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High-purity polycrystalline nickel (99.99 pct purity) was cold rolled to equivalent von Mises
strains from 1.4 to 4.5 (70 to 98 pct reduction in thickness). The stored energy of the deformed
samples was measured using both microstructural parameters obtained from transmission
electron microscope (TEM) investigations and differential scanning calorimetry (DSC). For the
microstructure-based estimate of the stored energy, the required parameters are the misorien-
tation angles across, and the spacings between the dislocation boundaries and high-angle
boundaries present after deformation. It was found that the stored energy determined from both
TEM and DSC investigations increased linearly with strain, with the latter being larger by a
factor of between 1.9 and 2.7. This difference can be reduced by considering the contribution to
the stored energy from other sources.

DOI: 10.1007/s11661-007-9421-1
� The Minerals, Metals & Materials Society and ASM International 2008

I. INTRODUCTION

THE processing of metals by plastic deformation
requires mechanical energy, of which only a small
fraction is stored in the metal in the form of disloca-
tions, point defects, high-angle boundaries, and, in some
materials, twins.[1] The stored energy can be measured
directly by calorimetry[1,2,3–11] or it can be estimated
based on a microstructural characterization.[12–14] In
recent studies, the correlation between the stored energy
of the deformation and the characteristics of the
deformed microstructure has been analyzed.[12,14] In
these studies, it has been shown that the stored energy
can be estimated by applying the Read–Shockley
equation to the boundaries observed in the deformed
microstructure. Note that, in this article, we use the term
‘‘dislocation boundaries’’ to refer to boundaries with a
misorientation angle of less than 15 deg, and the term
‘‘high-angle boundaries’’ to denote all other boundaries
in the microstructure (including the original grain
boundaries and those boundaries with a misorientation
angle >15 deg formed during deformation). For alu-
minum, it has been observed that there is a relationship
between the stored energy and both the applied strain
and the flow stress after deformation.[12] The topic of
stored energy is of general importance in various

materials science fields, including, for example, recovery,
recrystallization, and crystal plasticity. The correct
estimation of the stored energy in a deformed metal is,
therefore, crucial when analyzing and modeling such
phenomena.
The objective of the present study is to supplement the

microstructure-based method by measuring the stored
energy directly by differential scanning calorimetry
(DSC). This permits analysis of the question of whether
other sources of stored energy exist in addition to the
energy stored in the form of dislocations and high-angle
boundaries. Studies with a similar objective have been
carried out previously by combining calorimetry, dislo-
cation density measurements by using transmission
electron microscopy, and X-ray line broadening.[15,16]

These earlier studies were focused on single crystals of
copper deformed in tension to low and medium strains.
In contrast, the present study concentrates on polycrys-
talline nickel samples deformed by cold rolling to a
thickness reduction of 70 to 98 pct (evM = 1.4 to 4.5).
At these large strains, linear work hardening (stage IV)
dominates. The calorimetric measurements have been
carried out by the annealing of high-purity (99.99 pct)
nickel, which is chosen in preference to the aluminum
used in the previous studies,[12,13] in order to optimize
the precision of the calorimetric measurements. The
reason for this is that the heat release in pure nickel is
predominantly caused by recrystallization over a fairly
narrow temperature range, whereas in aluminum, the
heat release is caused by both recovery and recrystalli-
zation and takes place over a large temperature inter-
val.[1] Furthermore, the stored energy in nickel is
approximately 5 to 10 times larger than the stored
energy in aluminum for an equivalent strain.[1]

As part of the present investigation, the stored energy
of high-purity copper (99.99 pct purity) was also deter-
mined. The copper was used as an internal standard,[3]

allowing the precision of the DSC measurements to be
estimated by comparison with previous measurements
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conducted in house as well as at other laboratories. For
copper of this purity, it has previously been shown by
DSC[4] that the energy release is related to recrystalli-
zation, i.e., the heat flow curve shows only one stage.
This behavior makes Cu a very suitable material to be
used as a standard.

II. EXPERIMENTAL

High-purity polycrystalline nickel (99.99 pct purity)
with a grain size of 80 to 100 lm was cold rolled to
thickness reductions of 70 pct (evM = 1.4), 90 pct
(evM = 2.7), 95 pct (evM = 3.5), and 98 pct (evM =
4.5), as described in Reference 17. The microstructural
parameters were obtained from a previous study in
which thin foils were examined in a JEOL* 2000FX

transmission electron microscope (TEM) operated at
200 keV. The misorientations were calculated from the
analysis of convergent-beam Kikuchi patterns.[17] The
deformed nickel was stored a long time at RT, before
the DSC analysis at Risø. To examine whether this
storage had any effect, some newly deformed nickel
samples were also analyzed in a parallel experiment at
Tsinghua University. As will be shown later, no signif-
icant difference was found between the two data sets.

High-purity polycrystalline copper (99.99 pct purity)
with an average grain size of 25 lm was cold rolled
90 pct (eVM = 2.7), as described in Reference 3, and
was used to validate the stored-energy measurements.
The copper material and samples were stored in a freezer
at -30 �C prior to the DSC analysis.

