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We measured the electrical conductivity of bulk nanostructured silver prepared by high-pressure

torsion (HPT) in a contactless manner by observing the AC magnetic susceptibility resulting from

the eddy current, so that we could quantitatively analyze the dissipation process of the residual

strain with sufficient time resolution as a function of temperature T and initial shear strain c. The

HPT process was performed at room temperature under a pressure of 6 GPa for revolutions

N¼ 0–5, and we targeted a wide range of residual shear strains. The contactless measurement with-

out electrode preparation enabled us to investigate both the fast and slow dissipation processes of

the residual strain with sufficient time resolution, so that a systematic study of these processes

became possible. The changes in the electrical conductivity as a function of N at room temperature

were indeed consistent with changes in the Vickers microhardness; furthermore, they were also

related to changes in structural parameters such as the preferred orientation, the interplanar dis-

tance, and the crystallite size. The dissipation process at N¼ 1, corresponding to c� 30, was the

largest and the fastest. For N¼ 5, corresponding to c� 140, we considered the effects of grain

boundaries, as well as those of dislocations. The strain dissipation was quite slow below T¼ 290 K.

According to the analytical results, it became successful to conduct the quantitative evaluation of

the strain dissipation at arbitrary temperatures: For instance, the relaxation times at T¼ 280 and

260 K were estimated to be 3.6 and 37 days, respectively. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4991430]

I. INTRODUCTION

Diffusion physics occurs in many phenomena such as

Brownian motion, mixtures of more than two components,

atomic diffusion in hydrogen storage metals, and so on.1 It

remains an important subject, and understanding of the

intrinsic physics requires the use of statistical physics.1 As a

phenomenon similar to that of diffusion, we pay much atten-

tion to the dissipation of strain in metals, because the dislo-

cation moves and its density decreases as a function of time.

Thus, the strain in a material, which is induced by severe

stress such as dislocations, point defects, grain boundaries,

stacking faults, and so on, dissipates. This dissipation is ther-

mally activated, and it affects the mechanical strength of the

material. Understanding the physics of such dissipation pro-

cesses is extremely important for both kinetics and materials

science.

Severe plastic deformation (SPD)2,3 is achieved through

a process such as high-pressure torsion (HPT),4–7 equal-

channel angular pressing,8 accumulative roll bonding,9,10

and so on. In particular, the SPD process plays a role in

accumulating dislocations. Recently, significant grain refine-

ment to the submicrometer or nanometer ranges has been

reported to be well effective to create materials with good

functionalities (e.g., high-strength materials).11 Changes in

the microstructure through SPD are often investigated by

using scanning electron microscopy (SEM), transmission

electron microscopy (TEM), Vickers microhardness (HV)

measurements, and X-ray diffraction (XRD) analysis.

Hardness is considered to be equivalent to the extent of

blocking the dislocation motion. Indeed, hardness measure-

ments are regarded as a standard technique to examine

microstructural evolution with strain, and it is possible to

reveal the occurrence of a steady state in HPT-processed

metallic materials.11 However, the aforementioned observa-

tions and measurements cannot be performed within a short

time over wide ranges of time and temperature (especially at

low temperatures), and so they are not suitable for quantita-

tive analyses of fast or slow dissipation. Given these back-

grounds, the electrical conductivity measurement that detects

the scattering of conduction electrons is theoretically a useful

approach to pursue the change in the microstructure such as

dislocations, grain boundaries and lattice defects.12,13 It is

suitable for the study of fast and/or slow dissipation toa)Electronic mail: mitoh@mns.kyutech.ac.jp
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observe the voltage between two electrodes by using a digital

voltmeter with sufficient sampling frequency. Indeed, four

terminal methods for SPD materials have successfully been

performed mainly for 300 and 77 K.14–16 In the case of good

metals, however, it is required to prepare long specimens,

and so it is difficult to investigate the temperature depen-

dence of electrical conductivity at low temperatures down to

the liquid-helium temperature. Recently, electrical conduc-

tivity measurements by the scanning 4-point probe method

have been used to evaluate microstructural homogeneity and

crystal changes in HPT-processed Ti and Zr metals in the

temperature ranges above 300 K.17 It is not a suitable method

to covering the low temperature region. The goal of this

study is to investigate fast changes in the microstructure and

the dissipation of residual strain over the wide temperature

range. We adopt in this study a contactless approach without

preparation of the electrode. There, we conduct magnetic

measurements, where the temperature is controlled over a

wide temperature range, so that we can also obtain knowl-

edge of thermally activated dissipation for the accumulated

strain.

