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The impact of yttria particles incorporated by Friction Stir Processing (FSP) on the thermal conductivity
(TC) and Coefficient of Thermal Expansion (CTE) of copper is reported. Thermal properties of samples
with or without powder were investigated for the temperature ranges between 40 and 240 �C as a
function of the number of FSP passes. The reduction of CTE in the samples without powder is attributed
to the decrease of the grain size during FSP. CTE values are rather close at the lower temperatures i.e.,
40–80 �C, but, as the temperature rises to higher values there is a clear distinction between pure copper
and samples with a modified microstructure. An impressive 27% reduction in the CTE was observed for a
sample with uniformly distributed yttria particles in copper (i.e.; 9 passes with yttria) in comparison to
pure copper. Thermal conductivity at 240 �C are slightly higher for the copper modified 3 passes and 9
passes with yttria powder when compared to pure copper. It was found that distribution of yttria parti-
cles in the copper matrix play a significant role in stabilizing the microstructure and hence reduce the CTE
with no loss in thermal conducting ability of copper.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Gas turbines, rocket nozzles, combustion chamber liners, com-
bustor walls and rotating neutron target [1–5] require materials
with high thermal conductivity (TC) in combination with elevated
high temperature strength in oxygen or hydrogen environments.
Copper is a natural choice thanks to its high thermal conductivity,
low elastic modulus which reduces the thermal stresses, which are
necessary characteristics of an actively cooled component. How-
ever, copper suffers from a large Coefficient of Thermal Expansion
(CTE) and a reduction in high temperature strength as a result of
recrystallization [6–8]. Hence, limiting the thermal expansion of
copper is highly desirable as a first step to increase its applicability
for thermal management applications. There are number of studies
discussing the thermal stability of the microstructure of fine,
deformed and severe plastically deformed copper [9–14]. However,
there are very few reports concerning the thermal expansion of
copper. One way of reducing the thermal expansion in pure metals
is through the addition of oxide particles which impede the matrix
from expansion under influence of the heat by forming pinning
agents limiting the migration of the grain boundaries. This led to
the development of Oxide Dispersion Strengthened (ODS) materi-
als [15]. However, presence of such oxide particles could alter
the thermal conduction by forming the scattering points for
phonon conduction [16].

The question of the strengthening particle selection has been
reviewed by Groza and Gibeling [17]. As per the different criterions
considered by Groza and Gibeling [17] yttria tops all the tables
with better physical properties and better thermodynamic stability
in comparison to its counterparts such as Al2O3 [18–20], and SiC
[21–23]. However, there are only few attempts [24–26] in the lit-
erature reporting successful dispersion of yttria in copper. Nagorka
et al. [24] studied the feasibility of yttria dispersed copper using
internal oxidation of rapidly solidified Cu–Y alloys. They prepared
Cu–1 at%Y2O3 alloys using different processes such as conventional
solidification, gas atomisation and splat-quenching. Of all the pro-
cesses studied, splat quenched Cu–1 at% Y2O3 exhibited the better
distribution of yttria particles after internal oxidation at 873 or
1123 K. Whereas in the other processes, the yttria particles were
inhomogenously distributed due to interdendritic segregation.
Zhuo et al. [26] prepared a Cu–0.4 wt% Y ODS alloy by in-situ reac-
tion at the liquidus temperature (1070 �C), under an oxygen partial
pressure of 2.1 � 10�3 Pa. They concluded that maintaining the
alloy at the ideal liquidus temperature is critical in order to have
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uniform oxidation of yttrium to form finely distributed yttria in the
matrix. They observed that the strength levels increased �2.5
times after the internal oxidation procedure and attributed this
strength levels to the grain refinement and also to the Orowan
mechanism caused by the fine scale oxidation of yttrium (average
5 nm) in the matrix. The main problem with the internal oxidation
is that of optimizing the process parameters affected by the slight
variation in the alloy composition. Further, the size of the treated
component is limited.

