International Research Journal of Engineering and Technology (IRJET)
Volume: 03 Issue: 07 | July-2016

www.irjet.net

e-ISSN: 2395 -0056
p-ISSN: 2395-0072

Experimental study on mechanical properties and microstructure of
copper by cold and cryo rolling.
Jigar Paghadal1, Kandarp Changela2
1PG

Student, Department of Mechanical Engineering, C.S.P.I.T, Charusat University, changa, Gujarat, India
Professor, Department of Mechanical Engineering, C.S.P.I.T, Charusat University, changa, Gujarat, India

2Assistant

---------------------------------------------------------------------***---------------------------------------------------------------------

Abstract – The influence of mechanical properties and

of structural materials down to the SMC range. However,
the process of refinement slows down after reaching a
specific amount of stored deformation, and the average
size of grains asymptotically approaches a specific
minimum accessible value (which usually is located in the
SMC interval) [3-5]. Also SPD methods require a more
force to make a large plastic deformation. Strength and
ductility are often mutually exclusive, i.e., materials may
be strong or ductile but are rarely both. This also applies
to bulk UFG materials. The low ductility of UFG materials
has invariably limited their practical application and
accordingly, much attention has been paid to the
development of strategies for improving this poor ductility
[6]. One of the methods of solving this problem can be
deformation at very low temperatures—the so called
cryogenic or low temperature deformation. It is supposed
that very low temperatures of deformation firstly, it will
prevent grain growth and secondly by hindering the
redistribution of dislocations, will contribute to an
increase in their density and in the development of
corresponding internal stresses. All this, possibly, will
stimulate a further refinement of microstructure [7]. At
present, there are numerous works devoted to the use of
cryogenic (lower temperature) deformation for the
achievement of the NC grain size. The overwhelming
majority of these works were performed on aluminum and
copper, which, apparently, is explained by an extremely
high plasticity of these materials [8-14]. Conventional
rolling could be a suitable technique for the commercial
production of bulk ultrafine grained Al sheets but due to
dynamic recovery and high stacking fault energy of Al and
its alloys, it is difficult to produce ultrafine grained
microstructures in the samples. Cu was selected as a
model material for cryo-rolling the present work and
studies the mechanical properties such as tensile strength
and hardness by universal tensile machine and Rockwell
hardness tester respectively and compared with the room
temperature rolling. The microstructure of the cryorolled
Cu is characterized by optical microscopy for correlating it

microstructure of commercial pure copper by cold and cryorolling have been investigated in the present work. Cu was
rolled in four high rolling mill for different thickness
reduction 20% and 40% at cryogenic temperature and at
room temperature and its mechanical properties and
microstructure were studied. After each successive pass
material is dipped in liquid nitrogen container to achieve
cryogenic temperature in cryo-rolling. For cryo rolled
sample it is observed that mechanical properties like
hardness and tensile strength has sudden improvement
compared to cold rolled sample. This was because of higher
dislocation density during lower temperature rolling.
Microstructure observed in optical microscopy which
showed that the number of grain is higher in cryo-rolled
sample than cold rolled sample due to grain refinement.
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1. INTRODUCTION
Commercially Cu and its alloys are extensively used
for various design application where high strength to
weight ratio is one of the basic criteria. Conventional
rolling could be a suitable technique for the commercial
production of bulk ultrafine grained Cu alloys sheets but
due to dynamic recovery and high stacking fault energy of
Cu and its alloys, it is difficult to produce ultrafine grained
microstructures in the samples [1]. Cu extensively used
due to their good mechanical properties.
Plastic deformation (rolling) at cryogenic (liquid nitrogen)
temperature has been shown to produce ultrafine grained
(UFG) microstructures in commercial Cu alloy. It is
believed that the UFG grains impart high strength as
expected from Hall–Petch relationship [2]. The enhanced
interest in a radical refinement of microstructure down to
sub microcrystalline (SMC) and nanocrystal line (NC)
grain sizes is one of the basic trends in the development of
Contemporary material science. The SPD methods make it
possible to efficiently refine the grain size of the majority
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with their observed mechanical properties, conventional
rolling (Cold rolling) products.