The target material is silver (Ag) processed by HPT,

hereafter denoted as HPT-Ag. The HPT-Ag has already been

known to exhibit changes in HV within a few days after

exposure at room temperature.18 Ag has a face-centered

cubic (fcc) structure, and its stacking fault energy is lower

than that of similar fcc metals such as Cu and Au. Thus, the

dislocation is difficult to annihilate and, after the formation

of a small-angle grain-boundary, a large-angle grain bound-

ary is constructed. Because electrical conductivity is a

measure of the scattering of conduction electrons, it can be

used to investigate changes in the HPT-Ag microstructure.

However, changes in the microstructure at temperatures

above room temperature occurred soon after the HPT proc-

essing, and the measurements need to be started without tak-

ing time to prepare four electrodes. The contactless approach

is thus quite useful for such a requirement.19 The results are

then compared to the HV results and structural parameters.

These results will be presented prior to describing the experi-

mental data on electrical conductivity.

II. EXPERIMENTALS

A. Sample preparation

High-purity (99.99%) Ag discs with 10 mm diameter

and 0.8 mm thickness were subjected to HPT processing at

room temperature under a pressure of P¼ 6 GPa and revolu-

tions N¼ 0–5 (N¼ 0, 1/16, 1/8, 1/4, 1/2, 1, 2, and 5) for the

HV measurements.5,6 For small N’s, dislocations are stored

with increasing N, and for large N’s, the large-angle grain-

boundaries are formed. For the electrical conductivity meas-

urements, disks with 4 mm diameter were punched out from

the above HPT-processed samples, whose center parts with

3 mm diameter were not used because of the creation of less

shear strain.

The shear strain (c) for the measurement points is esti-

mated by

c ¼ 2prN=h; (1)

where r is the distance from the disc center and h is the thick-

ness. When comparison is made for a series of data on strain

dissipation with different r and h values, c is more useful

than N because it also varies with r.

Earlier studies on the HV measurement for N¼ 5

reported that the change in the hardness was minimal at a

temperature (T) of 250 K, whereas at T¼ 300 K, it began to

decrease after 1 day and reached the annealed level after

more than 3 days.18 SEM and TEM images of the specimen

with N¼ 5 have already been presented elsewhere.18 The

grain-size decreased with HPT processing from a few tens of

lm to 0.1 lm, and after HPT processing, grain coarsening

occurs and the grain size gradually approaches 100 lm over

time.

B. Vickers microhardness

As the first reference experiment, Vickers microhard-

ness (HV) values for the N¼ 1/4, 1, and 5 samples at room

temperature were measured within 1 h and up to 50 h after

HPT processing. The measurements were conducted using a

load of 200 gf at r¼ 0.1, 1.0, 2.0, 3.0, and 4.0 mm. A total of

30 hardness values were plotted as a function of c to examine

any change associated with the microstructure through stain

dissipation which occurred over approximately two days.

C. XRD

As the second reference experiment, the XRD patterns

for the specimen with N¼ 5 (c¼ 138.5) at room temperature

were measured every 15 min for 48 h by using a commer-

cially available X-ray diffractometer (Rigaku SmartLab)

with parallel beam optics. The incident X-rays were CuKa
radiation. The four major diffraction peaks corresponding to

the plane indices as (111), (200), (220) and (311) were mea-

sured by 2h/h scan, in which the scattering vector was

always parallel to the surface normal. Only near the four dif-

fraction peaks, the scanning was conducted to save time. The

time required to measure each Bragg peak was approxi-

mately 3 min. For each of the diffraction peaks, the peak

intensity, the peak angle, and the full width at half maximum

(FWHM) were evaluated to estimate the degree of preferred

orientation, the crystalline plane distance d, and the crystal-

lite size D. For reference, the preferred orientation of the as-

received specimen was (220). The preferred orientation just

after HPT processing was (111).

D. Contactless electrical conductivity measurements

The electrical conductivity was measured by observing

the AC response due to the eddy-current at frequencies (f) of

up to 1 kHz. It is known that the AC response is normalized

with the dimensionless frequency h2 as

h2 ¼ 2pf l0ra2; (2)

where f is the frequency of the AC magnetic field HAC

(¼ H sin 2pft, where H is the AC field amplitude and t is the

time), l0 is the permeability of free space, r is the electrical

conductivity, and a is the radius of the cylinder-shaped

specimen.20 On the right-hand side of Eq. (2), only r is a
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physical quantity as a function of temperature T. When the

electrical conductivity of a targeted material with a constant

a is studied as a function of T, the AC magnetic magnetiza-

tion M ¼ A sin ð2pft� /Þ is measured at a fixed T as a func-

tion of f. Here, A is the amplitude of the AC magnetic

response and / is the phase delay against the AC field.

