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Abstract Nanostructured interstitial free (IF) steel has

been produced by accumulative roll-bonding (ARB) for

6 cycles, and post-process treatments by recovery anneal-

ing and cold rolling up to 50% thickness reductions have

been employed to explore the optimization of structure and

mechanical properties. Structural parameters including

boundary spacing, misorientation angle, and dislocation

density have been quantified by means of transmission

electron microscopy and mechanical properties have been

determined by tensile testing for the as-ARB processed

samples and for the post-process treated samples. Anneal-

ing-induced hardening and low-strain cold rolling (\30%)

induced softening have been observed, which is accounted

for by the availability of mobile dislocations and disloca-

tion sources in different sample conditions. Tailoring the

structural scale and dislocation density by additional cold

rolling has been verified to be a promising way for opti-

mizing the mechanical properties of nanostructured IF

steels produced by warm ARB. Based on the experimental

findings, guidelines are discussed for optimizing structure

and mechanical properties of samples deformed to very

high strains.

Introduction

Nanostructured metals produced by plastic deformation to

ultrahigh strains constitute a special class of nanomaterials

with special structures and properties. It has been well

established that this class of nanostructured metals contain

a mixture of high-angle boundaries (often[60%) and low-

angle dislocation boundaries [1–7]. Furthermore, the

presence of a density of interior dislocations within the

volumes between the boundaries is a common structural

feature, although the dislocation density varies with the

metal, processing technique, and condition [4, 5, 8–12].

These characteristic structural features are distinctly dif-

ferent from those of recrystallized materials, which in

general are characterized by a rather small fraction of low-

angle boundaries and a very low density of dislocations

within the grains. The characteristic properties of deformed

nanostructured metals are high-yield strength, which is

often several times higher than that of their coarse grained

counterparts, and limited uniform elongation (typically less

than a few percent), which is often followed by a relatively

large post-necking elongation [13–16].

The correlation between structural parameters and

mechanical properties, in particular strength has been

modeled [1, 7, 17, 18], which suggests that both grain

boundary strengthening related to the refined structure and

dislocation strengthening related to the low-angle disloca-

tion boundaries and the dislocations between the bound-

aries must be considered to understand the high strength

observed in nanostructured metals. In recent studies [4, 19],

the proposed structure–strength relations [17, 18] were

applied to calculate the yield stress values and compared

with the experimental values for nanostructured commer-

cial purity Al [4] and high-purity Al [19]. This comparison

showed that for annealed samples the calculated values are
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lower than the experimental values, suggesting a supple-

mentary strengthening mechanism to be added to boundary

and dislocation strengthening. Based on detailed structural

analysis, a new mechanism, termed dislocation source

limited strengthening [19], has been proposed to account

for the difference between the calculated and experimental

strength values. This strengthening mechanism has alter-

natively been verified from experimental observations that

when dislocations are introduced to an annealed sample a

decrease rather than an increase in the yield stress occurs,

which is referred to as softening by deformation [4].

In a recent study [20], we demonstrated the effect of a

light cold rolling on the structure and mechanical proper-

ties of nanostructured interstitial free (IF) steel produced by

accumulative roll-bonding (ARB) at a warm temperature of

500 �C. It was found that the as-ARB processed IF steel

sheet shows a high-tensile strength but a rapid onset of

necking and a low total elongation (2.8%), and that

imposing 15% deformation by cold rolling leads to a slight

decrease in the strength and a stabilization of the defor-

mation, which leads to an increase in both the uniform and

total elongation (6%). Preliminary TEM observations

showed that loose dislocations are present in the as-ARB

samples and the dislocation density is increased after 15%

cold rolling. Relating these structural observations to the

change in the strength induced by cold rolling suggests that

the dislocation source limited strengthening played a role

even in the as-processed ARB state. In this study, we

produced a new batch of ARB IF steel sheets under similar

conditions to that used in the previous study [20]. The ARB

processed sheet samples were subjected to post-process

treatments by a recovery anneal at 400 �C, which is then

followed by cold rolling at room temperature to different

thickness reductions. These treatments were designed to

further investigate the strengthening mechanisms on the

one hand, and to explore the optimal treatment and struc-

tural condition for the improvement of strength and duc-

tility on the other hand. Quantification of structural

parameters including the boundary spacing, boundary

misorientation angle and distribution, and dislocation

density was carried out in order to understand the

strengthening mechanisms and to establish the correlation

between the structural and mechanical properties.

