SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Significance of temperature increase in
processing by high-pressure torsion
Edalati, Kaveh

Department of Materials Science and Engineering, Faculty of Engineering, Kyushu University |
WPI, International Institute for Carbon-Neutral Energy Research (I2CNER), Kyushu University

Miresmaeili, Reza
International Research Center for Hydrogen Energy, Kyushu University

Horita, Zenji
Department of Materials Science and Engineering, Faculty of Engineering, Kyushu University |
WPI, International Institute for Carbon-Neutral Energy Research (I2CNER), Kyushu University

Kanayama, Hiroshi
Department of Mechanical Engineering, Faculty of Engineering, Kyushu University

ftt

https://hdl. handle. net/2324/25615

HhRIE$R : Materials Science and Engineering A. 528 (24), pp.7301-7305, 2011-09-15. Elsevier
N— 30

YEFIREM% : (C) 2011 Elsevier B.V.

KYUSHU UNIVERSITY




Materials Science and Engineering A 528 (2011) 7301-7305
Received 7 April 2011, received in revised form 28 May 2011, accepted 9 June 2011.
Available online 16 June 2011.

Significance of temperature increase in processing by
high-pressure torsion

Kaveh Edalati***, Reza Miresmaeili®, Zenji Horita*®, Hiroshi Kanayama®, Reinhard Pippan®

# Department of Materials Science and Engineering, Faculty of Engineering, Kyushu University,
Fukuoka 819-0395, Japan

® WPI, International Institute for Carbon-Neutral Energy Research (I2CNER), Kyushu University,
Fukuoka 819-0395, Japan

¢ International Research Center for Hydrogen Energy, Kyushu University, Fukuoka 819-0395,
Japan

d Department of Mechanical Engineering, Faculty of Engineering, Kyushu University, Fukuoka
819-0395, Japan

¢ Christian Doppler Laboratory, Erich Schmid Institute of Materials Science, Austrian Academy of
Sciences, Jahnstrasse 12, 8700 Leoben, Austria

Abstract

Experiments and finite element simulations were conducted to measure the temperature increase in
processing disc samples by high-pressure torsion. Aluminum, copper, iron and molybdenum were
selected as model materials. The temperature increases at the early stages of straining but saturates
to steady-state levels at large strains. The increase of temperature is proportional to the hardness and
rotation speed and is higher at higher imposed pressures and is somewhat higher at larger distances
from the disc center.
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1. Introduction

Considerable interest has been developed over the last two decades in processing materials
through the application of severe plastic deformation (SPD) [1,2]. Although several different SPD
techniques are available, high-pressure torsion (HPT) appears to be especially effective in
producing extremely small grain sizes and resultant high hardness values up to a steady sate [3-5].
Although HPT processing is generally used with thin disc samples with diameters of 10 mm [6-20]
or ring samples with diameters of up to 40 mm [21,22], recent studies have developed the HPT
process for use with disc samples with diameters of up to 40 mm [23], cylindrical bulk samples [24],
ring samples with diameters of up to 100 mm [25] even including sheet and wire samples [26].

It is well documented that the microstructural evolution and deformation mechanisms are
drastically influenced by processing temperature during plastic deformation [27]. A general
question in processing by HPT concerns the magnitude of any temperature increase that occurs
during the process. Although it is recognized that the temperature is raised during processing by
HPT [28-31], there has been no systematic investigation to determine the temperature increase in
the sample because of the difficulty in direct measurement under very high imposed pressures. The
present study was thus initiated to measure the sample temperature in HPT processing. Four
different pure metals were selected as model materials and the effect of processing time, rotation
speed and imposed pressure on the temperature increase were investigated by means of
experimental measurements and finite element (FEM) simulations.

2. Experimental materials and procedures

The principle of the HPT facility employed in this study is shown in Fig. 1. The facility
consisted of upper and lower anvils made from SKD-11 martensitic tool steel having density,
specific heat capacity and thermal conductivity values given in Table 1. Flat-bottom holes of 10 mm
diameters and 0.25 mm depths were machined into the center of each anvil and the holes were
subsequently roughened and nitrified to attain a surface roughness of ~30 um and a microhardness of
~1000 Hv. These two anvils were fixed on two square-shaped steel plates and further assembled on
two massive steel holders using four steel screws. The plates and the holders were separated from
each other by using heat-insulation plates of 5 mm thickness.

