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Material Recovery of OFHC Cu and FeSi Steel
after Processing by Plastic Deformations
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The influence of thermoplastic processes through severe plastic deformations carried out at ambient temper-
ature and through rolling carried out at cryogenic temperature on the recovery for two types of materials was
investigated. As experimental materials, there were used oxygen free high conductivity copper and FeSi steel pre-
senting materials with middle and high stacking fault energy, respectively. Both materials have been previously
investigated, however mainly considering their material properties. In this study, oxygen free high conductivity
Cu was processed by 13 passes through equal channel angular rolling which belongs to the severe plastic deforma-
tions group of methods. The rolling of FeSi steel at ambient and cryogenic temperatures was performed using a
laboratory duo rolling mill, samples were rolled only by one pass. The aim of this study was to insert the strain to
the materials with different stacking fault energy (middle and high) under ambient and cryogenic thermal condi-
tions, respectively, and subsequently to observe the influence of stored energy on structural recovery of materials
through differential scanning calorimetry method. This study implies that the recovery process characterized by
the mobility of structural defects begins earlier for FeSi steel compared to oxygen free high conductivity Cu.
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1. Introduction

The differential scanning calorimetry (DSC) is a
thermo-analytical method used for measuring the differ-
ence in the amount of heat required for increase of the
sample temperature and reference as a function of tem-
perature. DSC analysis depends on a linear function of
the sample holder temperature and time [1]. The three
basic types of DSC can be recognized: heat flux DSC,
power compensation DSC and hyper DSC. The most
widely used is heat flux type of DSC (HF-DSC) with con-
stant heating and cooling rates which have been applied
extensively to the analysis of metals and alloys materials
since 90th years of the last century [2, 3]. The result from
a DSC measurement is a curve of heat flux versus tem-
perature or time. A DSC method is successfully used for
the investigation of solid state reactions, such as precip-
itation, recovery, recrystallization, phase transformation
and solid–liquid reactions in bulk and powder metallurgy
(PM) metals [4].

In 90th years of the last century, research studies on
DSC methods were focused on non-ferrous metals and
their alloys with ultra fine grain (UFG) structure pre-
pared by PM techniques [2–6]. In the early 21st century,
research observations were focused on bulk non-ferrous
metals and their alloys with UFG structure [7–13]. The
review paper [14] is mostly aimed at the analyze of UFG
metals and alloys through the DSC method. Only few
research works deal with a study of steels by DSC tech-
niques [15, 16].
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The first information about the influence of plastic
deformations at cryogenic temperature followed by heat
treatment on UFG structure formation and mechanical
properties in bulk pure Cu was published by Wang et
al. [17]. The plastic deformations of steel at cryogenic
temperatures are discussed by authors [14–16].

The DSC is an interesting method due to the oppor-
tunity for the calculation of processes activation energy
(nucleation and grain growth) through the dependence
of the peak temperature as it was described in [18, 19]
and later in [20] as follows:
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Editing Eq. (1), the following formula for activation en-
ergy of nucleation and grain growth can be obtained:
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kBTp ≈ k0kBTp/1000, (2)

where k0 = 1.63989572 × 1025 — constant, kB = 1.38 ×
10−23 [K] — the Boltzmann constant, β [K/s] — heating
rate, Tp [K] — peak temperature, Q [kJ/mol] — activa-
tion energy of nucleation and growth.

The aim of the present paper is to analyse two metallic
materials base: oxygen free high conductivity (OFHC)
Cu with UFG structure and FeSi steel processed by
rolling at ambient and cryogenic temperature.

2. Materials and experimental methods

The experimental works were carried out on the oxy-
gen free high purity copper (OFHC — 99.99%) and steel
based on FeSi with the chemical composition given in
Table I.

A specimen (7× 6 mm2) from the OFHC Cu was pro-
cessed by equal channel angular rolling (ECAR) having
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TABLE I

Local chemical analysis of C–Si steel (wt%).