The present authors proposed to use [27] Friction Stir Process-
ing (FSP) for incorporating yttria in copper. It has been shown that
the processing parameters affect the grain size and the particle dis-
tribution in turn impacting the mechanical properties.

These works explore the possibilities of yttria dispersions in
copper and its strengthening mechanisms. However, the produc-
tion of such materials for thermal management applications is
not addressed in the case of yttria dispersed copper. Fathy and
El-Kady [19] studied the thermal conductivity (TC) of a thermome-
chanically processed Cu–Al2O3 composites (0–12.5%Al2O3). As
expected, with the high content of Al2O3 there was a strong reduc-
tion (�75%) in the thermal conductivity of the composite as a
result of differences in the way the heat conducts in ceramics
and metals. The high volume fraction of Al2O3 acted as phonon
scatterers to the smooth conduction of heat in the copper matrix.
Hence, ODS copper, with a lower volume fraction is expected to
be an ideal material to reduce the thermal expansion coefficient
while keeping its thermal conductivity intact. The current work
presents a conception and design of yttria dispersed copper with
the use of FSP to improve the thermal properties of copper.
(b)

Samples for 
thermal study

TC : ø10 x 4 mm2

CTE: ø2 x 20 mm2

(a)

Fig. 1. Schematic of the samples processed with the Friction Stir Processin
2. Materials and methods

2.1. Materials

Copper Cu-a1(Cu-ETP according to ISO 431 [28] and 1337 [29]
standards) material in the H12 state was used for obtaining the
ODS copper using FSP. The Cu-a1 was a plate of 5 mm � 195 mm �
46 mm (thickness � length �width) in which, symmetrical V-
grooves of depth 0.75 mm, length 125 mm and the width 1.5 mm
were carved at 1 mm on each side of the centerline of the plate.
These grooves were compactly filled with yttria powders and
finally the plate was covered with a 0.2 mm thick sheet of Cu-a1
(identical to the base material) to protect the powder from fall-
ing off during the FSP process. All of this assembly was finally
placed on a backing plate (80 mm thick) made up of high carbon
steel and the whole assembly was clamped on a work bench
(Fig. 1).
2.2. Friction Stir Processing (FSP)

Above said set up was processed by FSP tool made up of tool
steel. Tool tip was a Triflat pin (6 mm Ø, 3 mm in length) with
M6 type threads on it. This pin is an extension of a shoulder of a
20 mm Ø with a spiral grooves on the shoulder surface (see
Fig. 1 of Jonckheere et al. [30] for a full scheme of the tool geome-
try). The tool was inclined backwards by 1� so as to facilitate
the easy passage of the material into the tool shoulder without
tearing of the 0.2 mm thick cover sheet ahead of the tool. Table 1
g tool. (a) General assembly and (b) location of the samples studied.



Table 1
Process parameters of different samples using Friction Stir Processing.

Sample Pass number Locations of passes

Z (mm) X (mm)

Cu plate – – –

Cu 3 passes 1 �3.5 0
2 �3.6 �1.5
3 �3.7 +1.5

Cu + yttria 3 passes 1 �3.5 0
2 �3.6 �1.5
3 �3.7 +1.5

Cu 9 passes 1 �3.5 0
2 �3.6 �1.5
3 �3.7 +1.5
4 �3.8 0
5 �3.9 �1.5
6 �4.0 +1.5
7 �4.1 0
8 �4.2 �1.5
9 �4.3 +1.5

Cu + yttria 9 passes 1 �3.5 0
2 �3.6 �1.5
3 �3.7 +1.5
4 �3.8 0
5 �3.9 �1.5
6 �4.0 +1.5
7 �4.1 0
8 �4.2 �1.5
9 �4.3 +1.5

R. Shabadi et al. / Materials and Design 65 (2015) 869–877 871
summarizes the different processing parameters used to obtain the
samples with Friction Stir Processing. All the samples were pro-
cessed with an advancing speed of 40 mm/min and with a rotating
speed of 500 rpm. The tool penetration depth was maintained for a
given pass and increased by 0.1 mm per pass. Copper with and
without yttria powder were processed with 3 or 9 passes. For more
details on the processing parameters readers are invited to consult
Avettand et al. [27].