3. RESULTS AND DISCUSSION

A Cu sheet of dimensions 305 mm (length) x 254 mm
(width) x 3 mm (thickness) were used (Specimen not
previously deformed). The diameter of roller was 200 mm,
length of roller was 1100 mm and speed of roller was 52
rpm. Rollers were driven by 50 hp motor.

3.1 Hardness Property
Here samples of copper used for hardness test is properly
cleaned before it is taken in use. For this experiment
indenter used having ball size of 1/16”. Load set on the
sample is 100 kgf. Chart 1 indicates average hardness for
copper in cold and cryo rolled conditions. X-axis indicates
thickness reduction in percentage and Y-axis indicates
hardness in HRB. Here material is reduced in 20%, 40% in
thickness compare to original thickness. Hardness of
specimen before deformation was 61 HRB.

Plates of Copper were subjected to rolling in four high
rolling mill at cryogenic temperature to achieve 20% and
40% thickness reduction. The samples were soaked in Ln2
container for at least 11 min prior to each roll pass during
the rolling process. For samples, the time taken for picking
out the samples from cryocan and immediately rolling was
5 seconds and time taken for rolling and putting back the
samples into cryocan was less than 30-40 seconds during
each pass. The temperature of work piece is required to
lower at liquid nitrogen temperature. Based on the
mechanical properties and dimensions of samples, the
proper dipping duration of the sample in liquid cryorolling
was determined and it was used subsequently during
cryorolling. During rolling 90% of the mechanical work
(Plastic work due to deformation of the work piece and
friction work caused by friction between the roll and work
piece) was converted in to heat. The initial temperature of
sheet and the roll were respectively set at -196˚C and 30˚C,
the calculated temperature rise as a function of rolling
reduction ratio. When the reduction ratio is less than 40%,
the temperature rise caused by plastic and friction work is
less than 50˚C. Therefore the sheet temperature after
rolling is expected to be lower than -100˚C.

Chart 1 indicates average hardness for copper in cold and
cryo rolled conditions. The hardness value of the cryorolled
samples is higher than the room temperature rolled
material hardness increases from 75 HRB to 82.33 HRB
with 20 % thickness reduction. Similarly the hardness
value for 40 % thickness reduction of the cryorolled
sample is higher 85 HRB to 90.8 HRB than the RT rolled
material.
An enhancement of hardness in the cryorolled copper
sample could be directly attributed to the higher
dislocation density and the formation of sub
microcrystalline structures. It is observed that the
hardness of cryorolled specimen is higher than that of RT
rolled materials. It can be explained based on the
mechanism that dynamic recovery was effectively
suppressed during cryorolling leading to a higher
dislocation density as known in the literature [15]. With
the formation of fine grains in the cryorolled alloys,
hardness would increase due to the restricted mobility of
dislocation imposed by higher dislocation density, and
misorientation of the grains.

Mechanical properties like hardness and tensile tests were
performed to determined hardness value, strength and
ductility of copper sample. Rockwell hardness (HR) was
measured on the plane parallel to longitudinal axis (rolling
direction) by applying a load of 100 kg for 30 seconds. The
surface of the specimen was polished mechanically using
emery paper prior to each hardness measurement to
ensure its clean surface. The hardness value is an average
of five measurements made on surface of each specimen.
The tensile specimens were prepared in accordance with
ASTM Standard with a 25 mm gauge length. The tensile test
was performed after polishing the sample in air at room
temperature using Universal testing machine operated at a
constant crosshead speed with an initial strain rate of 2
mm per minute. The hardness and tensile test is performed
at room temperature for both cold and cryo-rolled samples.
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The micro structural characteristics of the room
temperature rolled and cryorolled copper sample surfaces
were characterized by using optical microscopy.

2. PRACTICAL APPROACH
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Chart-1: Hardness chart for copper
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3.2 Tensile Property

Table:1 Tensile test result of Cu sample

TINIUS OLSEN/L-Series H50KL is used for the tensile
testing of copper sample. The test specimen is cut as per
ASTM (American Society for Testing and Materials)
standard parallel to rolling direction. Here in tensile test
experiment ASTM standard E-8/E8M-09 is used. As per
ASTM standard gauge length used is 25 mm, grip section
length is 30 mm, total overall length is 100 mm, width of
the strip in reduced section is 6 mm, length of reduced
section is 32 mm and radius is 6 mm.