For the DSC measurements, samples of nickel cold
rolled 95 and 98 pct and copper cold rolled 90 pct were
prepared from the rolled sheets, by punching out disks
with a diameter of 6 mm. The deformation introduced
by the punching was removed by polishing the disks on
silicon-carbide paper (grit 1000/4000), to give a maxi-
mum diameter of 4.5 mm (the maximum allowable
diameter of the sample pan in the DSC equipment).
Samples of material cold rolled 90 and 70 pct were
prepared from the rolled sheets by cutting square-
shaped samples (approximately 5 · 5 mm) on an
ACCUTOM-5 (Struers Ballerup, Denmark), using the
lowest cutting rate and water cooling. Disk-shaped
samples with a diameter of 4.5 mm were then obtained
by polishing on silicon-carbide paper (grit 1000/4000).

The samples were prepared in order to maximize the
amount of material per sample, given the constraint on
the sample diameter; hence, the sample weight varied
from 35 to 400 mg. The surface of each sample was
polished, in order to enhance the heat conductivity
between the sample and the sample pan, and was
cleaned after polishing in an ultrasonic bath of ethanol.
Before use, the aluminum sample pans were heat treated
at 500 �C for 1 hour.

The DSC measurements (Risø) were carried out in a
heat flux calorimeter from Seiko Instruments Inc., Japan

(DSC 120), with the data analysis conducted using the
accompanying software. Note that the exothermic peaks
are displayed positive. The experiments were conducted
with a constant heating rate of 5 K/min, in an inert
atmosphere of argon (100 mL/min), with a fully
annealed sample as the reference.
The nickel samples were heated from room temper-

ature (RT) to well above the recrystallization tempera-
ture: 500 �C for the lowest-strain and 475 �C for the
highest-strain samples. The copper samples were heated
from RT to 350 �C. Two consecutive measurements
were conducted on each sample. This was done in order
to ensure that the sample was fully recrystallized and to
obtain a baseline for the quantitative measurements.
Three samples were examined at each strain level for the
nickel; two samples were examined for the copper
material.
Additional nickel samples were prepared at Tsinghua

University by cold rolling high-purity nickel (99.99 pct
purity) to reductions of 70 pct (evM = 1.4), 90 pct
(evM = 2.7), 93 pct (evM = 3.1), 96 pct (evM = 3.7),
and 98 pct (evM = 4.5). One sample per strain was
prepared by spark cutting 3-mm square-shaped samples
(10 to 30 mg) from the rolled sheets. The stored energy
was measured using power-compensated DSC (Perkin-
Elmer Inc., Wellesley, USA). The specimens were heated
at 10 K/min from RT to 500 �C, in an inert atmosphere.
Nickel samples for yield stress measurement were also

prepared at Tsinghua University. For these samples,
99.99 pct pure nickel was cold rolled to thickness
reductions of 10 pct (evM = 0.12), 20 pct (evM = 0.26),
37 pct (evM = 0.53), 50 pct (evM = 0.8), 70 pct (evM =
1.4), 90 pct (evM = 2.7), and 98 pct (evM = 4.5). From
the rolled sheets, tensile specimens were machined, with
the tensile direction parallel to the rolling direction. The
tensile experiments were conducted in an Instron stress
rig (Instron, Norwood, USA). The yield stress values
were determined at 0.2 pct plastic deformation.
For comparative purposes, the stored energy of

copper cold rolled 90 pct and nickel cold rolled 95 pct
(both samples from Risø), have also been measured
by the NETZSCH Application Laboratory (Selb,
Germany). These samples are denoted as NETZSCH
samples here. The stored-energy measurements were
conducted in a heat flux DSC (NETZCH model STA
449 C Jupiter, Netzsch Selb, Germany), at heating rates
of either 5 or 50 K/min. The temperature programs,
sample pans, gas, and gas flow were as used at Risø.

III. RESULTS

A. Stored Energy—DSC

Figure 1 shows two weight-normalized heat flow
curves obtained for a copper sample cold rolled
90 pct. The upper curve is obtained during the first
heating ramp, while the lower curve is obtained during
reheating of the recrystallized sample. By comparing the
two curves, two features appear: (1) a single exothermic
peak is observed, which is initiated at 180 �C, and (2) a
slight difference is observed between the two curves in
the temperature interval 50 �C to 350 �C.

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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The single exothermic peak is related to recrystalliza-
tion of the sample; the heat released during the
recrystallization is obtained by integration of this peak:
(1) for the curve in Figure 1, the integration of the peak,
i.e., the area enclosed by the curve and the dashed line,
gives a stored energy of 0.76 J/g; and (2) a slight
difference is observed between the two curves in the
temperature interval 50 �C to 350 �C.

Regarding the differences in the energy release curves,
if recrystallization is the only process leading to heat
release, the two curves should overlap everywhere except
for the recrystallization peak region. If heat is released
by recovery during the heating ramp, then a higher heat
flux during the first heating ramp compared to the
second will be seen. However, if recovery were the only
reason for the difference in the temperature interval
50 �C to 350 �C, the difference between the two curves
would increase with increasing temperature and would
be negligible after recrystallization. Since the difference
in the signal is nearly constant in this temperature
interval, the difference cannot be attributed only to
recovery. The observed difference, therefore, might also
be of an experimental character—for example, if the
heat conduction conditions change after annealing and
cooling of the sample. Regardless of the origin of the
small differences between the two curves, the main
energy release is observed during recrystallization, and
this is used to characterize the stored energy of copper.