Processing and characterization

A fully recrystallized ultralow carbon IF steel (Fe–0.002 wt%

C–0.003 N–0.01 Si–0.17 Mn–0.012 P–0.01 Cu–0.02 Ni–0.072

Ti) with an average grain size of 20 lm was used as a starting

material in the present study. Sheets with a thickness of

1 mm, a width of 30 mm, and a length of *300 mm were

subjected to ARB processing. After being degreased and

wire-brushed, two sheets of the starting material were

stacked and roll-bonded by applying a large thickness

reduction, 50%, in a single pass at 500 �C. A two-high mill

with rolls 310 mm in diameter was used for the roll-bonding

and the rolling speed was set at 17.5 m min-1, which cor-

responds to a nominal strain rate of about 19 s-1. The roll-

bonding was carried out under dry surface conditions (non-

lubricated). The roll-boned sheet was immediately cooled in

cold water. The above process steps constitute 1 cycle of

ARB processing. To continue the processing, the roll-bon-

ded sheet was cut into half length and provided for the next

ARB cycle. In this study, 6 cycles were performed, gener-

ating a total thickness reduction of 98.4% or a total equiva-

lent strain of 4.8. The rolling direction (RD) of the sheet was

maintained between ARB cycles. To investigate the post-

process treatment effect on the evolution of microstructure

and mechanical properties, the 6-cycle ARB processed

samples were annealed at 400 �C for 0.5 h in an electric

furnace, and then cold-rolled to different thickness reduc-

tions in the range from 5 to 50%.

The microstructural characterization was carried out by

transmission electron microscopy (TEM). The longitudi-

nal section that contained the normal direction (ND) and

the RD of the deformed sheets was selected as the

observation plane, as it is the best section to reveal the

detailed structural features for rolled samples [21]. Thin

TEM foils were prepared by electropolishing and exam-

ined with a JEOL 2000FX electron microscope operating

at 200 kV. An online Kikuchi-line analysis system [22]

installed in the microscope was used for crystallographic

orientation measurements. The dislocation density in

several selected samples was measured using a linear

intercept method on TEM images of individual grains

taken under multi-beam diffraction conditions to reveal

the dislocation content within the grains. The TEM

foil thicknesses used for the dislocation density analysis

were determined based on convergent beam electron

diffraction.

The mechanical properties were characterized by tensile

testing. Tensile specimens with a gauge dimension of

10-mm long and 5-mm wide were prepared with the tensile

direction parallel to the RD. The samples were tested at

room temperature at a constant crosshead speed of 0.5

mm min-1, corresponding to an initial strain rate of

8.3 9 10-4 s-1. Tensile elongation was precisely measured

by an extensometer that allowed to a maximum elongation

of 10% to be measured and was calibrated before testing.

The proof stress at 0.2% engineering strain (hereafter, yield

stress, r0.2), ultimate tensile strength (UTS), rUTS), uniform

elongation, and total elongation were determined from the

experimental data. Two or more samples were tested for

each condition, and the average values for strength and

elongation are reported.
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Results

The results are described in the following three subsections

for different sample states. In each case, the structural

characterization is presented first and then the mechanical

behavior is shown.