The experiments were performed using the disc samples of high-purity Al (99.99%), Cu
(99.99%), Fe (99.96%) and Mo (99.9%) with 10 mm diameters and 0.8 mm thickness. The details
concerning the sample preparation before HPT and the evolution of microstructures and mechanical
properties after HPT were reported elsewhere for Al [10,11,21,25], Cu [14,32], Fe [13,16,33] and
Mo [20,34]. The thermal and physical properties of these metals, which were taken from Refs.
[35,36], are given in Table 1. Each sample was placed on the shallow hole of the lower anvil and a
pressure of P = 2 or 6 GPa was applied on the sample by raising the lower anvil up to a rigid
contact with the upper anvil. The lower anvil was then rotated with respect to the upper anvil at
room temperature (20 ~C) with a rotation speed of either » = 0.2, 0.5 or 1.0 rpm, and the rotation
was terminated after N = 10 revolutions.

The temperature of the upper anvil at a radial distance of r = 3 mm from the rotation axis and a



height of z = 2.25 mm from the horizontal line were recorded every half second during processing
using a K-type (chromel-alumel) thermocouple. The thermocouple was placed carefully in a hole
fabricated in the upper anvil. Before each measurement, the calibration of thermocouple was
checked at room temperature by comparing its measurements with the measurements of a precise
thermometer. The temperatures of disc samples at z = O were further estimated using FEM
simulations. Details about the FEM simulations are given below.

Table 1. Density, specific heat capacity and thermal conductivity values for Al, Cu, Fe, Mo and
HPT anvils and plates.

Density Specific heat Thermal

capacity conductivity

(kg m®) (I Kg'K™h (W m'K?h
Al 2790 895 247
Cu 8960 385 398
Fe 7870 444 80
Mo 10200 247 142
Anvils and Plates 7700 460 40

2.1. Finite element simulations

The FEM simulations were employed using general purpose code MSC. Marc to solve a
transient two-dimensional heat transfer within the cross-sectional plane along the longitudinal axis
of the anvils and the plates. It is well known that heat is generated during plastic deformation
because of plastic work. The amount of the plastic work per unit volume is given by [37]

U=o¢ 1)

where o is the flow stress and ¢ is the strain. Heat may also be generated due to pressure-induced
effects (Qp) like phase changes or the thermoelastic effect [37]. Therefore, the generated heat flux, ¢,
within a ring-shaped element of the HPT sample with mean radius of r, width of w and thickness of
h is given by:

g POV QY (foE+Q,)(2amuh) 2

A 27w

where £ is the fraction of plastic work converted into heat, V is the volume of the element, & isthe
strain rate, A is the horizontal area of the element and Q, s the rate of heat generated per volume
due to pressure induced effects. Compared to the heat generated due to the enormous strain Q, is

small and will be ignored. o increases with the strain ¢ at the early stages of straining but saturates
to steady-state levels at high strains [31-34]. g is smaller than one at the early stages of straining
but reaches one at the steady state. ¢ is given by [37]
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where @ is the rotation speed (angular velocity), t is the time and N the number of revolutions.

Substituting Eq. (3) in Eq. (2), using 8= 1 and ignoring the term of Q, leads to:
p=ocrw 4)

Therefore, the heat flux is directly proportional to r and is independent of t. If a slippage takes place
between the anvil and the sample, this will generate a frictional heat, Qr [37]:

Q; =F; I =uPAl (5)

where F; is the force of friction, | is the friction length and 4 is the friction coefficient. Therefore,
the generated heat flux, ¢, due to slippage effect during HPT is given by:

_ WPAl P(2arNs)

T
where s is the fraction of slippage as described in an earlier work [38], and depends critically upon
the material, pressure, rotation speed and the surface roughness of the anvils. Here, the fraction of
slippage for Al, Cu, Fe and Mo are, respectively, 0, 0.12, 0.17 and 0.2 under a pressure of P = 2
GPa, and 0, 0, 0 and 0.25 under a pressure of P = 6 GPa [33,34,38]. When slippage occurs, gdue to
plastic straining will decrease in proportion to (1-s) [33]. P is usually larger than o, however yand s
are smaller than 1, therefore the heat generated due to the occurrence of slippage will be
compensated by the decrease of the plastic work. Hence, only the plastic work is taken into account
in the FEM simulations in this study.

