
I IB 2010

Inverse temperature dependence of activation volume in ultrafine-
grained copper processed by accumulative roll-bonding

Takahiro Kunimine • Takashi Aragaki •

Toshiyuki Fujii • Susumu Onaka • Masaharu Kato

Received: 23 September 2010 / Accepted: 30 December 2010 / Published online: 19 January 2011

� Springer Science+Business Media, LLC 2011

Abstract Tensile tests and strain-rate jump tests were

carried out at several temperatures below room temperature

on Cu processed by accumulative roll-bonding (ARB). The

temperature dependences of the flow stress and the activation

volume were determined. In contrast to conventional coarse-

grained materials where the activation volume increases

with increasing temperature, the ARB processed copper by 8

cycles with ultrafine-grains showed inverse temperature

dependence of activation volume, i.e., decreased activation

volume with increasing temperature. This inverse tempera-

ture dependence of the activation volume is discussed in

terms of thermally activated dislocation bow-out from grain-

boundaries.

Introduction

High-strength metallic materials have been produced for

decades by severe plastic deformation (SPD) such as

accumulative roll-bonding (ARB), equal channel angular

pressing (ECAP), and high pressure torsion (HPT) [1–5].

Microstructural evolution in FCC metals and alloys during

SPD has been extensively investigated [6–10]. Following

the formation of a deformation structure consisting of high-

density dislocations and subgrain boundaries [9], ultrafine-

grains (UFGs) smaller than about 1 lm and surrounded by

high-angle grain boundaries appear during SPD. The new

UFGs coexist with the deformation structure in SPD pro-

cessed metals and alloys [6–8].

It has been shown that SPD processed materials with

UFGs have some characteristic mechanical properties that

are different from those of their coarse-grained (CG)

counterparts [11, 12]. The characteristic mechanical prop-

erties observed in the SPD processed materials are fairly

similar to those of nanocrystalline (NC) materials [13, 14].

Although several unique phenomena have been reported

for mechanical properties of SPD processed materials, the

controlling mechanisms of these phenomena are not well

understood. This study focuses on a unique phenomenon in

the mechanical properties of the SPD processed materials,

namely the inverse temperature dependence of the activa-

tion volume of plastic deformation.

The temperature T dependence of the activation volume

V* for single crystals (SC) and CG polycrystals of FCC

metals has been reported [15, 16]. For example, Conrad has

discussed the temperature dependence of V* at certain

amounts of plastic strain e for SC and CG polycrystals of

copper and aluminum [15]. It was shown that at tempera-

tures below room temperature (RT) V* at constant e
increases with increasing T [15]. Bochniak [16] reported

the temperature dependence of V* as a function of the flow

stress r for SC copper, aluminum and silver. Comparison

of the results at 77 K and RT shows that (i) V* at constant

r increases with increasing T, and (ii) V* at constant

T decreases with increasing r [16]. Since r at constant e
decreases with increasing T, the results obtained by

Bochniak imply that V* at constant e increases with

increasing T. As shown in the studies by Conrad [15] and

Bochniak [16], increase of V* with increasing T is the usual

relationship between V* and T for SC and CG polycrystals
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of FCC metals. This relationship has been explained by the

deformation mechanism considering the interaction

between dislocations and obstacles in grains [11].

In recent studies on FCC metals with grains in the range

10 nm to 1 lm [13, 17, 18], it has been reported that the

activation volume decreases with increasing temperature at

temperatures below RT. The same temperature dependence

of V* has also been reported for SPD processed FCC

metals [11]. Such a temperature dependence of V* is quite

different from that for the SC and CG metals. This unique

phenomenon, the decrease of V* with increasing T, is

referred to hereinafter as the inverse temperature depen-

dence of the activation volume and suggests a rate-con-

trolling mechanism that is common to the NC, UFG

(ultrafine-grained) and SPD-processed metals. In conven-

tional materials with coarse grains larger than about 1 lm,

in-grain dislocation sources operate, whereas for NC and

UFG materials it is reported that dislocation sources in

grain boundaries control the motion of dislocations

[19–21].

As a deformation mechanism in NC and UFG metals,

emission and bow-out of grain-boundary dislocations has

been proposed [20, 21]. Using the dislocation bow-out

model, Kato [21] has analyzed quantitatively the inverse

temperature dependence of V* for NC Ni. Using experi-

mental results for NC Ni from previous studies, Kato

assigned activation parameters that reasonably explain the

temperature dependence of the effective stress [21]. Using

these activation parameters, Kato compared the experi-

mental results with theoretical calculations for the tem-

perature dependence of V* for NC Ni and established the

validity of the dislocation bow-out model [21].