2.3. Sampling and orientation

After processing the samples using the FSP tool, test samples
were taken from the processed zone. These grooves with powder
were completely filled up after processing. The dotted line in
Fig. 1a schematically indicates the place where the samples were
cut for the material characterization purposes. All other samples
were taken from the processed zone as indicated in Fig. 1b.

2.4. Material characterization

2.4.1. Microstructure
Microstructures of the processed zone were studied in the sam-

ples cut in transverse direction to the processing line as indicated
in Fig. 1a. An in-depth study was undertaken to understand the
microstructural features using an optical microscope and transmis-
sion electron microscopes (TEM). Heat treating a sample by rising
it to 200 �C followed by quenching in water was carried out in
order to study the microstructural changes under the influence of
temperature. The choice of 200 �C corresponds to the exothermic
peaks that are measured during Differential Scanning Calorimetry
(DSC). After standard polishing, the metallographic surfaces were
electrolytically polished and etched using 70% Orthophosphoric
acid in demineralized water maintained at 10 �C using 2 V for
1–2 min and 0.5 V for 20–25 s respectively for polishing and etching.

For TEM, a thin slice �300 lm was cut from the transverse sec-
tion to the processing direction and mechanically thinned down to
�60 lm. Subsequently, it was electrochemically thinned down to
make it electron transparent using Tenupol twin jet electrolytic
polishing unit. The electrolyte was a 40% Orthophosphoric acid in
demineralized water maintained at 10 �C at 2 V. A carbon coated
copper grid was used to study the morphology of yttria particles.
A small quantity of yttria powder was dissolved in ethanol and
drop from it was deposited on the copper grid with a carbon layer.
After degassing to completely evaporate the ethanol, the grid was
used for the TEM analysis. Tecnai G20 operating at 200 KV was
used for the TEM observations.

2.4.2. Thermal conductivity (TC)
TC was calculated using Eq. (1) mentioned below. Thermal

diffusivity (a) measurements were carried out using laser flash
technique (Netzsch LFA-427) on the samples taken from the pro-
cessing zone as indicated in Fig. 1b were of 10 mm Ø and 4 mm
thickness. Thermal diffusivity was measured from the ambient
temperature to 240 �C. TC is related to the diffusivity through the
following relation:

a ¼ k
q:cp

ð1Þ

where k is the thermal conductivity (W/m K), q is the density (kg/
m3) and cp is the specific heat capacity (J/kg K). q.cp together, can
be considered as the volumetric heat capacity (J/m3 K). Thermal dif-
fusivity measurements were with the precision of ±0.02–0.05 cm2/s.

2.4.3. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was used to follow the

change in microstructure as a function of the rise in the tempera-
ture. A small quantity (�20 mg) in the form of 3 mm discs were
punched out from the thin slice of the samples cut in the trans-
verse direction. Hence, the size and the morphology of the samples
used for DSC were constant for all the samples. DSC signal was
recorded up to a temperature of 450 �C at a rate of 5 K/min.

2.4.4. Coefficient of Thermal Expansion (CTE)
CTE measurements were carried out on the samples taken from

the processed zone (Fig. 1b). Samples were 2.5 mm Ø and 20 mm
in length. The samples were subjected to the dilatometric analysis
using Netzsch-402C dilatometer, scanned between room tempera-
ture and 240 �C at a heating rate of 5 K/min under argon
atmosphere.

3. Results

3.1. Constituent materials and microstructure

Yttria particles used in the present study have an average size of
3.5 lm and have an irregular shape, see Fig. 2a. One of the particles
was observed by TEM at a close up, it consists of nano grains of
yttria with an average size of 10 nm, see Fig. 2b. The crystalline
nature of the different grains are evidenced from planes observed
in the grains of yttria, this is however not further explored as this
is not the scope of the present study.

