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Abstract Due to structural and textural heterogeneities

and a high content of stored energy, annealing of nano-

structured metals is difficult to control in order to avoid

non-uniform coarsening and recrystallization. The present

research demonstrates a method to homogenize the struc-

ture by annealing at low temperature before annealing at

high temperature. By this two-step process, the structure is

homogenized and the stored energy is reduced significantly

during the first annealing step. As an example, high-purity

aluminum has been deformed to a total reduction of 98.4%

(equivalent strain of 4.8) by accumulative roll-bonding at

room temperature. Isochronal annealing for 0.5 h of the

deformed samples shows the occurrence of recrystalliza-

tion at 200 �C and above. However, when introducing an

annealing step for 6 h at 175 �C, no significant recrystal-

lization is observed and relatively homogeneous structures

are obtained when the samples afterwards are annealed at

higher temperatures up to 300 �C. To underpin these

observations, the structural evolution has been character-

ized by transmission electron microscopy, showing that

significant annihilation of high-angle boundaries, low-

angle dislocation boundaries, and dislocations character-

izes the low-temperature annealing step. In a discussion,

the observed annealing behavior is related to these struc-

tural changes.

Introduction

Nanostructured metals, which have an average grain size of

several hundred nanometer or less, are expected to be

advanced structural materials for the next generation

because of their excellent mechanical properties. One

promising method to produce bulk nanostructured metals is

high strain deformation [1–3], and well-developed tech-

niques are high-pressure torsion [2, 4], equal channel

angular extrusion/pressing [3, 5, 6], and accumulative roll-

bonding (ARB) [7, 8]. In fact, it has experimentally been

found that nanostructured metals show a very high

strength; typically several times higher than observed in

coarse-grained materials, but a limited ductility; only a few

percent of uniform elongation [9–15]. For practical appli-

cation of nanostructured metals, it is therefore required to

optimize the balance between the strength and the ductility,

and one of the possibilities could be an annealing treatment

at a relatively low temperature in order to prevent a sig-

nificant structural coarsening. In previous studies, the

annealing behavior of ultrafine-grained or nanostructured

metals has been investigated [16–22], but in most of the

cases heterogeneous structural coarsening, i.e., conven-

tional discontinuous recrystallization, takes place after

high-temperature annealing [16–18, 21, 22]. Such a dis-

continuous recrystallization is probably due to a high

energy stored in the sample and both microstructural and

textural heterogeneities. A detailed and careful structural

characterization is therefore required in order to explore the

annealing behavior of nanostructured metals. Moreover, an

optimization of the annealing conditions is necessary in

order to control the structural coarsening which in turn

controls the mechanical properties of the metal.

In the present study, a high-purity aluminum deformed

to a high strain was used as a starting sample for the
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annealing experiments. Deformed samples were isochro-

nally annealed at different temperatures. Samples were also

annealed by a two-step method; a first step at a low-tem-

perature, long-time annealing and a second step of high-

temperature annealing. The structures of the as-deformed

and annealed samples are carefully characterized and a

correlation between the structure and the annealing

behavior for both methods is discussed. In the following,

the investigated samples are in general called nanostruc-

tured aluminum. The reason for choosing this term is the

structure scale after plastic deformation which is in the

nanoscale region (\1 lm).

Experimental

A high-purity aluminum with a purity of 99.99 wt.% (4N–

Al) was used for this study. The cast ingot of 4N–Al was

cold-rolled to 1 mm thickness and annealed at 350 �C for

0.5 h to obtain a fully recrystallized structure with an

average grain size of 41 lm. Sheets with a thickness of

1 mm, a width of 40 mm, and a length of 250 mm were

used as a starting material.

The ARB was applied to achieve a high strain defor-

mation. For the detailed ARB procedure in the present

study, see [21, 23, 25]. The roll-bonding was carried out at

room temperature under a non-lubricated condition of the

roll surfaces. The ARB process was repeated up to six

cycles, giving a total thickness reduction of 98.4% or an

equivalent strain of 4.8.

The 6-cycle ARB samples were isochronally annealed in

air for 0.5 h at different temperatures from 100 to 400 �C.

This annealing treatment will hereafter be referred to as

one-step annealing. The samples were also annealed at

175 �C for 6 h and then annealed at high temperatures

from 200 to 600 �C for 0.5 h, referred to as two-step

annealing. In all cases, the samples were air-cooled down

to room temperature after annealing. In this article, only

results for samples annealed up to 300 �C are reported.