In the present study, we measured the magnetization M
under an AC magnetic field of H¼ 3.9 Oe and f¼ 200–1000 Hz

for T¼ 77–300 K using a commercially available superconduct-

ing quantum interference device (SQUID) magnetometer

(Quantum Design MPMS-5S), where SQUID was used as the

sensing device to transform magnetic flux into voltage. The

amplitude of time-dependent M was normalized with respect to

the initial conductivity r0 at t� 0 s. This method was confirmed

to be useful for detecting changes in r due to strain dissipation

in a previous study of Al subjected to accumulative roll

bonding.19 Then, M was normalized with that at the lowest mea-

surement temperature (5 K), so that the temperature dependence

of the relative r could be obtained.

III. EXPERIMENTAL RESULTS

A. Mechanical and structural measurements

Prior to describing the results of r, the mechanical and

structural data are presented in order to understand the

changes in r. Figure 1 shows the change in HV of HPT-Ag

with N¼ 1/4, 1, and 5 within 1 h and up to 50 h after

HPT processing. For c> 4, a change in HV between the

above two states occurs. In particular, at approximately c
¼ 20–40, the change in HV reaches a maximum, where the

dissipation accompanying the change in HV is the most

prominent.

Figure 2 shows the XRD profiles for a representative

specimen just after HPT and up to 48 h after HPT. As

mentioned above, the preferred orientation just after HPT

processing was (111). After 500 min, the magnitude of

the orientation of (200) increased, as shown in Fig. 3. After

1000 min, the preferred orientation changed from (111) to

(200) after HPT. Figure 4 shows the time dependence of

structural parameters such as the interplanar distance (d) of

the aforementioned crystal planes and the crystallite size (D)

obtained from the peak position and the FWHM of these

diffraction peaks in HPT-Ag for N¼ 5. Both d and D are

normalized with the initial values at t¼ 0 (d0 and D0). As

for (111) and (220), there are no significant changes with

time. However, d and D for the (200) orientation begin to

change at t� 500 min, and the changes tend to saturate at

t� 1500 min (approximately 1 day). According to previous

studies,18 HV begins to decrease at t� 1 day. Thus, the

change in HV is confirmed to be related to changes in the

microstructure.

Subsections III B and III C demonstrate how the conduc-

tion electrons are influenced by the aforementioned changes

in the structural feature as well as the mechanical property.

FIG. 1. Vickers microhardness (HV) values of HPT-Ag with N¼ 1/4, 1, and

5 in the states within 1 h and up to 50 h after HPT processing as a function of

shear strain c.

FIG. 2. XRD profiles of HPT-Ag (P¼ 6 GPa and N¼ 5) at room tempera-

ture in the states just after HPT processing and up to 48 h after HPT process-

ing, together with the simulated profiles.

FIG. 3. Time dependence of preferred orientation of HPT-Ag for P¼ 6 GPa

and N¼ 5.
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B. Contactless electrical conductivity: Strain
dissipation at room temperature

Figure 5 shows the N dependence of the relative electri-

cal conductivity r/r0 for HPT-Ag at T¼ 300 K. The refer-

ence conductivity r0 is the conductivity at the initial time.

There is a gradual change in r/r0, even for the sample of

N¼ 0 that experienced only pressing under P¼ 6 GPa. For

N¼ 1/16, the change becomes slightly larger. However, in

N¼ 1/8 (c � 3.4), r/r0 shows the time dependence charac-

teristic of the relaxation process, the behavior of which

is also described in Subsection III C. At t� 700 min, the

relaxation starts, and at t� 5500 min, it levels off to a sta-

tionary state. For N¼ 1/4 (c� 7), similar behavior occurs

over a shorter time, and the magnitude of the change

increases. For N¼ 1/4! 1/2, this change becomes more

prominent. However, when the results for N¼ 1/2 (c� 13)

and N¼ 5 (c� 140) are compared, the effect of N dimin-

ishes. A critical revolution number, Nc, may exist at N¼ 1/

2–3/2, which corresponds to c¼ 20–40.