Fig. 3a presents the microstructure of the as received copper.
Cu-a1 is a commercially available oxygen free high purity copper.
Fig. 4 summarizes the mean grain sizes measured from different
images. The microstructure shows the grains with lots of twins
as typically observed in copper [10]. The mean grain size is equal
to 35 lm. Fig. 3b shows the effect of the 200 �C heat treatment
on the as-received copper. It has increased the grain sizes to more
than 80 lm as a result of recrystallization. Fig. 3c, represent the
microstructure of the 3 passes without the yttria and an average
grain size of around 17 lm is observed. With the addition of the
yttria particles, the same number of passes interestingly reduced
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Fig. 2. Transmission Electron Microscopy of the (a) yttria particles and (b) Inner grain of a yttria particle.
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Fig. 3. Optical Micrographs of the processed zone of different FSP samples. (a) Cu as received, (b) Cu after heat treatment at 200 �C. (c) Cu 3 passes (d) Cu 3 pass + yttria (e) Cu
3 pass + yttria Heat treatment at 200 �C (f) Cu 9 passes (g) Cu 9 pass + yttria (h) Cu 9 pass + yttria, Heat treatment at 200 �C.

Fig. 4. Summary of the grain sizes measured in different materials.
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the grain sizes to the levels of 5 lm, Fig. 3d. However, after the
heat treatment at 200 �C, there was notable grain growth
(22 lm) in the yttria containing 3 pass sample Fig. 3e. Increasing
the number of passes to 9 on the copper plate further reduced
the grain sizes to 8 lm. Addition of the yttria particles and the 9
passes further brought down the grain size to 3 lm. Interestingly,



Fig. 5. Thermal conductivity measurements derived from the thermal diffusivity
data (Eq. (1)) for different samples processed using FSP.

Fig. 6. Differential Scanning Calorimetry (DSC) of different samples studied.
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the heat treatment did not alter the grain size for the 9 pass
sample.
3.2. Thermal Behavior of different materials

Fig. 5 presents the thermal conductivity (TC) calculated using
Eq. (1). The as-received copper sample exhibits a TC of 374 W/
m K which is very close to the values reported in literature that
vary between 370 and 400 W/m K depending on the purity and
the oxygen content [31]. Of all the materials studied, the lowest
TC is that of the 9 pass with yttria powder having a TC equal to
365 W/m K. Fig. 5 evidences that every material exhibits a decreas-
ing TC with the increasing temperature. However, yttria containing
samples exhibit a difference at which the decrement occurs. Close
to 200 �C, it appears there is a rapid decrease for all other materials
except for the Cu + yttria 3 passes sample and an even lower
decreasing rate is observed for Cu + yttria 9 passes sample. At
240 �C, the Cu + yttria 9 passes sample has a higher TC than any
of the other materials studied. Table 2 summarizes the TC and
CTE behavior at 240 �C for the comparative purposes.

Differential scanning calorimetry (DSC) measurements were
carried out in order to find out the reason for the change in the
TC slope at 200 �C. The DSC curves in Fig. 6 presents an exothermic
peak for each of the FSPed samples studied approximately around
195 �C which corresponds to the recrystallization temperatures of
a heavily deformed copper [14], whereas for the as-received cop-
per the exothermic peak is found at 216 �C. All the DSC curves
exhibit clear peaks except the curve of Cu + yttria with 9 passes
which appeared to be more slowly declining after the peak
observed at 195 �C. It is also worth noting that the deformation
induced by the number of passes has an influence on the onset
of recrystallization. It reduced the onset temperature of pure cop-
per from 170 �C to 137–140 �C in the FSPed samples.

Fig. 7a represents the global view of the Coefficient of Thermal
Expansion (CTE) as registered from dilatometry. Fig. 7b, is a magni-
fied view of the range of 80–240 �C to clearly distinguish the curves.
Table 2
Summary of the CTE at 240 �C for different materials.