As-ARB processed sample

Figure 1 shows an example of TEM analysis of a 6-cycle

ARB sample. The overall structure is characterized by a

lamellar structure, as shown in Fig. 1a, which is subdivided

by two types of boundaries: lamellar boundaries almost

parallel to the RD and short transverse boundaries inter-

connecting the lamellar boundaries. The spacings of

lamellar boundaries (dt) and interconnecting boundaries

(dl) were measured along the RD and the ND, respectively,

and the average values were found to be dt = 210 nm and

dl = 620 nm, showing an elongated structural morphology

with an aspect ratio of approximately 3. The sketch shown

in Fig. 1b illustrates the map of boundaries seen in the area

marked by a white rectangular frame in Fig. 1a. The mis-

orientation angles across the boundaries were calculated

from the orientations of individual crystallites measured

based on Kikuchi diffraction [22]. In Fig. 1b, thick solid

lines, thin solid lines, and thin dashed lines indicate

boundaries with misorientation angles of [15�, 2–15�, and

\2�, respectively. It is clear that the lamellar boundaries

are dominated by high-angle boundaries ([15�), while

most of the interconnecting boundaries are low-angle ones

(\15�). Such an analysis was made for three areas, and in

total misorientation angles for more than 300 boundary

segments were analyzed. The distribution of these misori-

entation angles is shown in the histogram, Fig. 1c, covering

the entire range from low to high angles. Such a distribu-

tion is similar to that determined by TEM methods in other

nanostructured metals [1–7]. The average misorientation

angle (hav), the fraction of high-angle boundaries ([15�),

and the fraction of boundaries below 2� are listed in

Table 1. It is seen that the fraction of high angles is high

(*60%) but that of the lowest angles (\2�) is also sig-

nificant (11%).

The presence of loose dislocations was observed in the

volume between the boundaries, which is clearly seen in

many of the lamellae in Fig. 2. The dislocation density

varies from crystallite to crystallite and the average dislo-

cation density, q0, was determined to be 6.3 9 1013 m-2

(Table 1). Such a low-dislocation density is probably due

to an enhanced recovery during the ARB processing at a

warm temperature (500 �C). Note that this dislocation

Fig. 1 a TEM image showing a

typical lamellar structure in the

nanostructured IF steel

produced by 6 cycles of ARB at

500 �C. b A sketch of the

boundaries seen in the frame

indicated in (a), showing the

distribution of high-angle and

low-angle boundaries in the

structure. c Distribution of

misorientation angles obtained

from TEM Kikuchi diffraction
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density is even lower than that determined for a nano-

structured Al produced by a 6-cycle ARB at room tem-

perature [4].

The stress–strain curve for the ARB sample is shown in

Fig. 3, curve 1, which is similar to that reported previously

[21] for a nanostructured IF steel sample ARB processed

under similar conditions. As compared with the starting

material (r0.2 = 142 MPa and rUTS = 276 MPa), signifi-

cant strengthening by ARB is achieved (r0.2 = 633 MPa

and rUTS = 895 MPa). However, the necking starts at a

small strain\2%, followed by a quick decrease in the flow

stress and fracture, and the total elongation is about 4%.

Samples annealed for 30 min at 400 �C

Figure 4 shows the TEM structure of the sample annealed

for 30 min at 400 �C. This annealing treatment led to

further recovery of the dislocations, but no significant

structural coarsening was observed, see Table 1.

The stress–strain curve of this annealed sample, curve 2

in Fig. 3, is compared with that of the as-ARB processed

sample. The yield stress and the UTS increased to 676 and

909 MPa, respectively, but the total elongation decreased

to 1.6% after annealing. This annealing-enhanced flow

instability is in agreement with previous observations in

nanostructured Al processed by ARB [4, 13, 19] or equal

channel angular pressing (ECAP) [23, 24].

Effect of cold rolling strain

Figure 5 shows TEM images of the samples annealed

followed by cold rolling to 15% (a) and to 50% (b)

Table 1 Structural parameters of nanostructured IF steel samples after different treatments

Sample state dt (nm) dl (nm) hav (�) f (h C 15�) (%) f (h\ 2�) (%) q0 (m-2)

As-ARB 210 620 24.2 59.8 11.1 6.3 9 1013

ARB ? 400 �C for 30 min 220 650 – – – 4.0 9 1013

Fig. 2 High-magnification TEM view showing the presence of loose

dislocations in the volumes between the boundaries in a 6-cycle ARB

IF steel sample

Fig. 3 Engineering stress–strain curves for nanostructured IF steel

samples processed by 6-cycle ARB at 500 �C and annealed for

30 min at 400 �C

Fig. 4 TEM structure of the same material as Fig. 1a ? annealing

for 30 min at 400 �C
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thickness reductions. Compared with the annealed sample