The as-deformed and annealed samples were charac-

terized by transmission electron microscopy (TEM) and

electron backscatter diffraction (EBSD) in a field emission

gun scanning electron microscope (SEM). Longitudinal

sections containing the normal direction (ND) and the

rolling direction (RD) of the sheets were used for both

TEM and EBSD. TEM thin foils and EBSD samples were

electropolished by a twin-jet technique. The thin foils were

observed in a JEOL JEM-2000FX TEM operated at

200 kV. An online Kikuchi-line analysis technique was

used for fine-scale orientation measurement in the TEM

[24]. The individual dislocations were observed under

multi-beam diffraction conditions and the dislocation

density was measured from TEM images where the foil

thickness was determined by a convergent beam electron

diffraction technique. The EBSD measurement and data

analysis were carried out using TSL software in a FEI

XL30S SEM or by HKL software in a Zeiss Supra 35 SEM.

Boundaries with misorientation angles below 2� were dis-

regarded as being below the angular resolution in the

EBSD measurements.

Results

Deformed state

The deformation structure of the 6-cycle ARB sample was

characterized by EBSD and TEM. The detailed structural

features have previously been reported [23, 25] and are

summarized in the following.

Figure 1 is a typical structure of the deformed sample

observed in the TEM, containing equiaxed structured

regions and lamellar structured regions. The average

boundary spacing was determined to be 0.69 lm by the

random test line method applied to the TEM images. It was

confirmed from orientation measurement by Kikuchi-line

analysis in the TEM that the equiaxed crystallites are

mainly surrounded by high-angle boundaries and the

lamellar crystallites are delineated by low-angle bound-

aries. Such structural characteristics were also observed by

Fig. 1 TEM microstructure of the 6-cycle ARB sample
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EBSD [23, 25]. The TEM observation also showed that the

equiaxed regions have a lower dislocation density than

the lamellar regions. The dislocation density was deter-

mined to be 1.01 9 1013 m-2 in the equiaxed regions and

3.53 9 1013 m-2 in the lamellar regions, giving an average

density of 1.23 9 1013 m-2 by taking account of the area

fraction of each region [23].

The misorientation angle distribution of the boundaries

in the sample was analyzed both from the EBSD and TEM

results. A good agreement was observed between the

EBSD and the TEM results, except that very low-angle

boundaries\2� are not included in the EBSD distribution.

More than 50% of the boundaries were of high-angle[15�,

and at the same time a large number of low-angle bound-

aries \2� (16.8%) are present, leading to a bimodal

misorientation distribution with one peak at small angles

and the second peak at misorientation angles around 50�.

Such a bimodal misorientation distribution is typical for

samples after high strain deformation [26, 27].

Microstructural parameters determined by EBSD and

TEM techniques are summarized in Table 1, where. dt, dl,

and dR are the boundary spacing measured along the ND,

RD and by the linear intercept method, respectively, hav is

the average misorientation angle, f([15�), f(2–15�), and

f(\2�) are the fraction of boundaries with misorientation

angle above 15�, between 2 and 15� and below 2�,

respectively, and q0 is the dislocation density between the

boundaries. Significant differences in the spacing, the

misorientation angle, and fraction of the boundaries can be

seen between the EBSD and the TEM due to the inclusion

of low-angle boundaries (\2�) in the TEM analysis.

Annealed state

One-step annealing

The 6-cycle ARB sample was isochronally annealed for

0.5 h at temperatures from 100 to 300 �C. Figure 2 shows

Table 1 Structural parameters of the 6-cycle ARB and annealed samples

dt (lm) dl (lm) dR (lm) hav (�) f([15�) (%) f(2–15�) (%) f(\2�) (%) q0 (m-2)

As ARB

EBSD 0.88 1.5 1.1 31.4 72.3 27.7 – –

TEM 0.57 0.94 0.69 23.6 51.8 31.4 16.8 1.23 9 1013

ARB ? 175 �C 0.5 h

EBSD 1.2 1.8 1.6 33.7 76.5 23.5 – –

TEM 0.91 1.2 0.96 22.8 52.8 30.8 16.4 5.98 9 1012

ARB ? 175 �C 6 h

EBSD 1.9 2.3 2.2 30.1 70.8 29.2 – –

TEM 2.2 2.3 2.4 33.1 73.7 18.7 7.6 Negligible

Fig. 2 Boundary maps of the

6-cycle ARB and annealed

samples. Annealed at (a)

175 �C, (b) 200 �C, (c) 250 �C,

and (d) 300 �C for 0.5 h. The

measurements were carried out

from the thickness center to the

surface of the sheets
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the through-thickness boundary maps obtained from the

EBSD measurement of specimens annealed at different

temperatures. By low-temperature annealing at 175 �C and

below, the structure gradually coarsened with increasing

annealing temperature, but the structure remained rela-

tively homogeneous through the thickness of the sheet

(Fig. 2a). At 200 �C, however, recrystallization starts,

resulting in a quite heterogeneous structure (Fig. 2b). The

fraction recrystallized increases with increasing annealing

temperature and at 300 �C and above the whole thickness

contains recrystallized grains (Fig. 2c–e). The size of the

recrystallized grains shows a large scatter, and some of

boundaries surrounding the recrystallized grains are elon-

gated parallel to RD. This may be an effect of bonding

interfaces where surface contamination or oxide layers

introduced during each rolling cycle may pin the boundary

migration. A similar characteristic has been observed in

samples deformed by ARB and annealed afterwards [18].