Material CTE (10�6/K) % CTE change w.r.t

Cu Pure 39.0 0
Cu 3 passes 36.2 7.2
Cu + yttria 3 passes 35.3 9.5
Cu 9 passes 30.1 22.8
Cu + yttria 9 passes 28.6 26.6
Starting at room temperature (20 �C), the CTE remained more or less
the same for all the samples. A clear evidence of deviation in the
thermal expansion behavior could be noticed once the samples
reach 80 �C. At 80 �C, the as-received copper has a CTE higher than
the Cu + yttria with 9 passes. The absolute difference in CTE keeps
on increasing until the end of the temperature range studied here.
At 240 �C, the as-received copper has a CTE 27% higher than
Cu + yttria with 9 passes. CTE of the samples with or without yttria
follow a similar trend but the copper without yttria expand a little
more with temperature than with the yttria powder (�2.5% differ-
ence at 240 �C). However, the samples with and without yttria for
9 passes demonstrated larger differences after 140 �C and toward
240 �C the CTE was 5% lower for the yttria containing samples.

3.3. Transmission Electron Microscopy

Fig. 8 represents a montage of the in-depth view of 3 passes and
9 passes samples with yttria powder before and after the 200 �C
heat treatment. From the DSC analysis, it has been found that there
is an exothermic peak at around 194–216 �C for all the samples.
Hence, the samples were heat treated up to 200 �C and quenched
immediately in water to preserve the microstructure. Fig. 8a pre-
sents the microstructure of 3 passes yttria containing sample of
the as processed sample (without heat treatment). It can be seen
that the grain sizes are approximately in agreement with the opti-
cal microscope observations (�3.5–5 lm) and present a lot of dis-
location contrast. White spots on the image corresponds to
agglomerates of yttria particles fallen out during the electrolytic
thinning process. One such agglomerate of yttria in the 3 pass +
yttria sample after heat treatment is observed in Fig. 8b. Fig. 8d
corresponds to the 9 pass + yttria containing sample. From the
image it can be observed that the grain sizes (�0.5–3 lm) are
much smaller than that of 3 pass yttria containing sample and also
with a lot more dislocation densities. Fig. 8e represents a typical
image exemplifying the distribution of the yttria particles in the
9 pass + yttria sample. It can be seen that the distribution of the
particles is more uniform in 9 pass sample compared to the 3 pass
sample. Fig. 8c presents the microstructure of the 3 pass yttria con-
taining sample after the heat treatment. The image reveals that
after the heat treatment the grain sizes are much larger and also
the dislocations disappeared from the grains. However, the same
heat treatment in 9 pass yttria containing sample did not alter
much the grain sizes (�0.5–3 lm) as observed from Fig. 8f. It
Cu pure TC, W/m K % TC change w.r.t Cu pure

345 0
343 �0.6
347 +0.6
341 �1.2
352 +2.0



Fig. 7. Thermal expansion behavior of the different samples processed using FSP, (a) complete test, and (b) magnified view between 80 �C and 240 �C.
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Fig. 8. Transmission Electron Micrographs of the core in the processed zone for different samples processed using FSP: (a) 3 pass + yttria as processed (b and c) 3 pass + yttria
after heat treatment (d) 9 pass + yttria as processed (e and f) 9 pass + yttria after heat treatment.
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appears that there are slight re-arrangements in the dislocation
structure indicating a possible recovery in the microstructure.
3.4. Role of yttria particles in copper matrix

Yttria particles appear to play an important role in the grain
boundary migration. Indeed, Fig. 9a presents an yttria particle
pinning down the grain boundary. Yttria particles have been
incorporated without much defects in the copper matrix as can
be observed in Fig. 9b. The interface between the particle and the
copper matrix is quite clean and no defects are observed.
4. Discussion

FSP was successfully employed to incorporate yttria particles in
copper. Although the size of the ODS copper processed using FSP is
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Grain 
boundary
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Fig. 9. Role of yttria particles in the copper matrix, in a 9 pass + yttria sample after heat treatment (a) grain boundary pinning, and (b) well integrated particle in the matrix.
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only a couple of centimeters in the present study, it can easily be
extended to larger sizes with suitable scaling up of the work table
and the tool head machinery.