In this study, the inverse temperature T dependence of

the activation volume V* is discussed for SPD processed

copper, and experimental results are analyzed with the

dislocation bow-out model [21]. However, in a departure

from Kato’s analysis [21], comparison of the experimental

with the theoretical results is made without assigning

activation parameters. The authors thus demonstrate the

validity of the dislocation bow-out model using a different

approach from that adopted by Kato [21].

Experimental procedure

Polycrystalline copper sheets of 99.99% purity were used

as a primary material. After annealing at 873 K for 2 h, the

copper sheets were subjected to ARB for up to 8 cycles

(8C) at RT. The ARB process is a technique for grain

refinement by rolling deformation [22, 23]. Tensile speci-

mens were cut from the copper sheets of 8C with an electro

discharge machine. The average width of high-angle

lamellar boundaries of grains in the specimens was about

370 nm. Many dislocations were observed in these speci-

mens; however, UFGs with lower dislocation density in the

deformation structure were also observed. Tensile tests

were performed with an Instron-type testing machine at

various temperatures between 77 K and RT. The initial

strain-rate _e1 of the tensile tests was 8:3� 10�5s�1. Strain-

rate jump tests were conducted between _e1 ¼ 8:3�
10�5s�1 and _e2 ¼ 8:3� 10�4s�1. From measurements of

the change in flow stress from r1 under _e1 to r2 under _e2,

the activation volume V* was evaluated from the equation

V� ¼ MkT
ln _e2=_e1ð Þ
r2 � r1

; ð1Þ

where k is the Boltzmann constant and M = 3.06 is the

Taylor factor for FCC polycrystals.

Results and discussion

Inverse temperature dependence of activation volume

Figure 1 shows the temperature T dependence of the flow

stress r at plastic strain e & 0.01 for the 8C specimens.

The flow stresses for two kinds of strain rates are obtained

by the strain-rate jump tests at e & 0.01. The square

symbols indicate the values of r1 under _e1 ¼ 8:3� 10�5s�1

and the diamond symbols indicate the values of r2 under

_e2 ¼ 8:3� 10�4s�1. The values of r1 were about 600 MPa

at 77 K and 435 MPa at RT. While both r1 and r2

decreased with increasing T, the difference Dr = r2-r1

increased with increasing T. At RT Dr was about 15 MPa.

Fig. 1 Temperature T dependence of the flow stress r at plastic strain

e & 0.01 for the copper specimens ARB processed by 8 cycles. The

flow stresses for two kinds of strain-rates are obtained by the strain-

rate jump tests at e & 0.01
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Using the relationship between Dr and T in Fig. 1, the

authors can obtain the temperature T dependence of the

activation volume V* from Eq. 1. As shown in Fig. 2, the

values of V* were about 200b3 at 77 K and 130b3 at RT,

where b is the magnitude of the Burgers vector. The overall

trend of the temperature dependence of V* in Fig. 2 is the

decrease of V* with increasing T, that is, the inverse tem-

perature dependence of V*.

Figure 3 shows the relationships between the flow

stress r and the activation volume V* at RT for copper of

various states. The open squares are data for CG poly-

crystalline copper [24], which show the variation of V*

during work hardening of the CG copper. The results for

the CG copper are on a dotted line with a slope of -1 in

Fig. 3, which means a proportional relation between r
and 1/V*. This r-V* relationship is explained by the

Taylor equation when the rate-controlling deformation

mechanism is cutting of forest dislocations by moving

dislocations in the grain interior [11]. However, the pro-

portional relation between r and 1/V* for the CG copper

is not satisfied for NC and SPD copper, as indicated by

the data for the nanotwin copper [25], the ARB processed

copper by 8C (this study) and the ECAP processed copper

by 16 passes [26]. The nanotwin copper has nanoscale

twin boundaries and is one of the NC materials. The

deviation from the proportional relation between r and

1/V* for the CG copper indicates a change in the domi-

nant deformation mechanism from that related to the

grain interior to that related to grain boundaries [11].

Although the deviation is most significant for the nano-

twin copper, the rate-controlling mechanism may be

similar for nanotwin and SPD copper.

Thermally activated process in bow-out of dislocation

emitted from grain-boundary source

As shown by the temperature and strain rate dependences

of r in Fig. 1, a thermally activated dislocation process is

included in the plastic deformation of ARB processed

copper. For UFG materials, it is regarded that plastic

deformation occurs by motion of dislocations emitted from

grain-boundary (GB) sources [19–21]. After bow-out of a

dislocation between pinning points on GB, escape of the

dislocation from GB determines the occurrence of plastic

deformation [11, 20, 21]. The pinning points on GB are

most probably short-range obstacles for the escape of the

dislocation [11, 13, 20, 21]. In a previous study [27],

absolutely strong GB pinning points that dislocations could

not overcome by a thermally activated dislocation process

were assumed. However, theoretical consideration on

mechanical properties of NC materials based on this

assumption failed to explain the experimental results

obtained by various researchers [27].