The change in the boundary spacing (dt) during

annealing is shown in Fig. 3, based on the EBSD analysis.

After annealing at 175 �C, the distribution shows a single-

peak. After annealing at 200 �C, a new peak of large

recrystallized grains is observed, resulting in a bimodal

distribution of boundary spacings. The fraction and the size

of the recrystallized grains increase with increasing

annealing temperature. This behavior is typical for dis-

continuous recrystallization.

Recovery annealing at 175 �C for 0.5 and 6 h

In order to avoid the recrystallization and to obtain a

homogeneous structural coarsening, annealing at 175 �C

was investigated. As shown in the previous section, the as-

deformed specimen contains narrowly spaced high-angle

boundaries, low-angle boundaries, and individual disloca-

tions between the boundaries, each of which may have a

significant contribution to the stored energy which is the

driving force for both recovery and recrystallization. It is

therefore suggested that decreasing the content of stored

energy may increase the thermal stability of the deformed

material. A long-time recovery annealing was therefore

introduced. In the present study, an annealing treatment of

175 �C for 6 h is proposed as a first trial. The reason for

choosing this temperature is because it is the highest

temperature at which no recrystallization took place in the

one-step annealing experiment (see Fig. 2a).

Figure 4 shows the TEM structure of the 175 �C/6 h

annealed sample. Compared with the as-deformed sample

(Fig. 1), a significant structural coarsening can be seen after

annealing. The random test line spacing in TEM was mea-

sured to be 2.4 lm. There are two different regions observed

in the structure; a coarse-grained and a slightly finer-grained

regions. Misorientation measurements showed that the

coarse-grained region consists mainly of high-angle

boundaries and the finer-grained region is composed of low-

angle boundaries. It is therefore suggested that the coarse-

and finer-grained regions in the annealed state originate

from the equiaxed and lamellar regions in the as-deformed

state, respectively. A comparison of TEM images between

the as-deformed and the annealed samples also shows a

significant decrease in the density of dislocations between

the boundaries. It was quite difficult to find individual dis-

locations within the crystallites even under multi-beam

Fig. 3 Distributions of the boundary spacing in the 6-cycle ARB and

annealed samples. Annealed at (a) 175 �C, (b) 200 �C, (c) 250 �C,

and (d) 300 �C for 0.5 h
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diffraction conditions during the TEM observations, so that

it can be assumed that in this sample most of the in-grain

dislocations have annealed out.

Structural parameters determined by EBSD and TEM are

listed in Table 1, together with the data from the sample

annealed at 175 �C for 0.5 h. After annealing at 175 �C for

0.5 h, a slight coarsening and a decrease in the dislocation

density are seen but the misorientation angles do not change

much. However, after the extended annealing for 6 h, the

following structural changes are significant,

(a) a decrease of f(\2�) from 16.8 to 7.6%

(b) a decrease in q0 from 1.2 9 1013 m-2 to a negligible

number

(c) an increase in dR from 0.69 to 2.4 lm

As many of the low-angle boundaries have been

annealed out there is now a good correspondence between

the TEM and the EBSD results.

Two-step annealing

Samples annealed at 175 �C for 6 h have subsequently

been annealed at higher temperatures for 0.5 h, which will

be referred to as two-step annealing. Figure 5 shows

examples of the through-thickness boundary maps obtained

from the EBSD measurements for the samples annealed by

this two-step method. After the first-step annealing at

175 �C for 6 h (Fig. 5a), a relatively uniform microstruc-

ture is observed through the thickness, although some large

grains can be seen near the surface. By the second-step

annealing at high temperatures, the structural coarsening

gradually proceeds with increasing annealing temperature

but the homogeneity of the structure is maintained. The

change in the distribution of boundary spacings during the

two-step annealing is shown in Fig. 6. This figure shows

that a fairly uniform coarsening takes place when raising

the annealing temperature to 200 and 300 �C.