Although, the HPT method is essentially a thermo-mechanical process, the contribution of
mechanical components to heat transfer simulations was considered using Eq. (4), and thus, the
coupled thermal-mechanical simulation was reduced to a simple thermal simulation in this study.
Here, the following assumptions were employed for the thermal simulations.

First, the geometry of the model was the same as the one shown in Fig. 1 and the thermal and
physical properties of the sample, anvil and plates were those given in Table 1. Second, FEM mesh
was established in MSC. Marc consisting of 16,249 nodes and 15,952 four-node isoparametric
quadrilateral elements. Third, the plane at the mid-point of sample thickness and the contact area of
two anvils, where a burr is formed, were considered as heat source. Fourth, the radius-dependent
flux in the heat source during the HPT process was considered in the present FEM simulations by
dividing the sample and the contact area of the two anvils into 12 heat sources having heat flux
values proportional to the distance from the center. Fifth, the temperatures of screws were kept
constant at room temperature and convection boundary conditions were applied on all air/metal
boundaries with an air convection heat transfer coefficient of 50 W m™2 K. Sixth, the heat flux was
assumed zero for metal/insulator boundaries and the thermal and boundaries were considered as an
average of the properties of the two neighboring materials.

The total generated heat and heat flux were primarily estimated from total plastic work and
thereafter were determined carefully by fitting the temperature data of numerical computations to

wsP.ro (6)



the ones of experimental observations at z = 2.25 mm, r = 3 mm and N = 10. The temperature
distributions in the sample, anvils and plates were further obtained using simulation results.
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Fig. 1. Schematic illustration of HPT facility.

3. Results and discussion

The temperature values, measured experimentally at (z = 2.25 mm, r = 3 mm) and determined
numerically by FEM simulations at (z = 2.25 mm, r =3 mm) and at (z =0, r =5 mm), are plotted in
Fig. 2 against time for (a) Al, (b) Cu and (c) Fe after N=10at w = 0.2, 0.5, 1.0 rpm and P = 2 GPa.
Fig. 3 shows the temperature values, measured experimentally at (z = 2.25 mm, r = 3 mm) and
determined numerically by FEM simulations at (z =2.25 mm, r =3 mm) and at (z=0, r =5 mm)
for the four model metals after N = 10 at @ = 1.0 rpm and P = 6 GPa. The simulation results in Fig.
3 were extended to N = 120 or t = 7200s. Inspection of Figs. 2 and 3 leads to several conclusions.
First, the trends of the experimental measurements are well consistent with the results of FEM
simulations at (z = 2.25, r =3 mm), indicating that the assumptions applied for the FEM simulations
are acceptable. It should be noted that only the applied assumptions in this study, which are based
on the physical facts, could lead to an acceptable agreement between the trend of measured and
simulated temperatures in this study. Second, the temperature increases significantly at the early
stages of processing but levels off and reaches steady state where the temperature remains
unchanged with processing time due to a balance between the rate of heat generation in the sample
and the rate of cooling in the anvils. Third, the temperature increases with increasing speed of
rotation in the torsional straining. Fourth, the temperature is dependent upon the material used for
HPT processing and it is the lowest for Al but increases for the harder materials. Fifth, the
temperature decreases with decreasing applied pressure. Close inspection of Fig. 3 reveals that a
temperature peak appears after loading the pressure but before torsional straining by HPT. This
peak must be primarily because of the thermoelastic effect in the anvils and partly because of the



initial compression of the samples.
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Fig. 2. Temperatures at (z=2.25 mm, r =3 mm) and at (z = 0, r =5 mm) versus time obtained by
experimental measurements and FEM simulations for (a) Al, (b) Cuand (c) Feafter N=10at w =
0.2,0.5and 1.0 rpmand P = 2 GPa.
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Fig. 3. Temperatures at (z=2.25 mm, r =3 mm) and at (z = 0, r =5 mm) versus time obtained by
experimental measurements and FEM simulations for four model metals after N = 10 or 120 at w =
1.0 rpmand P = 6 GPa.