4.1. Microstructure

Fig. 3 and 4 summarize the effect of Friction Stir Processing and
the heat treatment on the grain size evolution. As rolled copper
microstructure (Fig. 3a) showed a massive increase in the grain
sizes upon heat treatment at 200 �C as it lacked any grain boundary
pinning agents (Fig. 3b). Fig. 3f shows a significant increase in the
grain size (�22 lm) after the heat treatment at 200 �C from the as
processed grain size which is around �5 lm for the 3 passes +
yttria sample. Whereas, the 9 passes + yttria sample did not show
any change in the microstructure even after the 200 �C heat treat-
ment (compare Fig. 3g and h). In 9 pass without yttria powder,
it appears that a certain dynamic recrystallization occurred as
evidenced by slightly bigger grains observed from Fig. 3f.

From Fig. 6, it can be noted that for the as received Copper, an
exothermic peak appears at 216 �C resulting from a possible
recrystallization of the rolled sheets. This temperature is in
approximate agreement with the values observed elsewhere
[12,13]. Although, the stored energy levels are not quantified in
the present study, its intensity is much smaller when compared
to the other FSPed samples which is concomitant with the fact that
a heavily deformed material has more stored energy and will
recrystallize more rapidly than a coarse grained material
[6,10,12,14]. Which also explains the reduction of the onset tem-
perature from 170 �C for pure copper to the 137–140 �C in the
FSPed samples. Indeed, grain boundaries and excessive forest of
dislocations are favorable nucleation sites for recrystallization.
Accordingly, with increment in the number of passes, the reduction
in recrystallization temperature is observed (170 �C to 137–
140 �C), Fig. 6. Zhang et al. [13] reported a dramatic reduction in
the recrystallization temperatures in their work on 99.98% pure
copper using Equal Channel Angular Pressing (ECAP) to induce
large deformations in the material. They reported a decrease of
�50 �C for the heavily deformed copper and stabilizing after 8 or
more ECAP passes [13]. In the present study, a difference of nearly
30–33 �C is observed which is concomitant with the fact that the
increasing deformation caused by the increasing number of FSP
tool passes decreased the recrystallization temperature. It is also
worth noting that the recrystallization process in not completed
for the 9 pass + yttria containing sample as evidenced by the grad-
ual decrease in the curve after hitting the peak at around 194 �C,
Fig. 6. Plausibly indicating that the uniform distribution of the
yttria particles are efficiently hindering the grain boundary migra-
tion and hence delaying the recrystallization phenomenon.