(Fig. 4), several structural changes were found based on

morphological observations and TEM quantification of

lamellar boundary spacing, interconnecting boundary

spacing, and density of the dislocations present in the

volume between boundaries. Close observations of the

dislocation configurations showed that in the 15% cold-

rolled sample the dislocations are mostly present as iso-

lated dislocations and the extent of dislocation tangling is

not significant. However, with an increase in the rolling

reduction to 50%, dislocation tangles and networks were

often observed within the lamellae, indicating a strong

interaction between dislocations. Figure 6 shows the

changes of the lamellar boundary spacing and the inter-

connecting boundary spacing. It is seen that the lamellar

boundary spacing decreases significantly and almost fol-

lows the geometrical reduction in the sample thickness,

indicating that applying cold rolling to an annealed ARB

sample is an efficient way to achieve further refinement.

Moreover, the interconnecting boundary spacing also

decreases with an increase in rolling strain from 15 to 50%.

This suggests that new interconnecting boundaries are

formed during this rolling stage, which is a result of

interactions of dislocations introduced in the narrow vol-

umes between the lamellar boundaries. Figure 7 shows the

variation of the dislocation density with strain, revealing a

significant increase after 50% cold rolling.

Figure 8 shows the stress–strain curves of samples of (i)

as-annealed and (ii) as-annealed followed by cold rolling. It

is seen that deformation by 5–15% cold rolling induces a

clear decrease in the strength and a significant enhance-

ment in the elongation (curves 2, 3, and 4) as compared

with the annealed sample (curve 1). Remarkably, after 30%

cold rolling (curve 5), the yield strength and UTS are

comparable with those of the annealed sample (curve 1),

but the uniform elongation and the total elongation are

significantly larger than those of the annealed sample

(curve 1). Further strengthening is observed after 50% cold

Fig. 5 TEM images showing the deformed structure of samples after different post-process treatments, a the same material as Fig. 4 ? 15%

cold rolling, b the same material as Fig. 4 ? 50% cold rolling

Fig. 6 Lamellar boundary spacing (LBS) and interconnecting bound-

ary spacing (IBS) versus cold rolling reduction. The data for a 6-cycle

ARB sample and a 400 �C annealed sample are included for

comparison
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rolling (curve 6); the sample shows a stress level higher

than all the other samples over the entire plastic strain

range until fracture occurs. Figure 9 shows the strength (a)

and elongation (b) determined from the stress–strain curves

as a function of the rolling reduction, which reveals that

both the strength and elongation are better in the samples

cold-rolled by 30–50% than the samples as-ARB processed

and annealed, indicating a simultaneous improvement of

strength and ductility.

Discussion

Dislocation source limited strengthening

The present study demonstrated that annealing-induced

hardening occurs in nanostructured IF steel produced by

ARB, Fig. 3, in good agreement with the results of nano-

structured aluminum produced by ARB [4, 19] or ECAP

[23, 24]. The TEM observations indicate that the domi-

nating microstructural change during the low-temperature

annealing treatment is a decrease in the dislocation density

(Fig. 4 and Table 1), whereas the change in boundary

spacing is insignificant. It is, therefore, suggested that the

decrease in the dislocation density is the main cause for the

observed hardening.

Fig. 7 Variation of dislocation density as a function of cold rolling

reduction. The data for the 6-cycle ARB sample and the 400 �C

annealed sample are included for comparison

Fig. 8 Engineering stress–strain curves for nanostructured IF steel.

Curve 1: processed by 6-cycle ARB and annealed at 400 �C for 30

min. Curve 2: same material as 1, plus 5% cold rolling. Curve 3: same

material as 1, plus 10% cold rolling. Curve 4: same material as 1, plus

15% cold rolling. Curve 5: same material as 1, plus 30% cold rolling.