Generally, the nucleation and growth process in metal-

lurgy is expressed by a function f(t) in the form of the

Johnson-Mehl-Avrami (JMA) equation21–23 as

f ðtÞ ¼ 1� exp ð�KtnÞ; (3)

where K is a reaction rate constant and n (called the Avrami

exponent) is a constant related to the behaviors of nucleation

and growth.24 This function is valid for understanding the phe-

nomena such as metal recrystallization,25,26 amorphous semi-

conductor crystallization,25 and hydrogen storage (absorption

and desorption).27 The JMA equation includes the assumption

that the growth rate of a new phase is controlled by temperature

and is independent of time.26 Indeed, the above behavior of

hydrogen absorption and desorption is quite similar to that of

the present strain dissipation,27 so that we use the form of the

JMA equation to analyze the present results. In this study, K
corresponds to a dissipation rate of the strain.

Now, we investigate the change in r/r0, so that the JMA

equation is modified as

r
r0

¼ 1þ Af ðtÞ; (4)

where A is the saturation value of the change. The data for

T¼ 290–300 K exhibit a gradual change prior to the expo-

nential change as mentioned later, and so they are repro-

duced well with the JMA equation with n¼ 3. However, for

the data at T> 300 K without the former gradual change, the

JMA equation with n¼ 1 rather than that with n¼ 3 becomes

a better analytic formula. Therefore, we analyze a series of

data using the following formula:

r
r0

¼ 1þ A 1� exp � t� t0
s

� �� �
; (5)

where t0 is the incubation time and s is the time constant of

the relaxation.

Figure 6 shows the N and c dependence of A, s, and t0 of

Eq. (5) for HPT-Ag (P¼ 6 GPa) at T¼ 300 K. The strain dis-

sipation in Ag is prominent for the specimen with a shear

strain above approximately 5. These results are consistent

with the aforementioned phenomenon explained for the HV

results shown in Fig. 1. A has a maximum value at approxi-

mately Nc ¼ 1 6 0.5, whereas s and t0 have minimum values.

We have to consider the dissipation mechanism for N<Nc

and N>Nc, respectively. As mentioned above, at approxi-

mately c¼ 20–40, the change in HV reaches a maximum.

Indeed, Nc corresponds to c¼ 20–40, showing consistency

with the mechanical data. From the viewpoint of quantitative

analysis, the electrical conductivity measurement exhibits

better sensitivity than the HV measurement.

FIG. 4. Time dependence of structural parameters such as (a) the interplanar

distance d of the aforementioned crystal planes and (b) the crystallite size D
of HPT-Ag for P¼ 6 GPa and N¼ 5. Both d and D are normalized with their

initial values at t¼ 0 (d0 and D0).

FIG. 5. Time and N dependence of relative electrical conductivity r/r0 for

HPT-Ag (P¼ 6 GPa) at T¼ 300 K.
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C. Contactless electrical conductivity: Temperature
dependence of strain dissipation

Figure 7 shows the time dependence of relative electri-

cal conductivity r/r0 for HPT-Ag at T¼ 290–310 K. We

also conducted similar measurements in the temperature

(T) range from 77 K to 280 K, although the figure is not

shown here. We confirmed that the data at T¼ 77 K remain

unchanged up to 4 days and those at 280 K remain almost the

same until at least 2 days.

Figure 8 shows the T dependence of A, the relaxation

time s, and the incubation time t0. First, as seen in Fig. 8(a),

the value of A hardly changed as a function of T, and the sat-

urated conductivity corresponds to the 11% increase in the

initial conductivity. As seen in Fig. 8(b), both s and t0
depend on T. The relaxation time s should follow the

Arrhenius form in Ref. 26. Indeed, as seen in Fig. 8(c), the

relaxation time s varies according to the following Arrhenius

plot:

s ¼ s0 exp
D

kBT

� �
; (6)

where the prefactor s0 is 3.39� 10�10 min and the activation

energy D/kB is 8.50� 103 K (kB is the Boltzmann constant).

Given these analytical results, the relaxation time at 260 and

280 K was 37 and 3.6 days, respectively, and that at 320 K

was 2 h at most. As for the starting time of the relaxation,

there might have been a discrete jump at approximately

T¼ 300 K. Above 300 K, the dissipation started soon after

raising the temperature to the target temperature for mea-

surement. Below 300 K, there was an incubation time t0
before the start of the dissipation process. We emphasize that

the results of r/r0 obtained at T¼ 300 K are consistent with

the previous HV measurements.18

IV. DISCUSSION

In HPT processing, samples are subjected to a compres-

sive force and concurrent torsional straining, so that the metal

achieves exceptional grain refinement and exceptionally high

strength. In pure Al28 and pure Mg,29 the hardness initially

increases with increasing strain. The hardness reaches a maxi-

mum by further intense straining using HPT processing, and

decreases to a constant level. Similar behavior was observed

in the present HPT-processed Ag, as seen in Fig. 1. Thus, this

FIG. 6. N and c dependence of A (a), s (b), and t0 (c) to characterize the N
and c dependence of the relative electrical conductivity r/r0 for HPT-Ag

(P¼ 6 GPa) at T¼ 300 K.