Figure 2 shows two heat flow curves for a nickel
sample cold rolled 95 pct. During the first heating ramp,
two exothermic peaks, one large and one small, are
observed. The large peak is observed in the temperature
interval 280 �C to 385 �C, while the small peak is
observed superimposed on the large peak at 358 �C. The
large peak is due to the recrystallization of nickel, while
the small peak is associated with the energy release
during the magnetic transition of nickel. This transition
is observed due to a slight difference in the heat capacity
(weight) of the sample and the reference (nominally
5 mg, for the data shown in Figure 2).

In the evaluation of the energy stored in nickel due to
deformation, the contribution from the magnetic tran-
sition has to be subtracted. This energy is found by
integrating the small peaks on both the first and second
heating curve (illustrated in the insert of Figure 2(b)).

The average value of the two measurements is then
taken as the energy associated with the magnetic
transition. The energy stored due to deformation is
found by integrating the heat flow curve from 280 �C to
385 �C and then subtracting the energy contribution
from the magnetic transition. In Figure 2, the energy
release from 280 �C to 385 �C is 1.54 J/g, while the
energy of the magnetic transition is 0.008 J/g; hence, the
energy stored due to deformation in this nickel sample
cold rolled 95 pct is 1.53 J/g. All curves were corrected
in a similar manner. The two heat flow curves in
Figure 2 show nearly no signal difference between the
first and second heating ramps in the temperature range
outside the recrystallization peak. The main part of
stored energy is released, therefore, during recrystalli-
zation, and the peak related to recrystallization can be
used to determine the stored energy of the nickel
samples.
The calorimetric measurements were validated using

the copper samples. Two samples have been measured at
Risø and one sample at NETZSCH.** The data are

presented in Table I, in which the mean, the standard
deviation (r), and the standard error of the mean (SE
(=r · N-0.5)) are given. The Risø measurements give an
average stored energy of 0.77 J/g, equivalent to
6.88 MJ/m3 (SE = 0.13 MJ/m3). The NETZSCH mea-
surements give a stored energy of 6.70 MJ/m3, i.e., just
2.6 pct lower than the Risø measurements. This is
considered as a very good agreement.
Stored-energy data obtained from all the nickel

samples are also shown in Table II. The standard
deviation of the Risø experiments is, in this case, 10 to
13 pct. This is significantly higher than for the copper
samples; the origin of this is yet to be explored. The
standard error of the Tsinghua data is estimated to be
10 pct, based on the upper limit of the standard error of
the Risø data.

Fig. 1—Heat flow vs temperature of copper cold rolled 90 pct.

Fig. 2—Heat flow vs temperature of nickel cold rolled 95 pct.

**In the NETZSCH evaluation, the recrystallization peak was also
used to characterize the stored energy in copper.
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From Table II, it is possible to compare the Risø data
with the NETZSCH data. In nickel cold rolled 95 pct,
the stored energy measured at Risø is 14.2 MJ/m3,
while the NETZSCH determined value is 14.7 MJ/m3.
This corresponds to the NETZSCH measurement being
3.5 pct higher than the Risø measurement; hence, these
data are also in very good agreement.

The effect of heating rate is demonstrated in Table
III, where data obtained at heating rates of 5 and
50 K/min are listed (only one sample has, however, been
examined at each rate). If energy is released due to
recovery prior to recrystallization, it can expected that
an increase in the heating rate will give an increase in the
stored energy measured from the recrystallization peak.
Given the small difference in the obtained values
(Table III), it is concluded that the present experiment
shows no influence from the heating rate. Consequently,
the data obtained at Risø with a heating rate of 5 K/min
are directly comparable to the data obtained at Tsing-
hua, where a heating rate of 10 K/min was used.

The nickel stored-energy data are displayed in
Figure 3, together with error bars showing the standard
error. From the figure, it is seen that the Risø data
display a linear increase of stored energy with strain,
though some deviation is seen for the measurement
conducted at the highest strain. This deviation may be
related to experimental error, as samples at these
reductions are very thin and light (32 to 37 mg). A
small sample mass could, for example, lead to a lower
pressure between the sample and the sensor and,
consequently, to a large experimental error.

The stored-energy data from the measurements con-
ducted at Tsinghua are also displayed in Figure 3.

A similar linear dependence between stored energy and
strain is found, except for a higher stored energy for the
highest strain sample. Furthermore, it is noted that the
Risø and Tsinghua data agree reasonably well, given the
estimated experimental errors. In Figure 4, the weighted
averages of all data are plotted as a function of strain,
excluding, however, the 93 and 96 pct measurements, as
only one measurement was conducted at each of these
strains. Figure 4 shows that the weighted average of the
measured stored energies (EDSC) increases linearly with
strain (evM) in the entire strain interval, following a
relationship given by EDSC (MJ/m3) = 2.3 evM + 5.9.
The weighted average of the measured stored energies is
used in the subsequent analysis: the data are given as
EDSC in Table V.