C Mn Al Si P S Cu Fe
0.003 0.234 0.41 3.46 0.009 0.001 0.018 95.8

a matrix channel angle Φ = 90◦, rotated by route A
(the billet is not rotated around vertical axis from pass
to pass of ECAP). Details about experimental conditions
are described in [21, 22]. Subsequently, samples were sub-
jected to uni-axial static tensile tests and DSC measure-
ments. Samples from FeSi steel were rolled using a DUO
210 rolling mill in laboratory. Cryogenic conditions were
achieved by cooling of samples in liquid nitrogen followed
by rolling at temperature of Tdef ∈ 〈−120;−40〉 [ ◦C].
Thickness reductions of samples through cold rolling were
in an interval εcold ∈ 〈2; 20〉 [%] vs. one pass.

3. Results and discussion

3.1. OFHC Cu processed by ECAR

The mechanical properties resulting from static tensile
tests after ECAR passes are shown in Fig. 1.

Fig. 1. Dependence of mechanical properties on the
number of ECAR passes.

The maximal effect of deformation strengthening in a
sample was registered already after the 1st ECAR pass.
The following ECAR passes (2nd up to 9th) increased
yield strength and tensile strength (RP0,2, Rm) by the
increment ∆R ≈ 50 MPa. From the 9th up to 13th pass,
there was observed a weak decrease of strength proper-
ties. Reduction of area as a significant parameter of plas-
ticity was reduced with the strength increase and was
stabilized at a minimal value between the 5th and 7th
pass. Reduction of area was 51% after 7 ECAR passes.
The elongation was about the value of 10% and cannot
be considered as a reliable parameter as gauge length of
samples was short. The UFG elongated structure with
an average subgrain diameter of dsg,ave = 735 nm and
effective strain of ϕ = 8.0 after 5 ECAR passes led to the

rising of strength properties and changes in the reduction
of area [22]. The analysis of the strengthening contribu-
tions revealed that the increase in strength properties up
to the 5th pass is caused by a strong interactive effect
resulting from the grain size refinement and increase of
the dislocation density. In this stage, dislocation density
is mainly generated from the Frank–Read sources. In-
crease of the dislocation density caused by the formation
of low angle grain boundaries (LAGBs) from high angle
grain boundaries (HAGBs) began after the 5th pass. The
dependence of activation energy on nucleation and grain
growth calculated according to Eq. (2) is given in Fig. 2.

Fig. 2. Dependence of activation energy on the number
of ECAR passes.

Fig. 3. DSC analysis of OFHC Cu on the number of
ECAR passes.

This graphical dependence confirms that after 5th
pass, there are created favorable energetic conditions for
the transformation of the LAGBs to the HAGBs. There-
fore, the changes leading to the re-growth in reduction of
area can be observed.

The differential scanning calorimetry (DSC) analysis
given in Fig. 3 confirmed the previous implication that
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after the 5th ECAR pass, mechanical properties become
stable.

According to the DSC analysis, stored energy ex-
pressed through the enthalpy is continuously increasing
with the number of passes, peak and onset temperatures
as well as homological temperature (Tonset/Tmelt) are
stabilized after the 5th pass. The graphical dependence
shows that the static recovery obtained by the mobility
of structural defects in the sample after casting started
at 0.31Tmelt and after processing by 5th ECAR passes
started at 0.19Tmelt.

3.2. FeSi steel processed by cryorolling

The DSC curves of FeSi steel are shown in Fig. 4.

Fig. 4. DSC analysis of FeSi (εamb = 17%,
εcryo = 19%).
For each sample which were deformed approximately

with the equal thickness deformation, a broad exother-
mic peak was observed from DSC analysis that implies
a recovery process in the microstructure. Stored en-
ergy in both cases (cryogenic and ambient temperatures)
was measured out as follows: 2.86 J/g and 2.427 J/g,
respectively. Even, it was found that the onset and
peak temperatures for cryogenic and ambient conditions
were shifted from the 147.0 ◦C at 152.3 ◦C and from the
192.4 ◦C at 197.0 ◦C, respectively. Besides, released on-
set points (DSC analysis) implies that static recovery
through the structural defects mobility starts at 0.1Tmelt

for ambient conditions and at 0.0956Tmelt for cryogenic
conditions, respectively. Considering cryogenic condi-
tions, observed shifts are explained through the outcome
of the stored energy increase which is introduced to the
material during plastic deformation under cryogenic con-
ditions that consequently results in the rising of driving
force for the static recovery process. It is well-known that
OFHC Cu is a material with fcc crystal structure and
middle stacking fault energy (SFE) γsfe = 78 mJ/m2

and ferrite of FeSi steel is a material with bcc crystal
structure and high SFE γsfe = 180 mJ/m2. For ma-
terials with bcc crystal structure, slip is a main plastic
deformation mechanism, dynamic recovery, static recov-

ery and static recrystallization are main active softening
mechanisms of deformed structures.

