the

immediate surrounding to the bonding interfaces

The surrounding of the bonding interfaces are expected to

show specific features in its microstructure due to: (1) the

microstructure created due to the bonding mechanism—a

severe plastic deformation process, and (2) the intermixed

oxide layer and dispersoids that were formed before roll-

bonding.

It was interesting that the bonding interface appears

similar in most as-rolled samples and it was mostly in the

form of a single long straight grain boundary. Such a long

boundary borders all the grains on the two sides of the

interface, as arrowed in the TEM micrograph in Fig. 6a.

However at some interfaces, pockets of heavily strained

Fig. 5 Optical micrographs of (a) base 1100 Al sample, eight cycles

sample upon annealing at (b) 400 �C, (c) 600 �C, and (d) TEM

micrograph of eight cycles samples upon annealing at 400 �C

showing the restriction of grain growth by the still intact bonding

interfaces (arrowed) as well as an interface that has been engulfed by

grain growth (dashed arrows)
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material, consisting of heavily worked structure, have also

been observed. Similar observation was reported by Tsuji

in [21] as well. It should be noted that both form of layer

interfaces shown in Fig. 6a and b existed in all ARB

samples observed. These pockets appeared discontinuously

along the bonding interfaces and the size and location of

these pockets seem to be random. The heavily deformed

material was thought to be under strong residual stresses

and it has nanocrystalline grains, which are believed to

have gone through a dynamic recovery process during

ARB. Upon further annealing, on the other hand, the

heavily strained material, which was not dynamically

recovered, was observed to have now been through such a

process in a massive way and have become crystalline.

These microstructures are seen to have further grown

during annealing. A typical example for this anomaly in the

interface microstructure and its evolution upon thermal

treatment is shown in Fig. 7 for a four cycles sample. It is

interesting to point out that, qualitatively, the frequency of

these pockets seems to be lower in the as-rolled materials

compared to the annealed samples. This would suggest that

some of these pockets may have been so small that it would

not be noticeable in the as-rolled materials. However upon

annealing, these pockets of heavily deformed region seem

to increase in size.

The existence of these discontinuous regions of heavily

deformed material along the bonding interfaces, a precur-

sor to the pockets of fine elongated grains upon annealing,

was due to the bonding mechanism of roll bonding process.

Such anomalies were also reported by Vaidynanath et al.

[22] on their traditional roll bonding experiments.

Vaidynanath et al. argued that these regions were remnant

of the heavily worked structure introduced to the faying

surface during the wire-brushing stage [22]. They had also

suggested that the discontinuity of these regions arised

from the breaking up of the brittle surface layer on the

faying surface, consisting of the heavily deformed layer

and possibly an oxide layer, which was essential for

bonding to occur [22]. This idea was later confirmed and

shown by Bay [23]. The brittle surface layer was to be

broken up upon surface expansion during roll bonding

hence exposing the, protected, fresh metal underneath [23].

The exposed virgin metal, which was considered to be

clean, was then extruded along and into the channel created

by the broken up brittle surface layer and therefore made

contact with the exposed virgin metal on the other faying

surface. The contact of fresh clean metal on both side then

formed the bond between the sheets [23]. As can be seen, it

was due to the nature of the bonding mechanism that

promoted the formation of discontinuous pockets of

heavily deformed regions at the bonding interfaces.

On the other hand, contradictory to the results of

Vaidynanath et al. [22], these regions of heavily deformed

microstructure were seen less frequently in the as-rolled

samples in the present study. This was possibly due to the

cold rolling temperature used in the ARB process to

subdue any possibility of grain growth. At the same time,

the multiple times that the workpiece have passed through

the rollers to high reduction might also have an influence

on the phenomenon. As the number of cycles of ARB

increases, the thickness of the heavily deformed layer

would be comparable with the separation distance of

adjacent bonding interfaces, and (aside from the small

amount near the bonding interfaces) would most likely

have dynamically recovered with the rest of the structure

to form the UF grained structure and becomes part of the

bulk. Consequently, the appearance of the regions of

smaller grains was subdued in the as-rolled condition. On

Fig. 6 Bright field TEM micrographs of an eight cycles as-rolled

sample showing the morphology of a bonding interface under the TEM

Fig. 7 TEM bright field micrographs showing pockets of small

grains located at the bonding interfaces in four cycles sample upon

annealing at (a) 150 �C, (b) 200 �C, (c) 250 �C, and (d) 300 �C.