Since the heat flux at the steady state is proportional to the temperature increase within the
sample (¢<<A7), Eq. (3) suggests that AT is approximately proportional to @ and o as far as the
temperatures are evaluated at the steady state and at a given r. Since o and the hardness at the
steady state (HVs) are proportional, the temperature values after N = 10, as indicated by the arrows
in Figs. 2 and 3, are now plotted in Fig. 4 in the form of AT (after the subtraction of room
temperature) against (a) HVs and (b) HVsw. The values of HVs are 32 Hv for Al [25], 132 Hv for Cu
[32], 308 Hv for Fe [33] and 680 Hv for Mo [34]. It is apparent from Fig. 4 that AT increases in
proportion to HVs and HVsw for given r, N and P, and this is consistent with Eq. (4). Furthermore,
these plots suggest that the temperature increase becomes more significant at higher pressures. For
instance, the extent of temperature increase at P = 6 GPa are ~1.5 times of those at P = 2 GPa for Al,
Cu and Fe after N = 10 at @ = 1.0 rpm. The strong pressure effect is induced by the contribution of
friction from the burr regime of the sample (see Eq. (4)) because this neglected contribution is
proportional to P [39]. The uncertainties in the estimation of this part are the reasons for the
experimental calibration of the simulation.

The FEM simulation results after processing at w = 1.0 rpm and P = 6 GPa are shown in Figs.
5-7, where Fig. 5 shows the contours of temperature distribution in the anvils and plates including
the total generated heat for four model metals after N = 10, Fig. 6 shows the contours of
temperature distribution in the sample and anvils for Fe after revolutions from N = (1/8)-120, and
Fig. 7 plots the sample temperature variation with the distance from the disc center for Fe after N =
10. Four important points are obtained from Figs. 5 and 6. First, the degree of any heat generation in
the sample during processing by HPT is higher for harder materials: 16 kJ for Al, 41 kJ for Cu, 73
kJ for Fe and 155 kJ for Mo. Second, the degrees of heat generation obtained using simulations are
well consistent with the amounts of plastic work, indicating that the assumptions applied for the
FEM simulations in this study are valid. Using Eq. (1), considering V = 63 mm® for HPT discs, o=
3 Hv, ¢ = 278 (average imposed strain after N = 10 revolutions) leads to plastic work values as 7 kJ



for Al, 28 kJ for Cu, 64 kJ for Fe and 142 kJ for Mo. The difference between these values and the
values obtained by the simulations are 9-13 kJ. These differences which are independent of the
material must be due to the contribution of frictional work from the burr regime of the sample.
Third, the generated heats after N = 10 are as much as 10-20% of the heat needed to melt a disc
sample. The heat needed to melt 1 mm?® of material are 2.87 kJ for Al, 5.94 kJ for Cu, 11.04 kJ for
Fe and 12.05 kJ for Mo [35]. Forth, the temperature is a minimum at the disc center and increases as
the distance from the disc center increases. Fifth, the maximum temperature is reached in the
contact area between the upper and lower anvils where a thin layer of sample presents between the
two anvils. This thin layer, which is beneficial to eliminate direct contact and friction between the
two anvils, experiences a frictional work as well as a giant torsional straining during processing by
HPT due to its small thickness.
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Fig. 4. Plots of AT against (a) HVs and (b) HVsw for four model metals processed at N = 10, w = 0.2,
0.5and 1.0 rpm, and P = 2 GPa. AT, temperature increases in sample obtained by FEM simulations;
HVs, steady-state hardness taken from Refs. [25,32-34]; o, rotation speed.
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Fig. 5. FEM simulation results: contours of temperature distribution in anvils and plates including
total generated heat for four model metals after N = 10 at w = 1.0 rpm and P = 6 GPa.
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Fig. 6. FEM simulation results: contours of temperature distribution in sample and anvils for Fe
after N = 1/8-120 at w = 1.0 rpm and P = 6 GPa.
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The present investigation confirms that despite giant plastic deformation during processing by
HPT, the degrees of temperature increase are not significant when compared to the melting
temperatures of the selected model metals. It should be noted that the present results were recorded
using small disc samples and a set of massive anvils and plates connected to huge holders which all
act as effectual heat sinks. It is reasonable to anticipate that the temperature increase may be larger
if the anvils are smaller, or surrounded by heat insulators, or connected to smaller plates and holders.
Moreover, if either the sample size increases, or the contact area of two anvils becomes larger, or
the slippage become more significant, or the two anvils rub together directly at the contact area, the
temperature increase will become more significant.

4. Conclusions

In summary, the current study provides new findings on the temperature increase during
processing by HPT. The results show the temperature increase depends upon the material and it is
higher for harder materials. For all materials, the temperature increase becomes more significant
with increasing the processing time, rotation speed, imposed pressure and distance from the disc
center. To avoid a significant temperature increase during HPT the reduction of rotation speed is
most efficient.
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