On the other hand, ferrite is a material with high SFE,
formation of the twins and deformation bands cannot be
expected as a main deformation mechanism under nor-
mal plastic deformation conditions [23]. However, when
the deformation is carried out at the cryogenic tempera-
ture, deformation slip and dynamic recovery are broken
and the formation of twins and deformation bands was
observed. The DSC measurement confirmed that dur-
ing deformation processes, the stored energy was imple-
mented into the structure, however without any possi-
bility of relaxation by dynamic recovery. Stored energy
is released in the next thermal cycle as static recovery
through the structural defects mobility. In a material
with fcc crystal structure and middle SFE (OFHC Cu),
slip is simple and a main active softening mechanism of
deformed structures is static and dynamic recrystalliza-
tion. Also, additional deformation mechanisms are twin-
ing and shear bands. The authors [24] described that the
twinning is a major deformation mode in fcc metals with
γsfe < 25 mJ/m2 and those materials tend to deform
by twinning if deformation temperature is decreasing or
strain rate is increasing. The formation of shear bands
depends on the magnitude of the shear strain. According
to Ref. [24], the number of shear bands rapidly increases
if the strain is in the range of 0.8 < ϕ < 2.6 and for-
mation of shear bands seems to be a major deformation
mode which was also experimentally confirmed.

The calorimetric measurements on two material grades
with bcc and fcc crystal structure show that stored en-
ergy was approximately 3 times higher in bcc than in fcc
material. Moreover, homological temperature that repre-
sents the start of static recovery/static recrystallization
was approximately 2.5 times higher in fcc material than
in bcc material. For both material grades, deformation
slip is a fundamental deformation mechanism. When de-
formations are very strong then additional deformation
mechanisms are coming into the account: for bcc mate-
rial, there are twinning and deformation bands and for
fcc material, there are twining and shear bands. Stored
energy measured in bcc material after processing at cryo-
genic temperature (cryorolling) was higher than in fcc
material processing at 100 ◦C (ECAR) that means addi-
tional deformation mechanism is activated more simply
in fcc material. If stored energy is higher in bcc metal
that means static recovery/static recrystallization starts
easily in bcc material than in fcc material.

A comparison for two types of testing materials based
on DSC analysis is shown in Table II.

4. Conclusions

The present paper provides a literary overview of the
differential scanning calorimetry application in the mate-
rials identification. According to this experimental study,
following important findings can be summarized:

— five ECAR passes have a strong effect on improving
the OFHC Cu properties,
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TABLE II

Comparison of data for two type of materials based on
DSC analysis.

material OFHC-Cu
steel: C–Si

ambient cryogenic
SFE: γsfe [mJ/m2] 78 180
crystallography net fcc bcc

main plastic
deformation mechanism

slip

additional plastic
deformation mechanism

twining +shear bands

softening mechanisms
dynamic recovery +

dynamic recrystallization +
static recrystallization

stored energy: ∆H [J/g] 0.2–0.96 2.427 2.86
peak temperature:

Tpeak [ ◦C]
220–360 197.0 192.4

onset temperature:
Tonset [ ◦C]

190–335 152.3 147.0

homological temperature:(
Tonset
Tmelt

)
x

= Kx
0.18–0.31 0.1 0.096

∆Hsteel,av

∆HCu,av
4.5

KCu,av

Ksteel,av
2.5

— a recovery process is developed by the start in mo-
bility of structural defects as follows:

– OFHC Cu is a material with middle SFE and fcc
crystal structure which shows the decrease in stored en-
ergy and the shift in the recovery processes starting from
0.31Tmelt (without ECAR) to 0.19Tmelt (after 5th ECAR
passes),

– ferrite structure of FeSi steel having high SFE and
bcc crystal structure deformed at different tempera-
tures provides the shifting of the recovery processes from
0.1Tmelt (ambient temperature) to 0.096Tmelt (cryogenic
temperature) and also enhancing the stored energy,

– the average value of stored energy for FeSi steel is
4.5 more than for OFHC Cu.
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