It is well known that, during the severe plastic deformations of
metallic materials containing particles, the particles can influence
in three ways the recrystallization of the matrix materials
[6,32,33]. One is by increasing the stored energy in the matrix
thereby facilitating the recrystallization. Second is by the creation
of deformation heterogeneities at the vicinity of the larger particles
which act as the nucleation sites for the recrystallized grains,
which is popularly known as Particle Stimulated Nucleation
(PSN). The third influence, is through their action as pinning agents
for the grain boundary migration thereby retarding the grain
growth. PSN is observed both in static recrystallization [6,32] and
dynamic recrystallization[20,23,34] in particles containing metal
matrix materials. The agglomerates of yttria particles (�200 nm
Fig. 8b and even larger as observed in the white spots in Fig. 8a)
for the lower number of passes i.e. 3 pass + yttria, act as nucleation
sites and hence the fully recrystallized grains observed in Fig. 8c.
Looking at the heat treated samples in TEM there are evidences
to indicate that there are many instances of PSN in the 3 pass +
yttria material. One such example is presented in Fig. 8b, wherein
a big yttria agglomerate in the center of a newly recrystallized
grain. Elsewhere, Humphreys and Ardakani [20] reported in
Al2O3 and SiO2 containing copper the influence of the size of the
particles in particles on recrystallization. Sun and Fujii [23]
reported the effect of SiC particles on the recrystallization of Cop-
per in their recent study. These studies clearly indicated bigger
particles tend to increase the PSN phenomenon. However, much
finer disintegration of the yttria powder as a result of repeated
attrition by the FSP tool into individual yttria crystals of an average
size �10 nm resulted in a more stable microstructure as in the case
of 9 pass + yttria, while nanometric yttria acting as grain boundary
pinning agents (Fig. 9a). Hence, the 9 pass + yttria sample presents
more hindrances for the grain boundary migration and recrystalli-
zation at 200 �C. Finer distribution of the particles leads to the sta-
ble microstructure as evidenced elsewhere in a recent study by
Shen et al. [34]. They studied the stability of fine grained copper
with the dispersion of Al2O3 particles and concluded that the
mechanical properties of the Cu–0.23 wt% Al2O3 were much better
than that of the pure oxygen free high purity copper as a result of
the increased stability of the microstructure in presence of the
Al2O3 particles. Fig. 9a, represents one such image where an yttria
particle effectively hindering the grain boundary migration. An
increased number of passes also enhanced the interface contact
between the yttria and the copper matrix, Fig. 9b is an example
of homogeneous incorporation of the particle into the matrix.

4.2. Thermal conductivity (TC) and Co-efficient of Thermal Expansion
(CTE)

TC is obtained through experimental evaluation of the thermal
diffusivity of each material between the temperature ranges
40–240 �C. Reduction in the TC at 40 �C (Fig. 5) of the FSPed sam-
ples can be correlated to the deformed grains because of the
repeated tool movement. This is in agreement with the fact that
reduced grain sizes, increased dislocation density acts as the
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scattering centers for the phonon conduction [16]. Decreasing
trend in TC with the increasing measuring temperature TC is
observed for all the samples studied in the present study. However,
after around 200 �C the rate at which the TC decreased is more
rapid many samples except for the 9 pass + yttria sample. A plau-
sible explanation for this behavior could be found in the DSC
curves represented in Fig. 6. Although the onset temperature for
most of the deformed samples is around 137–140 �C there is an
exothermic peak at around 194 �C which corresponds to the
recrystallization temperature and this could a reason for a rapid
decrease in the TC of most of the metals except the 9 pass + yttria
containing sample. Again, referring to Fig. 6 the recrystallization
curve for the 9 pass + yttria, which indicates a slow tail after the
peak could easily be correlated to the microstructural stability
brought in by efficient grain boundary pinning that is imparted
from the uniform dispersion of the yttria particles in 9 pass + yttria
samples. Recrystallization in turn is a result of relaxation of the
stored energy and the dislocation re-arrangement that leads to
the newly created grains. In the present study it is observed that,
with the decreasing dislocation density and subsequent recrystal-
lization of the instable microstructure (as in the case of pure cop-
per, 3 passes and 9 passes without yttria) TC decreased rapidly
than for the samples containing yttria with 3 passes and 9 passes.
From Fig. 4, it can be seen that the grain size of the 3 pass + yttria
containing sample had a substantial increase in the grain size after
the heat treatment at 200 �C for 1hr. At the same time, TC for the
same sample showed lesser slope at these temperatures, Fig. 5.
This aspect indicates that the recrystallized and defect free grains
are favorable for the thermal conductivity. However, a stable
microstructure with the presence of grain boundary pinning agent
(i.e. 9 pass + yttria samples) leads to a TC more or less reaching a
plateau beyond 200 �C. Recent works on gold nanowires [35,36]
and dense ceramic materials [37] have demonstrated that the devi-
ations of electrical and thermal conductivities from the respective
bulk properties are primarily related to the electron scattering at
the grain boundary dislocations. It has also been stated that there
is an inverse dependence of TC on the dislocation density as they
constitute thermal resistance. The authors are not aware of any
independent experimental evidence that correlates the dislocation
density to the thermal conductivity.