Figure 4 shows the bow-out of the dislocation and the

thermally activated depinning at one of the pinning points

at (a) lower and (b) higher temperatures. In these figures,

LGB is the average distance between the GB pinning points

and w* the activation distance of the GB pinning point. The

two curves in each figure are the shapes of the dislocation

just before and after the thermally activated depinning. The

dislocation shapes at depinning are in the equilibrium state

with the same critical radius r. The critical angle h is

Fig. 2 The relationship between the temperature T and the activation

volume V* at the plastic strain e & 0.01 for the copper specimens

ARB processed by 8 cycles

Fig. 3 The relationships between the flow stress r and the activation

volume V* at RT for copper of various states, i.e., CG polycrystal

[24], ARB by 8C (this study), ECAP by 16 passes [26] and nanotwin

[25]. The data points for the nanotwin copper were converted from the

values of the strain-rate sensitivity m in [25]
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related to LGB and r as 2r sin h ¼ LGB. The shaded area

bounded by the two shapes of the dislocation is the acti-

vation area.

It is apparent that the dislocation bows out more at lower

than at higher temperature, because depinning becomes

easier with increasing temperature. Since the activation

volume V* is proportional to the activation area shown by

the shaded area, the dislocation bow-out and depinning

model can reasonably explain the inverse temperature

dependence of V* [11].

Relationship between activation volume and effective

stress in the dislocation bow-out model

For the thermally activated dislocation process shown in

Fig. 4, Kato [21] derived an expression for the activation

volume V* as a function of LGB, w*, r, and b:

V� ¼ r2b

("
sin�1 LGB þ w�

2r

� �
� LGB þ w�

2r

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� LGB þ w�

2r

� �2
s #

�
"

sin�1 LGB

2r

� �

� LGB

2r

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� LGB

2r

� �2
s #)

: ð2Þ

For UFG materials, the distance LGB between the GB

pinning points is estimated to be about one-third of the

grain size [20]. On the other hand, the activation dis-

tance w* is estimated to be in the order of b. Therefore,

LGB � w� is satisfied for UFG materials with the grain size

in the range 10 nm * 1lm. In this case, the critical angle

h satisfying 2r sin h ¼ LGB becomes smaller than about 1

radian and the activation volume V* given by Eq. 2 is

written approximately as

V� � 1

2
LGBw�b sin h 1þ sin2 h

2

� �
: ð3Þ

The derivation of Eq. 3 is shown in the Appendix.

The bow-out of a dislocation is caused by stress acting

on the dislocation. In general, the shear flow stress s has

two components, i.e.,

s ¼ s� þ sa; ð4Þ

where s* is the effective stress and sa the athermal stress.

The effective stress s* controls thermally activated

depinning and determines the critical angle h. Considering

the equilibrium between forces acting on a dislocation, s* is

written as

s�bLGB ¼ 2TL sin h; ð5Þ

where TL is the line tension of dislocation given by

TL ¼ alb2: ð6Þ

Here, l is the shear modulus and a is taken to be 0.5 in this

study. From Eqs. 3, 5, and 6, the activation volume V* is

written as a function of s* as

V� � s�w�L2
GB

2l
1þ s�2L2

GB

2l2b2

� �
: ð7Þ

Since s* decreases with increasing T, Eq. 7 naturally shows

the decrease in V* with increasing T, i.e., the inverse

temperature dependence of V*.

Effective stress and athermal stress of ARB processed

copper

Let us now evaluate the temperature dependence of s* with

Eq. 7 using the experimental results in Fig. 2. From this

evaluation, the validity of the dislocation bow-out model

can be examined by comparing the evaluated temperature

dependence of s* to the experimental results on the tem-

perature dependence of the flow stress r shown in Fig. 1.

The average distance LGB between the pinning points

has been estimated by a statistical consideration by Kato

et al. [20] as

Fig. 4 The schematic

illustration showing the shape of

bowing-out dislocation emitted

from grain-boundary source

between pinning obstacles at

a lower and b higher

temperatures
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LGB ¼ ðd þ 2kÞ=3; ð8Þ

where d is the grain size and k the minimum distance

between the pinning points on GB. The value of k is

estimated to be about 10 nm in FCC metals [20, 21]. Since

the grain size d of the ARB processed copper by 8C is

about 370 nm, LGB for the 8C copper is about 130 nm.

Using LGB ¼ 130 nm and assuming w* = b, the authors

have evaluate the temperature dependence of s* from the

results shown in Fig. 2. Here, materials constants for

copper, b = 0.25 nm and

l ¼ 42:1� 1� T � 300ð Þ � 3:97� 10�4
� �

ðGPaÞ ð9Þ

are used [28]. In these calculations, the condition h\ 1

was satisfied so that the approximation of Eq. 3 was valid.