Curve 6: same material as 1, plus 50% cold rolling

Fig. 9 Effect of cold rolling reduction on the strength (a) and

elongation (b) of nanostructured IF steel
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As shown in Fig. 1a, b, the as-ARB sample is charac-

terized by closely spaced high-angle boundaries that may

act as dislocation sinks, so that a subsequent low-temper-

ature anneal may easily reduce the density of individual

dislocations between the boundaries [4]. The low-temper-

ature annealed sample may, therefore, contain few mobile

dislocations. A higher stress is, therefore, required to

activate alternative dislocation sources to deform the

sample when tensile tested, which can rationalize the

observed behavior. This strengthening mechanism has been

recognized in nanostructured Al [4], and referred to as

‘‘dislocation source limited strengthening’’ [19].

One may argue that the annealing-induced hardening is

due to an impurity effect, such as boundary segregation or

precipitation. An impurity effect cannot be ruled out

completely and may operate to some extent in the present

material. However, softening observed after a light rolling

deformation of the annealed sample points strongly to a

dislocation-related phenomenon. This is underpinned by

the TEM observations showing that a large amount of

dislocations have been re-introduced into the sample by

15% rolling (Fig. 5a). Therefore, yielding may occur at a

lower stress, consistent with the hypothesis of dislocation

source limited strengthening, where the lack of mobile

dislocations and dislocation sources leads to an increase in

the tensile strength.

The dislocation source limited strengthening was ana-

lyzed in detail in high-purity aluminum (99.99%) ARB

processed and annealed [19], and it appears that this

mechanism operates over the grain size range where

enhanced localized shear deformation (Lüders banding)

occurs. The grain size range for the ARB 99.99% pure Al

covers from a few hundred nanometers to about 10 lm,

while a relatively smaller upper limit of grain size may

occur in ARB 99% pure Al as the localized shearing dis-

appears when the grain size is above about 5 lm [13].

Recognizing the grain size range for the dislocation source

limited strengthening mechanism to occur will provide

guidance for the exploration of stabilizing the mechanical

flow by introducing mobile dislocations in the structure

[25].

Softening versus hardening by post-process

deformation

The present results show that the effect of post-process

deformation on the yield strength of nanostructured IF steel

is not a monotonic function of the rolling reduction. As

shown in Fig. 9, the yield strength decreases with strain in

the low-strain range, followed by a gradual increase with

further straining. This observation is very similar to that

observed in nanostructured Al, which experienced similar

post-process annealing and deformation treatments [26].

These results suggest that a deformation-induced decrease

in the yield strength (softening) in the nanostructured

metals occurs only when the strain is lower than a certain

value, and a deformation-induced increase in the yield

strength (hardening) takes place again when the strain is

above this value. The critical strain at which the transition

from deformation-induced softening to hardening takes

place may depend on the material and structural parameters

such as the boundary spacing, the high-angle boundary

fraction and the initial dislocation density. For the present

nanostructured IF steel samples, the transition strain is

about 30% (see Fig. 9), which is similar to that identified in

nanostructured 99.2% pure Al [26]. This transition strain

corresponds to a dislocation density of about 2 9 1014 m-2

(Fig. 7), which is higher than the dislocation density in the

as-ARB sample. Therefore, a light deformation of the as-

ARB sample will cause a decrease in the yield strength,

which was observed previously [20]. The transition strain

may depend on the dislocation density in the initial

microstructure and on how efficient the mobile dislocations

introduced during the post-process deformation are stored

in the grains. It is expected that when the density of dis-

location sinks is increased, e.g., by increasing the fraction

of high-angle boundaries per volume, the transition strain

will be increased. If the initial dislocation density is too

high (higher than that corresponding to the transition

strain), the deformation-induced decrease in the yield

strength may not occur, instead strain hardening will take

place.