Table I. Stored Energy of 90 Percent Cold-Rolled Copper

Risø NETZSCH

EDSC (J/g) 0.77 0.75
r 0.015 —
EDSC (MJ/m3)* 6.88 6.70
r 0.13 —
SE 0.09 —

*Density of copper: 8933 kg/m3.[18]

Table II. Stored Energy of Cold-Rolled Nickel

Laboratory
Thickness

Reduction (Pct) evM
EDSC

(J/g)
r

(J/g)
SE
(J/g)

EDSC

(MJ/m3)*
r

(MJ/m3)*
SE

(MJ/m3)*

Risø 70 1.4 1.04 0.12 0.07 9.3 1.1 0.64
Risø 90 2.7 1.4 0.15 0.09 12.5 1.3 0.78
Risø 95 3.5 1.59 0.21 0.12 14.2 1.89 1.09
Risø 98 4.5 1.70 0.17 0.09 15.1 1.5 0.86
NETZSCH 95 3.5 1.65 — — 14.7 — —
Tsinghua 70 1.4 0.85 — 0.13 7.6 — 1.1
Tsinghua 90 2.7 1.23 — 0.18 11.0 — 1.7
Tsinghua 93 3.1 1.4 — 0.21 12.5 — 1.9
Tsinghua 96 3.7 1.53 — 0.23 13.6 — 2.0
Tsinghua 98 4.5 2.0 — 0.30 17.8 — 2.7

*Density of nickel 8907 kg/m3.[18]

Table III. Stored Energy Measured at Different Heating

Rates

Sample evM Heat Rate (K/min) EDSC (MJ/m3) Difference

Cu 2.7 5 6.73 —
Cu 2.7 50 6.77 0.6 pct
Ni 3.5 5 14.7 —
Ni 3.5 50 14.95 1.7 pct

Fig. 3—Stored energy measured with DSC as a function of strain.
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B. Stored Energy—TEM

The microstructural parameters used for estimation of
the stored energy were obtained from an earlier TEM
investigation of cold-rolled high-purity nickel
(99.99 pct).[17,19] The deformed microstructure is subdi-
vided by extended boundaries (geometrically necessary
boundaries (GNBs)) and by short interconnecting
boundaries (incidental dislocation boundaries (IDBs)),
which together form a cell block structure. Between the
GNBs and IDBs, a loose dislocation structure is present
with a fairly low dislocation density. The average

spacing between the boundaries (dav
IDB, dav

GNB), the

distribution of misorientation angles, and the average

misorientation angles (hav
IDB, hav

GNB) across the bound-
aries were determined from longitudinal sections of the
cold-rolled samples (Figure 5). The average parameters
from these TEM measurements are summarized in
Table IV. A number of high-angle boundaries (defined
as boundaries with a misorientation angle >15 deg) are
present in the microstructure. For example, after a
70 pct reduction, 7 pct of the 325 analyzed boundaries
are high-angle boundaries, while in the sample cold

rolled 98 pct, this figure increases to 28 pct of 410
analyzed boundaries.
If we assume that the total energy stored (E) in a

deformation microstructure is due only to the disloca-
tions left behind after deformation, then the stored
energy is given by the energy of a dislocation line per unit
length (Edis) times the density of dislocations (q); i.e.,

E ¼ q � Edis ½1�

The presence of dislocations in boundaries with
misorientations from very small to large angles makes
it impossible, however, to determine the dislocation
density directly. Hence, an estimate of the stored energy
in the deformation structures cannot be made simply by
using the relationship given in Eq. [1]. If it is assumed,
however, that the dislocations are arranged in low-
energy dislocation structures (LEDS), the energy of a
given boundary per unit area (c) is related to the
misorientation angle (h) of the boundary through the
Read–Shockley equation:[12,20]

c ¼ cm
h
hm

� �
1� ln

h
hm

� �� �
: h<hm

c ¼ cm : h � hm ½2�

where cm is taken as the grain-boundary energy per unit
area for nickel 0.87 Jm-2,[21] and hm is taken as 15 deg.[12]

The stored energy of a deformation microstructure
(ETEM) can, therefore, be evaluated as the boundary
energy per unit area multiplied by the area per volume
fraction (SV) of the boundaries, i.e.,

ETEM ¼ SV � c ½3�

As described previously, the nickel-deformed micro-
structure contains two boundary types: GNBs and

Fig. 4—Weighted average of the stored energy measured with DSC
as a function of strain.

Fig. 5—Microstructure of nickel cold rolled 98 pct, longitudinal
section, from Ref. 17.

Table IV. Microstructural Parameters and Estimated Stored

Energy for Cold-Rolled Nickel
[20]

Reduction 70 Pct 90 Pct 98 Pct

Strain 1.4 2.7 4.5
hav
IDB 2.2 2.7 3.0

hav
GNB 7.9 14.8 19.7

dIDB (lm) 0.42 0.39 0.31
dGNB (lm) 0.28 0.21 0.13
SV
IDB (lm-1) 3.10 3.13 3.95

SV
GNB (lm-1) 4.36 5.82 9.19

v (hav
IDB) 1.05 1.05 1.05

v (hav
GNB) 1.08 1.08 1.05

EIDB,av (MJ/m3) 1.09 1.26 1.70
EGNB,av (MJ/m3) 3.02 4.66 7.58
ETEM,av (MJ/m3) 4.12 5.93 9.28
ETEM,dist (MJ/m3) 3.29 4.88 8.16
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IDBs. The three-dimensional (3-D) arrangement of the
GNBs and IDBs differ. The IDBs consist of cell
boundaries with a nearly equiaxed configuration. The
IDBs are enclosed by the GNBs, which are extended
parallel planar dislocation boundaries. This stereologi-
cal difference has to be taken into consideration when
the area per volume fraction is evaluated from the
average spacing (d) of the two boundaries. In References
22 and 23, it is shown that the area per volume fraction
of infinitely long GNBs (Sv