To compare the shear effective stress s* obtained by the

calculations with the tensile flow stress r shown in Fig. 1,

using the Taylor factor M = 3.06, the authors have

obtained the tensile effective stress r* given by

r� ¼ Ms�: ð10Þ

By evaluating r* from V* at various temperatures, the

authors can decompose the tensile flow stress r into

the two components, the tensile effective stress r* and the

athermal stress ra. Figure 5 shows the values of r* and ra

at various T. As shown in Fig. 5, the athermal stress ra at

various temperatures is nearly the same, as should be the

case. Furthermore, it can be seen from Fig. 5 that the

fraction of the effective stress r* in r is about 0.25 at RT.

This value is almost the same as the ratio r*/r & 0.17

given by stress relaxation tests of ECAP processed copper

[26]. These show that the dislocation bow-out model

results in the reasonable evaluation of r* from V* and well

explains the deformation behavior in the ARB processed

copper by 8C.

The microstructure of ARB processed copper changes

from deformation structure to UFG structure with

increasing number of ARB cycles. In the ARB processed

copper by 8C, UFGs coexisted with the deformation

structure. These results have provided evidence that the

rate-controlling deformation mechanism of SPD Cu is

dislocation bow-out from grain-boundaries of UFGs.

Summary

An attempt has been made to explain the inverse temper-

ature dependence of the activation volume for ARB pro-

cessed copper by 8C. From the experimental results on the

temperature T dependence of the activation volume V*, the

temperature dependence of the effective stress r* has been

evaluated from the dislocation bow-out model. The authors

have found that the evaluated temperature dependence of

r* reasonably explains the experimentally determined

temperature dependence of the flow stress r in the ARB

processed copper by 8C. Although ultrafine-grains coexist

with deformation structure in SPD processed copper, these

results have shown that the rate-controlling deformation

mechanism is the dislocation bow-out from grain-

boundaries.
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Appendix. Derivation of Eq. 3 from Eq. 2

Eq. 2 can be rewritten as

V�= r2b
� �

¼ sin�1 gþ dgð Þ � sin�1 gð Þ
� �
� gþ dgð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� gþ dgð Þ2

q
� g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p	 

;

ð11Þ

where g ¼ LGB=ð2rÞ[ 0 and dg ¼ w�=ð2rÞ[ 0. The

authors also have g ¼ LGB=ð2rÞ ¼ sin h where h is the

critical bow-out angle. Since the activation distance w* of

the pinning point is naturally much shorter than the average

distance LGB between pinning points, the authors have

dg=gj j � 1.

The function sin�1 gð Þ in the right side of Eq. 11 is given

by the series written as

Fig. 5 The effective stress r* and the athermal stress ra in the flow

stress r as a function of temperature T. The effective stress r* is

evaluated from experimental results of V* by using the dislocation

bow-out model. See text for details of the calculations
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sin�1 gð Þ ¼
X1
n¼0

2n� 1ð Þ!!g2nþ1

2nð Þ!! 2nþ 1ð Þ ; ð12Þ

where 2n� 1ð Þ!! ¼ 2n� 1ð Þ 2n� 3ð Þ. . . 3 � 1 and 2nð Þ!! ¼
2nð Þ 2n� 2ð Þ. . . 4 � 2: When dg=gj j � 1, we have

sin�1 gþ dgð Þ ¼
X1
n¼0

2n� 1ð Þ!! gþ dgð Þ2nþ1

2nð Þ!! 2nþ 1ð Þ

�
X1
n¼0

2n� 1ð Þ!! g2nþ1 þ 2nþ 1ð Þg2ndg½ 	
2nð Þ!! 2nþ 1ð Þ :

ð13Þ

From Eqs. 12 and 13, we have

sin�1 gþ dgð Þ � sin�1 gð Þ
� �

�
X1
n¼0

2n� 1ð Þ!!g2ndg
2nð Þ!! : ð14Þ

When h is not so large, for example, h\ 1, the higher-

order terms of g2n, such as g6, g8, g10,…, can be regarded

much smaller than g0 ¼ 1. Hence, we have

sin�1 gþ dgð Þ � sin�1 gð Þ
� �

� dg 1þ g2

2
þ 3g4

8

� �
: ð15Þ

When 0\dg=g� 1 is satisfied and the higher-order

terms of g2n are neglected, we also have

gþ dgð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� gþ dgð Þ2

q
� g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p	 


� dg 1� 3g2

2
� 5g4

8

� �
: ð16Þ

From Eqs. 11, 15 and 16, the authors have

V�= r2b
� �

� dg 2g2 þ g4
� �

: ð17Þ

Using g ¼ LGB=ð2rÞ, dg ¼ w�=ð2rÞ and r ¼ LGB=

ð2 sin hÞ, Eq. 3 can be obtained from Eq. 17.
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