Agglomerated second phase (most likely oxides) at the interface

between the pockets and the matrix is arrowed
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the other hand, as the oxide portion of the brittle layer on

the faying surfaces was significantly thinner than the

heavily deformed layer, its detection was much more

difficult. Oxide particles were also assumed to have bro-

ken up and possibly dispersed during the wire-brushing

stage.

Upon annealing of the ARB samples, the heavily

deformed pockets were recovered into the regions of small

grains seen in Fig. 7. Polygonization could also have been

an alternative mechanism, as sometimes the elongation

geometry of the rolled structure was found to still remain

even after the matrix of the material have reached an

equaxied state, such as in the case of 250 �C annealed four

and eight cycles samples, compare Figs. 7c and 3c. On the

contrary, the geometry might have been maintained as a

result of Zener drag of the oxide dispersoids that have

arrived during the wire-brushing stage. More interestingly,

the relative grain growth rate of the smaller grains in the

pockets with respect to the matrix grains were similar

between 200 and 250 �C, i.e. the mean grain size in the

pockets in both cases were approximately 11–12% of the

grain size of the matrix. This has suggested that the grain

growth rate of the matrix and the pockets were of similar

rates albeit the obvious differences in the grain size

between them. It should be noted that during the grain

growth process there was a lack of grain boundary

migration activity between the pockets of small grains and

the matrix, i.e. grain boundary migration from within the

pockets of small grains toward the matrix or vice versa.

This phenomenon was evidenced when comparing the

microstructure of the matrix and the pockets of small grains

as annealing temperature increased, as shown in Fig. 7. It

was interesting that when annealing at higher temperatures

(300–400 �C in this case), these pockets found at the

bonding interface were completely engulfed by a few

number of grains, as shown in Fig. 7d. This behavior

would suggest the existence of a retarding species that lied

at the interface between the pocket of small grains and

matrix, and the retarding species in this case was most

likely oxide dispersoids as both Cao et al. and Vaidyanath

et al. have suggested in [9] and [22], respectively. The

existence of a retarding species near the bonding interface,

especially within the interior of the pockets of small grains,

was illustrated with the agglomerated second phase (pre-

sumably oxide particles) seen in higher temperature

annealed samples, e.g. arrowed in Fig. 7d. Although the

volume fraction of these pockets appears small, it had been

speculated in a previous study that the appearance of such a

stronger (due to grain size strengthening and possibly

strengthening from oxide dispersoids) component lying

near a presumably weaker bonding interface could be

detrimental to mechanical properties, specifically ductility,

of the material [24].

Conclusions

Through the detail study of the microstructure evolution

upon annealing of 1100 aluminum samples after different

number of cycles of ARB, the following remarks can be

concluded:

(1) The UF microstructure developed through the ARB

process was found to be unstable upon thermal

treatment, during which, however, a clear two-stage

grain growth behavior was observed. The first stage

consists of a relatively low grain growth rate, in

which the growth rates in both directions, parallel and

perpendicular to the rolling direction, were found to

be similar. The second stage consists of a more rapid

grain growth toward conventional grain size. The

transition between the first and second stage lies

between 200 and 250 �C, coincidentally at which the

grains became equiaxed. It should also be noted that

there were no apparent recrystallization stage.

(2) Restriction of grain growth by the existence of the

bonding interfaces were observed in the eight cycles

samples when the grain size have reached a dimen-

sion that were comparable to the bonding interface

separation distance. The cause behind the restriction

was possibly due to Zener drag of the grain bound-

aries from the ‘‘rolled-in’’ oxide dispersoids at the

bonding interface.

(3) Upon annealing of the samples, pockets consisting of

much smaller grains were observed at the bonding

interfaces. It is believed that these pockets, which

arrived from recovery or possibly polygonization of the

heavily deformed brittle layer, developed owing to the

wire brushing for the processing. The discontinuity of

the pockets was due to the nature of the bonding

mechanism in roll-bonding. There was also a lack of

grain migration activities across the interface between

the pockets and the matrix. The reason was evidenced

by the noticeable oxide agglomerates formed at higher

annealing temperature suggested the existence of oxide

at the interface between the pockets and the matrix.
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