GNB) and of IDBs (Sv
IDB) can

be evaluated from the average spacings (dGNB, dIDB)
according to

SGNB
V ¼ 1

dGNB
;SIDB

V ¼ p
2 � dIDB

½4�

This is, however, an idealized description of the micro-
structure. In reality, the GNBs are not infinitely long, but
terminate to form cell blocks. In the evaluation of Sv, an
extra contribution from the cell-block ends has to be added
to Sv

GNB, and this contribution has to be subtracted from
Sv
IDB. Values ofSv

IDB andSv
GNB taking this into account are

reported in Reference 19, and the values given there are
used in the current calculations (Table IV).

From the microstructural parameters determined in
the TEM, it is, therefore, possible to calculate the energy
stored in the structure by the use of Eq. [3], in which the
two boundary types are considered separately; i.e.,

ETEM ¼ SGNB
V � cGNB þ SIDB

V � cIDB ½5�

where cGNB is the energy per unit area of the GNBs and
cIDB is the energy per unit area of the IDBs, calculated
from Eq. [2]. The stored-energy calculations were
conducted in two slightly different ways. In the first
method, the average spacings and average misorienta-

tions ðhGNB
av ; hIDB

av Þ from Reference 19 are used. Use of
the average of the misorientation angles leads, however,
to an overestimate of the total stored energy.[12] To
account for this overestimate, the average misorienta-
tion angle is, therefore, corrected by a scaling factor v,
defined in Eq. [10] in Reference 12. The scaling factor

for GNBs, v hGNB
av

� �
, and IDBs, v hIDB

av

� �
, are given in

Table IV. The stored energy calculated using the first
method (ETEM,avg) is therefore given by

ETEM;avg ¼ SGNB
V

cðhGNB
av Þ

v hGNB
av

� �þ SIDB
V

cðhIDB
av Þ

v hIDB
av

� � ½6�

where cðhGNB
av Þ is the boundary energy per unit area for

GNBs, calculated from the average misorientation angle

of the boundaries and, likewise, cðhIDB
av Þ is the boundary

energy per unit area for IDBs. In the second method, the
distributions of the misorientation angles are considered
in the calculation of the boundary energy per unit area,
as explained here. The misorientation angle data are
given in Reference 19 as histograms. From each bin in
the histograms are both the average misorientation

angles calculated ðhGNB

bin ; h
IDB

bin Þ by and the corresponding
boundary energy per unit area found

ðcGNB
bin ðh

GNB

bin Þ; cIDB
bin ðh

IDB

bin ÞÞ by the use of Eq. [2]. The

stored energy in one bin is calculated by multiplying

cGNB
bin ðh

GNB

bin Þ (or cIDB
bin ðh

IDB

bin Þ) with the boundary area per
volume of the bin (SV-bin), as given by Eq. [3], and the
total stored energy associated with one boundary type is
found by summing the contribution from all bins in the
histogram. Finally, the total stored energy (ETEM,dist) at
each strain is given by the sum of contributions from
each of the boundary types (GNBs and IDBs).
For each boundary type, SV-bin is determined from

SV
GNB (or SV

IDB) multiplied by nGNB
bin =NGNB (or nIDB

bin =
NIDB), where n

GNB
bin (or nIDB

bin ) is the number of boundaries
in the bin and NGNB (or NIDB) is the total number of
boundaries measured. The calculation is summarized in
Eq. [7]:

ETEM;dist ¼
X
bin

cGNB
bin ðh

GNB

bin Þ � nGNB
bin

 !
SGNB
V

NGNB

þ
X
bin

cIDB
bin ðh

IDB

bin Þ � nIDB
bin

 !
SIDB
V

NIDB

½7�

The values of SV
GNB and SV

IDB for each of the
distributions are taken from separate TEM measure-
ments (over a large area) of the average boundary
spacings for the GNBs and IDBs. This method involves
an implicit assumption that there is no correlation
between each misorientation angle and the area per
volume of boundaries with that misorientation angle.
Both estimates are given in Table IV and are plotted as a
function of strain in Figure 6, together with the
weighted average of the DSC measurements.
Figure 6 shows a linear relationship between the

stored energy based on the microstructure (ETEM). A
linear least squares fit to the data gives a proportionality
constant between ETEM and evM of 1.6 or 1.7, where
the lower value corresponds to the value obtained
considering the complete misorientation angle distribu-
tion (method 2), rather than just the average values
(method 1). In the following discussion, only data
obtained using the distribution of misorientation angles
are used. The DSC-measured stored energy (EDSC) is
also plotted in Figure 6, where it is seen to be consis-
tently higher than the stored-energy estimate based on
the microstructural data (ETEM,dist). The ratio between
the ETEM,dist and EDSC at each strain level is given in
Table V. From this, it is seen that the ratio EDSC/
ETEM,dist decreases with increasing strain.