FIG. 7. Time and temperature dependence of relative electrical conductivity

r/r0 of HPT-Ag for P¼ 6 GPa and N¼ 5.
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phenomenon is ascribed to the change in blocking the disloca-

tion motion.

In the present Ag with low stacking fault energy, for

N<Nc, the dissipation becomes prominent with increasing

N. However, for N>Nc, the opposite is observed. This dis-

sipation process is thermally activated and, for N¼ 5, it

becomes appreciable at temperatures above 290 K. At room

temperature, the TEM images for N¼ 5 show that the mis-

orientation becomes distinctive.18 We need to discuss some

factors such as dislocations and grain boundaries to under-

stand the changes in the electrical conductivity.12 It is rea-

sonable to consider the following scenario: For N<Nc,

dissipation occurs for the strain due to dislocation stored

in the process of grain refinement. However, for N>Nc,

the dissipation may be retarded due to the formation of

large-angle grain boundaries. In particular, the start of this

dissipation occurs later, suggesting the enhancement of

activation energy. Both the relaxation time and the change

in electrical conductivity decrease slightly. The mismatch

between grains with special orientation might create a kind

of energy barrier to start the dissipation, resulting in the

delay of dissipation.

Ag has a face-centered cubic (fcc) structure, and its

stacking fault energy is lower than that of similar fcc metals

such as Cu and Au. There, the storage of the dislocation is

prominent for small shear strain. Furthermore, its good elec-

trical conductivity helps us measure the AC magnetic sus-

ceptibility due to the eddy current. This situation is suitable

for measuring the electrical conductivity over several days.

Au processed by HPT at room temperature shows relax-

ation within one month,18 and Cu processed by HPT at cryo-

genic temperature shows relaxation in a few hours. If we

pursue the strain dissipation in Cu and Au, we have to pre-

pare sufficient machine time over one month for Au and per-

form HPT processing at the temperature as low as liquid

nitrogen for Cu.

It is noted that the numerical analysis of the change in

the electrical conductivity due to the dissipation process

yielded quantitative results for the dissipation phenomenon,

so that we could construct a scenario of the dissipation pro-

cess such as strain-induced dissipation and dissipation com-

bined with grain boundaries. In that sense, the electrical

measurement using the scattering of conduction electrons is

more convenient than the structural analyses using XRD,

SEM and TEM.

V. CONCLUSION

Contactless electrical conductivity, which is a measure of

the scattering of electrons, can be a useful approach for evalu-

ating the change in the strained micro-structure. The benefit

of this approach is that we do not have to prepare the electro-

des, so that we can investigate fast dissipation processes as

well as slow ones. By using a commercially available SQUID

magnetometer, we can investigate the dissipation process

over wide temperature ranges and long time scales. Because

of good time resolution, we can evaluate the relation time.

The present approach can yield a wealth of physical informa-

tion on the strain dissipation process, together with SEM,

TEM, and HV measurements. Furthermore, by analyzing the

relaxation following the Arrhenius law, we can evaluate the

time scale of the strain dissipation at arbitrary temperatures.

According to the analytical prediction, in HPT-Ag, the dissi-

pation times at 280 and 260 K were estimated to be 3.6 and

37 days, respectively.

The strain dissipation in Ag is prominent for samples with

shear strains of more than 3, and it becomes active above 290 K.

These behaviors are consistent with the phenomena observed in

the mechanical measurements. According to the quantitative

analysis of the dissipation process, we can distinguish the dissi-

pation below a shear strain of 20–40 from that above the thresh-

old. The former is the dissipation of dislocation, whereas the

latter involves the dissipation of grain boundaries.

FIG. 8. Temperature dependence of (a) A and (b) s and t0 to characterize the

temperature dependence of the relative electrical conductivity rr of HPT-Ag

for P¼ 6 GPa and N¼ 5. (c) The data on s in (b) are shown using the plot of

ln s vs. 1/T. The red dotted line in (a), the blue dashed line in (b), and the

blue solid curve in (b) are visual guides. The red solid curve in (b) and the

red solid line in (c) represent Eq. (6) with s0¼ 3.39� 10�10 min and D/kB

¼ 8.50� 103 K.
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