This dependence of the occurrence of a deformation-

induced decrease or increase in the yield strength (soften-

ing or hardening) on the post-process strain must relate to

an internal change in the dislocation structure. The intro-

duction of mobile dislocations and dislocation sources by a

light cold rolling has been proposed to be the cause for the

deformation-induced softening in nanostructured materials

[4, 27]. This explains the observation of a rather significant

decrease in the yield stress in the 5–15% deformed samples

as loose dislocations are introduced in these samples (e.g.,

Fig. 5a). However, when a higher density of dislocations is

introduced into the sample, they interact with each other

forming strong tangles and network (Fig. 5b). As a result,

both the density of the dislocations that is free to move

when a stress is applied and the free length of dislocation

segments that can act as dislocation sources decrease.

Therefore, the softening effect by mobile dislocations and

easy dislocation sources is reduced and a large portion of

the dislocations present in such a structure will contribute

to a dislocation forest hardening, leading to a net increase

in strength and a decrease in elongation.

Another remarkable effect of the post-process cold

rolling is seen in the increase of both the uniform and post-

necking elongation (Figs. 8 and 9b). The engineering
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stress–strain curves of post-process deformed samples

(curves 2–6 in Fig. 8) show a fairly gradual decrease of the

stress with necking strain. An examination of the change in

thickness and width of deformed samples confirmed a

smooth necking. Figure 9b shows that the ductility

enhancement is dominated by the increase in post-necking

elongation. These observations indicate that the flow stress

of the post-process deformed samples possesses an

enhanced sensitivity to the strain rate, which helped sta-

bilize the tensile deformation. Quantitative evaluation of

the strain rate sensitivity for both the annealed and post-

process cold-rolled samples are undertaken, which will be

reported in a forthcoming paper with an aim to further

analyze the effects of strain hardening and strain rate

hardening on the mechanical behavior of annealed and

post-process deformed samples.

Property optimization by post-processing deformation

Our previous study on nanostructured fcc aluminum [26]

has demonstrated that an appropriate post-process defor-

mation can improve both strength and ductility. The pres-

ent results in a bcc IF steel show a similar effect of a post-

process deformation. As seen in Fig. 9, both strength and

ductility in the 30 and 50% deformed samples are better

than those of the as-ARB sample and the annealed sample.

It is interesting to note that for both the nanostructured Al

samples investigated in the previous study [26] and the

nanostructured IF steel investigated in the present study,

the structural parameters required to achieve a simulta-

neous improvement of strength and ductility are similar,

namely a high fraction of high-angle boundaries (60–70%),

an average lamellar spacing of 100–200 nm, and a dislo-

cation density of 1–3 9 1014 m-2. Similar structural

parameters were reported [12] for toughening an ultrafine

grained Cu sample. Further identification and verification

of such structural conditions are being undertaken by a new

experimental design, with an expectation to provide a

general guidance for optimizing strength and ductility by

tailoring structural parameters.

Conclusions

In order to understand the strengthening mechanisms and

to identify the structural conditions for optimization of

mechanical properties of nanostructured metals, a series of

nanostructured IF steel samples have been prepared by

ARB at 500 �C followed by post-process treatments by

annealing at 400 �C and cold rolling up to 50% thickness

reductions, and characterized by TEM and tensile testing.

Based on the present results and previous results obtained

in nanostructured Al produced by ARB, the following

conclusions can be drawn.

1. The nanostructured IF steel processed by a warm ARB

process contained a high fraction of high-angle

boundaries and a low density of dislocations between

the boundaries, which was further decreased after a

recovery anneal at 400 �C. A dislocation source

limited strengthening mechanism was found to operate

in both cases, enhancing the localized shear deforma-

tion followed by low-tensile elongation.

2. By applying cold rolling to an annealed IF steel sample

produced by ARB both the flow stress and the

elongation can be significantly changed and optimal

properties have been obtained (Fig. 9) for samples

with a structural scale of 100–200 nm, a fraction of

high-angle boundaries of about 60–70%, and a dislo-

cation density of 1–3 9 1014 m-2.

3. The observed effects of annealing and deformation on

ARB processed IF steel and aluminum suggest that

important parameters when tailoring the structure and

mechanical properties are a small spacing between

deformation-induced high-angle boundaries, which

can act as sinks for mobile dislocations and a relatively

low-dislocation density to reduce strain hardening

when dislocations are intentionally introduced by

deformation.
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