C. Yield Stress

The measured yield stress is displayed as a function of
strain in Figure 7. The stress-strain curve initially shows
a parabolic increase up to a strain of evM � 1.0, which is

Table V. Stored Energy Determined by DSC and TEM

70 Pct 90 Pct 98 Pct

EDSC (MJ/m3) 8.9 12.1 15.8
ETEM,dist (MJ/m3) 3.3 4.9 8.2
EDSC/ETEM,dist 2.7 2.5 1.9
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characteristic of the stage III work-hardening regime.
This is followed by a linear work hardening at larger
strains, which is characteristic of the stage IV work-
hardening regime. These observations are more clearly
seen in Figure 8, where the work-hardening rate as a
function of stress is displayed.

IV. DISCUSSION

A. Stored Energy—DSC

The energy stored in a deformed metal, in the most
general case, can be thought of as arising from contri-
butions from dislocations, high-angle boundaries, inter-
nal stresses, and point defects. The contribution to the
stored energy of the point defects, if present, can be
identified as a separate peak in a DSC measurement. In
the present study, however, for both the Cu and Ni
samples, the DSC measurements showed that the stored
energy was released during heating in one stage (peak),
which is related to the recrystallization of the samples
(Figures 1 and 2). Thus, we can exclude point defects as
a significant contribution to the stored energy. It is

suggested that the annihilation of such defects may have
taken place already during deformation, due to the high
purity of both copper and nickel.
The observation that, for Cu, the energy release takes

place in one stage, due to recrystallization, is in
agreement with findings reported elsewhere.[1,4,5,24–26]

Furthermore, the assumption that the energy release due
to recovery is a minor effect is also supported by the
findings of Reference 24, where the energy released
during recovery of tensile-deformed (39.5 pct) high-
purity copper (99.999 pct purity) was just 3 pct of the
total stored energy. In the present study, the stored
energy of copper cold rolled 90 pct was determined to
be 6.9 MJ/m3. For commercial oxygen-free high con-
ductivity (OFHC) copper (99.96 to 99.98 pct purity),
deformed in compression at RT, the stored energy was
found to be linearly related with the strain.[4] From
Figure 6 of Reference 4, the relationship between stored
energy and strain can be expressed as E (cal/g) = 0.0023
e - 0.01, where e is the percent reduction. A 90 pct
reduction corresponds, therefore, to a stored energy of
7.35 MJ/m3, which is just 4 pct higher than the value
measured in the current study, i.e., the two findings are
very similar. Slightly lower values of 5.9 and 7.0 MJ/m3

were determined for 99.9996 pct pure copper with initial
grain sizes of 15 and 50 lm cold rolled 93 pct in
Reference 5, while in Reference 25, a somewhat lower
stored energy for 90 pct cold rolled 99.99 pct pure
copper of 4.22 MJ/m3 is reported.
The observation that, for deformed nickel, the energy

release takes place by recrystallization in one stage has
been reported in Reference 9. Other observations,
however, carried out under different conditions, report
up to three exothermic peaks during the heating of
nickel.[1,4,6,9,27] In these reports, the three peaks were
related to the annihilation of vacancies, recovery, and
recrystallization. Such an energy release was, for exam-
ple, observed to take place in impure nickel (99.6 pct
purity) deformed in torsion to evM = 2.56 at RT.[4] In
that study, it was found that the energy release during
the third stage, i.e., recrystallization, was 6.7 MJ/m3,
while the total energy release was 18.4 MJ/m3. In the
current work, the total measured stored energy at

Fig. 6—Stored energy estimated from the microstructural TEM data.
DSC data are also displayed.

Fig. 7—Yield stress vs strain and 3 times Vickers hardness vs strain
from Ref. 17.

Fig. 8—Work-hardening rate as a function of stress.
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evM = 2.6 is 11.9 MJ/m3, a value 35 pct lower. The
difference between the values may be related to the
difference in the purity of the metals, as it is known that
the presence of impurities can increase the energy stored
during plastic deformation.

In contrast, for 99.99 pct pure nickel cold rolled
90 pct,[9] only one peak related to recrystallization was
observed, with an energy release of 5.7 MJ/m3, lower
than the value observed in the present work by a factor
of 2, roughly. Because the purity of the nickel is similar
to the one used in the current work, the rather large
difference in stored energy cannot be attributed to a
difference in purity. A possible explanation of the
differences might, therefore, be different conditions
during cold rolling.

The finding that stored energy increases linearly with
strain in certain strain ranges has, furthermore, previ-
ously been observed in 99.99 pct copper,[5,27] 99.99 pct
pure nickel,[9] and 99.999 pct pure silver.[7]

Based on these data, therefore, the contributions to
the stored energy are reduced to those from dislocations,
high-angle boundaries, and internal stresses related to
the microstructural features. Considering first the inter-
nal stresses, it has been suggested that these are
minimized through a structural organization into
LEDS.[28] For such LEDS, it was furthermore suggested
that internal stresses cannot exceed the flow stress, as
stresses higher than this will be relaxed through yield-
ing.[28] Based on theoretical considerations, it has been
shown that the energy stored due to internal stresses is
significantly smaller than (approximately one-fifth of)
the energy stored in the form of dislocations.[29]

In the present study, the flow stress (0.2 pct offset) has
been determined to be a function of strain (Figure 7).
The stored energy caused by internal stresses can be
calculated as the maximum elastic energy:

Eelastic ¼ 0:5 � r � evM ¼ 0:5 � r2

EYoung
½8�

where r is the flow stress, evM the strain, and EYoung the
elastic modulus of Ni (200 GPa[30]). In the strain range
considered, the flow stress increases from 670 (70 pct) to
910 MPa (98 pct); hence, the contribution from the
internal stresses is about 25 to 35 pct of ETEM and is
roughly in agreement with the theoretical prediction.[29]

B. Stored Energy—TEM

The parameters characterizing the deformation struc-
tures in Ni have been determined from Kikuchi line
measurements in a TEM. An alternative method would
be to use the electron backscattering diffraction (EBSD)
technique.[12,14] The limited angular resolution of this
method (up to 2 deg for heavily deformed samples)
results, however, in a number of low-angle boundaries
being undetected in an investigation of a deformed
sample. As a result, a stored-energy analysis based on
EBSD data will lead to an underprediction, with
the error being larger at smaller applied strains. For
large strains, the two methods may give comparable
results.[12] In the present study, the TEM method was

chosen for all samples, in order to facilitate the
comparison of data over the entire strain range.
The stored energy has been calculated using the

Read–Shockley formalism, as expressed in Eq. [2]. This
equation includes the energy stored in the dislocations
and the dislocation core, but excludes the contribution
of internal stresses caused by the presence of the
dislocations.[20] The structure of the deformed Ni, as
previously described, contains dislocation boundaries
and high-angle boundaries (>15 deg), where the latter
includes both those present in the starting material and
those introduced during cold rolling. The contribution
from the high-angle boundaries is taken into account
through the grain-boundary energy (Eq. [2]). For
samples deformed to large strains, this contribution
may account for a large fraction of the stored energy, as
the fraction of high-angle boundaries may be as high as
60 to 80 pct.[31] In the present experiment, the fraction
of high-angle boundaries increases from 7 to 28 pct as
the rolling reductions is increased from 70 to 98 pct.
In the calculation of ETEM based on the Read–

Shockley equation, the contribution from dislocations
stored between boundaries has not been included. The
density of such dislocations has been estimated in
Reference 19 to be about 1014 m-2, or one dislocation
per cell at a reduction strain of 98 pct. The energy
associated with these loose dislocations (ELoose) can be
calculated from the relationship

ELoose ¼ 1=2 � q � G � b2 ½9�

where G is the shear modulus, b is the length of the
Burgers vector, and q is the dislocation density. Taking
values for nickel of G = 79 GPa[32] and b =
0.249 nm[33] gives the stored energy of loose dislocations
as 0.24 MJ/m3. This value corresponds to a mere 3 pct
increase in strain, an insignificant contribution in the
present sample.

C. Comparison of EDSC and ETEM

A comparison of EDSC and ETEM shows that the ratio
EDSC/ETEM,dist is 1.9 to 2.7 and decreases with increas-
ing strain (Table V). If, however, stored-energy values
calculated based on average misorientations angles are
used, the ratio EDSC/ETEM,av decreases to 1.7 to 2.1.
Additionally, if the contribution of internal stresses is
included to ETEM,dist, the fraction EDSC/ETEM,dist is
reduced to 1.5 to 2. A comparable discrepancy between
EDSC and ETEM has been observed in previous stud-
ies.[1,2,15] For example, in a recent study of polycrystal-
line copper deformed by cold rolling in the strain range
1 to 3,[16] the dislocation density derived on the basis of
calorimetry data was higher by a factor of 1.5 to 2 than
the dislocation density determined from the X-ray line
profile analysis.
For this discussion, we assume that EDSC is taken as

the most correct estimate of the stored energy and
discuss why the ETEM value is lower. Consider first that
the dislocation density is not determined directly in the
TEM characterization; instead, the dislocation density is
estimated based on the assumption that the dislocations
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are organized in rotation boundaries with a misorien-
tation angle h. For such boundaries, the area density of
dislocations stored in the boundary is of the order of
h/b. In most cases, h/b gives a minimum number for the
dislocation density, because some dislocations may
screen each other (i.e., +b and -b) and thus not
contribute to h.[28] These redundant dislocations have an
average density of 1/h - h/b, where h is the average
distance between all the dislocations in a boundary.
Such redundant dislocations may be present in signif-
icant numbers at low strain, whereas with the increasing
perfection of boundaries at larger strain, their contri-
bution will decrease. Such a reduction will be reflected in
a decrease in the ratio EDSC/ETEM with increasing
strain, as observed (Table V). An example of a bound-
ary with no redundant dislocations is illustrated in a
high-resolution electron microscope (HREM) micro-
graph[34] of copper deformed to large strain
(Figure 9(a)). For such boundaries, the individual dis-
locations can be identified and the distance between the
dislocations, h, can be determined, allowing the area
density of dislocations to be calculated as 1/h. For the
boundary in Figure 9(a), there is good agreement
between the two area densities 1/h and h/b, showing
that the dislocation density in the boundary can be
accounted for solely on the basis of the misorientation
angle. Extra dislocations may, however, also be present
in some boundaries, as illustrated in Figure 9(b) (also
from Reference 34). The presence of such dislocations
near or at boundaries has also been observed in
conventional TEM studies,[17] and will contribute to
the stored energy measured by DSC, but not to that
calculated from the microstructure.