Tensile strength

Copper

Cold and cryo rolled samples both were taken for tensile
testing at room temperature. It is found that in tensile
testing cryo rolled samples has higher tensile strength
compared to room temperature rolled samples. And it is
also seen that load required for tensile test was higher than
to cold rolled sample. The large enhancement in strength of
cryo rolled sample can be attributed to partial grain
refinement and high dislocation density. Due to rolling,
quite a large number of dislocations are produced. These
dislocations get entangled between the grain boundary
which impedes their motion and strength gets increased.
With increasing extent of cryo- rolling, more amount of
dislocations get piled up within the grain boundaries and
the sample start to fracture after quite some time with
increasing stress. Thus the ductility gets decreased with
the extent of cryo rolling at the cost of its strength [15].
Below chart 2 and chart 3 indicates Load vs. Extension
graph for pure copper in tensile testing machine.

(MPa)

Elongation (%)

20% RTR

294

8.51

20% CR

316

8.14

20% Aged

296

9.11

40% RTR

297

8.2

40% CR

376

7.56

40% Aged

335

8.24

RTR: Room Temperature Rolled
CR: Cryo Rolled
Here in experiment aged sample is also considered to test
tensile property of specimen. As mentioned in Table 1 aged
sample has very good ductility compare to CR sample in
both the case of thickness reduction and it also has good
hardness property compare to RTR sample.

3.3 XRD TEST
For XRD test all the cryo-treated and aged sample are taken
in analysis to determine the crystallite size of the sample.
Crystallite size can be determined from the XRD graph. To
determine crystallite size manually scherrer formula is
used. To determine average crystallite size each peak
generated in graph is taken in consideration.

Chart-2: 20% Thickness reduction in Cu in UTM
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Chart 4: XRD test for 20% thickness reduction for Copper

Chart-3: 40% Thickness reduction in Cu in UTM
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(C)
Fig. 1 Optical microscopy image
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(A) Raw material of copper (B) 60% RTR copper
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Chart 5: XRD test for 40% thickness reduction for Copper

4. CONCLUSIONS

The higher the peaks and intensity the finer crystallite size
can be obtained than cold condition, which can be seen
from the graph data. Thus from the plotted data it is seen
that with the help of lower temperature science or
cryogenics treatment ultrafine crystallite size can be
achieved than normal room treated materials.

The influence of lower temperature treatment at liquid
nitrogen temperature on mechanical properties and
microstructure of CR copper has been investigated and
conclusions are made.

3.4 OPTICAL MICROSCOPY

1.

Before using samples in optical microscope samples
(plastically deformed sample) get prepared and etched and
then it was put under the microscope. From the present
work 40% thickness reduction samples were used to
examine the effect of cold and cryo-rolling and as a result
grain size number can be determined. It is observed that
copper sample at room temperature has grain size number
of 0.060, while copper sample which is rolled at cryogenics
temperature has grin size number of 0.056. Raw material
of pure copper sample taken for the rolling has grain size
number of 0.080. From the result it is seen that grain size
number is decreasing from cold rolled sample to cryo
rolled sample, as the grain size decreasing more fine grain
structure is achieved. Which indicate that lower the grain
size number, higher the strength of sample.

2.

Cryo rolled sample has fine grain sized because of
suppression of dynamic recovery. There was suppression if
dynamic recovery as in cryogenic temperature, the total
internal energy of the atoms decreased as it is a function of
the material. So the atoms kinetic energy decreased which
result in suppression of dynamic recovery [15]. Figure 1
shows images taken from optical microscope for three
different samples.

Cryo-rolled copper exhibit a significant
improvement in mechanical properties like
hardness and tensile strength compare to room
temperature rolled Al alloy for 20% and 40%
thickness reduction. This is because of
suppression
of
dynamic
recovery
and
accumulation of higher dislocation density during
lower temperature rolling resulting in higher
strength.
From optical microscope it is seen that CR copper
at different percent of thickness reduction grain
size number is increases of cryo treated sample to
room temperature rolled sample due to grain
refinement and work hardening which occur due
to higher dislocations density.
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