Fig. 4 TEM microstructure of the sample ARB processed and

annealed at 175 �C for 6 h

Fig. 5 Boundary maps of the

6-cycle ARB and annealed

samples. Annealed at (a) 175 �C

6 h, (b) 175 �C 6 h ? 200 �C

0.5 h, (c) 175 �C 6 h ? 250 �C

0.5 h, and (d) 175 �C

6 h ? 300 �C 0.5 h. The

measurements were carried out

from the thickness center to the

surface of the sheets
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Discussion

The present study shows that an isochronal annealing for

0.5 h leads to the onset of recrystallization at 200 �C and

above, resulting in a quite heterogeneous microstructure.

This agrees with previous studies of the annealing behav-

iors of metals deformed to high strains [16–18, 21, 22].

Because of a very fine-scale boundary spacing and a high

density of dislocations, a sample deformed to a high strain

stores a large amount of energy, and at the same time the

structure can be very heterogeneous [25]. This may lead to

the onset of discontinuous recrystallization which takes

place heterogeneously as observed. Based on these obser-

vations it was suggested that a reduction of stored energy

may be effective in retarding the recrystallization and may

lead to a homogenization of the annealed structure.

In this study, a two-step annealing, low-temperature for

long time (the first step) and a subsequent high-temperature

annealing (the second step) has been carried out to explore

this suggestion. Figure 5 shows the success of this two-step

annealing in suppressing recrystallization and homogeniz-

ing the annealed structure. The result clearly showed that

the early recrystallization observed at 200 �C (Fig. 2) can

be avoided by the two-step annealing and that a fairly

uniform structure is present after annealing at 300 �C

(Fig. 5). A quantification of the structure of the as-

deformed sample and the sample annealed at 175 �C for

6 h showed a significant increase in the boundary spacing

and a decrease in the dislocation density between the

boundaries (see Table 1). It follows that the annealing for

6 h leads to a significant decrease in the stored energy, i.e.,

in the driving force for boundary migration during recovery

and recrystallization. It is also observed that the long

annealing time at 175 �C homogenized the microstructure

(see Fig. 5) and significantly decreased the fraction of low-

and medium-angle boundaries (see Table 1), which have a

lower mobility than high-angle boundaries [28]. Therefore,

the average boundary mobility of total boundaries in the

annealed state should be higher than that in the

as-deformed state. However, the result observed showed a

delayed recrystallization, indicating that a significant

decrease in the stored energy rather than the increase in

mobility is more responsible for the uniform structural

coarsening by tow-step annealing. A detailed analysis of

the underlying processes is part of the ongoing research,

also including annealing of temperature above 300 �C.

In addition to the different causes for a change in the

structural stability during annealing, it has been suggested

[29–32] that the thermal stability is enhanced in heavily

deformed metals when annealed due to a transition from

non-equilibrium grain boundaries with high mobility to

equilibrium grain boundaries with low mobility. This

suggestion is at present hypothetical and needs validation

which is outside the scope of the present research.

Another interesting phenomenon observed in the present

study is a significant annihilation of loose dislocations as

well as low-angle boundaries after the recovery annealing

at 175 �C for 6 h. The mechanisms of such an enhanced

recovery should be investigated, but as a hypothesis it is

suggested that the annihilation rate of loose dislocation and

low-angle boundaries increases with an increase in fraction

of high-angle boundaries. High-angle boundaries may act

Fig. 6 Distributions of the boundary spacing in the 6-cycle ARB and

annealed samples. Annealed at (a) 175 �C 6 h, (b) 175 �C

6 h ? 200 �C 0.5 h, (c) 175 �C 6 h ? 250 �C 0.5 h, and (d)

175 �C 6 h ? 300 �C 0.5 h
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as dislocation sinks and such an effect may be more pro-

nounced in a nanostructured metal since the spacing of

high-angle boundaries is small. In Fig. 1, two distinct

structures have been observed in the as-deformed sample;

an equiaxed structure with a high concentration of high-

angle boundaries and a lamellar structure with a high

concentration of low-angle boundaries, and the dislocation

density between the boundaries was lower in the equiaxed

structure than in the lamellar structure. This observation

supports the hypothesis of enhanced recovery in nano-

structured metals processed by plastic deformation [33].

Conclusions

(1) Short-term annealing for 0.5 h at 200 �C and higher

temperatures of a high-purity aluminum deformed to

a strain of 4.8 by ARB leads to discontinuous

recrystallization.

(2) Extending a recovery heat treatment at 175 �C from

0.5 to 6 h leads to significant structural changes such

as a significant decrease in the density of dislocations

stored in low-angle boundaries and between the

boundaries. Some structural coarsening is observed.

(3) A heat treatment at 175 �C for 6 h recovers and

homogenizes the structure in such a way that

annealing at higher temperatures up to 300 �C results

in uniform annealed structures with a boundary

spacing which increases with the annealing

temperature.
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