Extra dislocations may also be present in the regions
near the high-angle boundaries. However, HREM
observations of high-angle boundaries in the deformed
metal show that such boundaries have the same char-
acteristics as grain boundaries in undeformed metals. As
a consequence, the energy of all high-angle boundaries
in Eq. [2] can be taken as cm, and the contribution of
these boundaries added to the contribution from the
dislocation (<15 deg misorientation) boundaries. It is,

however, a characteristic of deformed microstructures
that the dislocation boundaries and high-angle bound-
aries are interconnected at triple lines. Such an inter-
connection is illustrated in Figure 2 in Reference 35. It
may, therefore, be hypothesized that these interconnec-
tions are associated with an additional amount of stored
energy in the microstructure. The magnitude of such
junction energies is, however, a subject for further work.
To summarize the discussion of the TEM and DSC

stored energy, the measured stored energy is higher
initially by a factor of 2.7, compared to the stored
energy calculated from the microstructure. This differ-
ence decreases to a factor of 1.9 in the stage IV work-
hardening regime. If internal stresses are considered,
and if a general uncertainty of 20 pct in the experimental
data is assumed, the stored-energy values measured with
the two methods approach each other with increasing
strain, as illustrated in Figure 10.

D. Stored Energy and Flow Stress

In the present study, the flow stress has been
determined for samples deformed over a large strain
range, from 0.12 to 4.5 (Figure 7). Hardness measure-
ments for the nickel material characterized by TEM are
also given.[17] A fairly good agreement is seen between
the two sets of data. Initially, the stress-strain curve
displays a predominant stage III work-hardening
regime, which is followed at a strain of �1 by a stage
IV work-hardening regime. The stored energy has only
been measured at large strains for which a linear
relationship with strain was obtained (Figure 4).
The linear relationship at large strains is used to

calculate the ratio between the stored energy and the
expended energy. This ratio can be calculated in
different ways. In the following, it is estimated as the
instantaneous increase in stored energy, from the plastic
work, expressed by the equation

W ¼
Z

rde ½10�

Fig. 9—High-resolution transmission electron microscopy of low-
angle boundaries in Cu (99.99 pct) from Ref. 34. (a) 11-deg low-an-
gle boundary, well described by edge dislocations and (b) 14-deg
low-angle boundary described partly by edges dislocations and partly
by random edges dislocations, emphasized in the white box.

Fig. 10—Stored energy as a function of strain. Measured by DSC
and evaluated by TEM.
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where W is the plastic work, r is the flow stress, and e
the strain. The stress in stage IV can be expressed by the
equation

r ¼ r0 þHe ½11�

where H is the work-hardening rate and r0 the extrap-
olated flow stress at e = 0. From Eqs. [10] and [11], we
can write

W ¼ r0eþ 1=2He2 ½12�

The experiments show that a linear relationship exist
between the stored energy and the strain:

E ¼ E0 þme ½13�

where E0 is the extrapolated stored energy at e = 0 and
m is the proportionality constant between E and e. If the
instantaneous energy storage ratio is defined as

b ¼ dE

dW
½14�

the value of b can be found from Eqs. [12] and [13]:

b ¼ dE

de
=
dW

de
¼ m

r
½15�

In the current work, m = 2.3 and r 2 [670 to 910];
therefore, b 2 [0.002 to 0.003]. This means that, initially,
between stage III and stage IV, 0.3 pct of the expended
energy is stored in the metal and, later, in stage IV, this
drops to 0.2 pct.

Alternatively, the instantaneous ratio of the total
stored energy to the total expended work can be
calculated. By doing so, it is found that, at a reduction
of 70 pct, just 1.2 pct of the plastic work is stored in the
metal, whereas at 98 pct, only 0.5 pct is stored, i.e., the
energy stored decreases in the stage IV work-hardening
regime. This decrease may be directly related to the way
dislocations are stored in the two stages. In stage III, the
dislocations are primarily stored in dislocations bound-
aries, while in stage IV, the structures contain an
increasing density of deformation-induced high-angle
boundaries, which may be better able to absorb and
annihilate dislocations during deformation. As a result,
the rate of increase in the dislocation density and in
the stored energy will be smaller in stage IV than in
stage III.

V. CONCLUSIONS

The stored energy in high-purity (99.99 pct) Ni, cold
rolled to equivalent von Mises strains of 1.4 to 4.5 (70 to
98 pct thickness reduction), has been determined by
DSC and also estimated based on a quantitative
microstructural characterization from TEM data by
applying the Read–Shockley equation. The conclusions
are the following.

1. The stored energy measured by calorimetry is high-
er by a factor of 1.9 to 2.7 than the value based on
an estimate of the energy stored in dislocation

boundaries and high-angle boundaries. This discrep-
ancy can be reduced by introducing contributions
both from dislocations stored between the bound-
aries and from internal stresses.

2. The stored energy determined both by calorimetry
and microscopy increases linearly with strain in the
strain range examined. In this interval, the flow
stress also increases linearly with strain (stage IV
work hardening).

3. The ratio between the stored energy and the ex-
pended energy is small in stage IV and decreases
with increasing strain.

4. The consistency between values obtained in this
comparative study validates both the calorimetric-
and the microstructure-based techniques. The for-
mer may be preferred for bulk analysis, whereas the
latter is preferable for an analysis of local variations
in the stored energy, due to heterogeneities in the
deformed microstructure, which are important for
the recovery and recrystallization behavior during
subsequent annealing.
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