Further, it is well known that the conduction in metallic mate-
rials is a combination of electron and phonon conductivities. These
are limited by various scattering mechanisms which will give rise
to the thermal resistance. In pure metals, conduction by phonons is
usually quite small and is easily neglected because it is contribu-
tion is less than 5% at 100 K and even lesser at higher temperatures
[38]. However, contribution from phonon cannot be neglected in
the case of heavily alloyed and/or heavily deformed materials
[39]. Initial reduction in the thermal conduction in the deformed
materials as in the case of the 3 pass and 9 pass with or without
yttria can be explained by the increase of dislocations and the dis-
torted lattice structure due the severe plastic deformation caused
by the FSP tool. This lattice distortion and the reduction in the
grain sizes cause hindrances to the electron phonon interaction
and transfer of heat at the grain boundaries that act as the scatter-
ers. Gendelman et al., reported this observation in their work on
ECAP on copper samples and observed that with the increased
ECAP passes grain size reduces and also the thermal conductivity
measured using a stationary method [10]. However, further reduc-
tion in the thermal conductivities beyond 140 �C as the recovery
and recrystallization sets in the material could not be explained
at this point of time with the experimental methods employed in
the present study. Or, it is also possible that further prolongation
of the measurements of TC at higher temperatures might indicate
a reversal of the phenomenon as clean/recrystallized/annealed
microstructure is favorable for the thermal/electrical conductivity
as proposed in a recent study, although that was in the case
coatings [40]. Further, the reduction of TC in the samples contain-
ing yttria has in addition the influence of poor conductivity of cera-
mic particles.

Fig. 7a represents the global view of the Coefficient of Thermal
Expansion (CTE) as registered from dilatometry. As evident from
Fig. 7b, there is a clear distinction between the material behaviors.
As received copper has the higher CTE as expected because of lack
of grain growth hindering particles. Whereas, Cu + yttria with 9
passes sample exhibited a much lesser CTE when compared to
any other sample studied. This reduction in CTE could be directly
attributed to the finer distribution of the yttria particles and its
efficiency in pinning the grain boundary migration as observed in
Fig. 9a. An impressive gain of 27% reduction in CTE is achieved with
the finer distribution of yttria in copper with 9 passes.

5. Conclusions

Effect of microstructural change brought by the FSP and
presence of yttria particles on the thermal conductivity (TC) and
Coefficient of Thermal Expansion (CTE) is discussed. Thermal prop-
erties have been studied at the temperature ranges between 40
and 240 �C, as a function of the number of passes with or without
yttria particles. Mere modification of the base microstructure by
FSP (without powder) reduces the CTE by 3.3–4.2% for 3 passes
and 9 passes respectively at 40 �C. Reduction in the CTE in the sam-
ples without powder is attributed to the reduction in the grain size
and the increased dislocations as a result of repeated deformation
brought about by the FSP. Increased reduction in CTE with the
inclusion of the oxide particles caused by the constraints exerted
by the particle incorporation into the copper matrix which impede
the expansion of the grains under the thermal influence. It is wor-
thy to note that yttria particles have been completely dispersed
and integrated well with in the copper matrix only at the larger
number of FSP passes (i.e. 9 passes). CTE values are rather close
at the lower temperatures i.e., 40–70 �C, but as the temperature
rises to higher values, it is clear that the microstructure modified
by the FSP plays an important role in the reduction of the CTE. At
240 �C, Cu + yttria with 9 passes exhibits a CTE 27% lower than
the base Cu. TC appeared to be slightly higher for the copper sam-
ples modified by FSP without powder. Reduction in the TC with the
temperature is observed for the samples without powder and
approached the pure copper values at 240 �C. However, conductiv-
ity values were still on the higher side for the samples with the
yttria and the major influence being the uniform distribution of
the particles in the copper matrix thereby providing a stable
microstructure.
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