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Restoration kinetics

The High-Temperature Scanning Indentation (HTSI) method enables the continuous monitoring of various
mechanical properties, including Young’s modulus, hardness, and creep properties, during specific thermal
cycles. In this study, the HTSI method is applied to cold-rolled samples of commercially pure aluminum and
oxygen-free high conductivity (OFHC) copper. The observed variations in hardness during heating are attributed
to the underlying restoring mechanisms, namely static recovery and static recrystallization. Inverse analyses are

performed using established metallurgical models of restoration. The results highlight the influence of the initial
deformation state and heating rate on the kinetics parameters. The findings are further supported by Electron-
Back Scattering Diffraction measurements. The study concludes by demonstrating the HTSI method’s capability
to quantify restoration parameters as a function of temperature through a limited number of well-designed HTSI

experiments.

1. Introduction

The characterization of mechanical properties at operating tem-
peratures and appropriate scales is crucial for predicting the lifespan
of mechanical systems [1-3]. Failure to control these properties can
lead to critical failures. In metallic materials, properties like hardness,
strain hardening, and creep are closely linked to their microstructure.
Elevated temperatures can induce various metallurgical mechanisms,
including restoration, precipitation, and phase transformations, which
significantly impact mechanical properties. Restoration mechanisms
such as recovery and recrystallization [4] contribute to significant soft-
ening in crystalline metals over time. However, accurately predicting
the kinetics of these mechanisms for design purposes is challenging due
to their dependence on the initial microstructure and chemical compo-
sition.

Various methods exist for characterizing these phenomena, such as
post-mortem hardness measurements [5-8], Electron Back-Scattering
Diffraction (EBSD) [4,9,10], X-ray Diffraction (XRD), and Differential

Scanning Calorimetry (DSC) [11,12], among others. These methods
typically involve post-mortem characterization, where the sample is an-
nealed at a specific temperature and duration, followed by analysis of
microstructure and mechanical properties. The responsible mechanisms
for observed changes are identified, and their kinetics can be deter-
mined. In recent years, in situ characterization techniques have been
developed [13-18]. However, these methods are often time-consuming,
requiring hours of testing to obtain limited experimental data points.

Advancements in in-situ nanoindentation have expanded its appli-
cation to high-temperature measurements [19]. The introduction of
High-Temperature Scanning Indentation (HTSI) has further improved
this technique [20]. HTSI enables continuous monitoring of a material’s
mechanical properties during a thermal cycle. It has been successfully
used to detect superplastic flow and crystallization of ZrCu thin-film
metallic glass within the vitreous transition temperature range [21].
These advancements provide valuable insights into the mechanical be-
havior of materials at elevated temperatures, with promising prospects
for further research and applications.
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Table 1

Thermal cycle and indentation parameters applied on the different copper samples during the HTSI tests.
Sample Tax Heating Annealing Maximum Depth range in T Number of

rate time load indents

Cu-600C-5C/min 600°C 5°C/min 60 min 25mN 750 nm to 2500 nm 880
Cu-600C-5C/min-bis 600°C 5°C/min 60 min 25mN 1250 nm to 2500 nm 600
Cu-400C-1C/min 400°C 1°C/min Omin 25mN 750nm to 1700 nm 818
Cu-200C-5C/min 200°C 5°C/min 2min 25mN 750nm to 900 nm 428
Cu-250C-5C/min 250°C 5°C/min 120 min 25mN 750nm to 1300nm 698

This study aims to demonstrate the application of the HTSI method
for quantifying restoration phenomena in metals. By conducting care-
fully designed HTSI measurements, inverse analyses can characterize
the kinetics of static recovery and recrystallization as a function of tem-
perature. The technique is applied to cold-rolled pure aluminum and
copper samples, two face-centered cubic metals with different stacking
fault energies, resulting in differential favoring of recovery or recrystal-
lization depending on the thermal cycle.

The initial section of this paper provides a brief overview of the
physical mechanisms involved in static recovery and recrystallization,
focusing on classical analytical models commonly used to describe these
restoration processes. This is followed by an introduction to the HTSI
method and a description of the materials investigated in this study.
Subsequently, the experimental results are presented, and the restora-
tion parameters are quantified using an inverse analysis approach based
on the previously discussed analytical models.

The final part of the paper discusses the potential of the HTSI
method in accelerating the quantification of restoration kinetics in met-
als and its implications for alloy design. The study highlights the advan-
tages of HTSI in terms of efficiency and its ability to provide valuable
insights into the restoration behavior of materials.

2. Modeling of restoration mechanism

This article focuses on two competing softening mechanisms: static
recovery and static recrystallization [4]. These mechanisms are influ-
enced by the level of stored energy in the material, which is typically
generated through deformation. Both mechanisms aim to reduce the
stored energy and restore the material to a more stable state.

2.1. Static recovery

Static recovery, which has been extensively investigated, primarily
involves thermally activated annihilation and rearrangement of disloca-
tions into sub-grain boundaries. According to Taylor’s relation [6,22]:

O’=O’y+M(ZGb\/;=O'y+O',- (@D)]

with o, the yield stress, o; the internal stress, M =3 Taylor factor,
a~ 0.3 a constant, G the shear modulus, » the Burger’s vector and p
the dislocation density. The decrease in dislocation density over time
leads to the softening effect observed in the recovery process. Vari-
ous analytical models have been proposed to quantify this phenomenon
[5-7,23,24].

Kuhlmann et al. [5,23], propose a simple model based on the re-
laxation of an internal stress. They assume that deformation leads to a
uniform distribution of dislocations within the material structure. The
evolution of the internal stress o; is governed by the following equations
[5,23]:

do; Uy — Bo;
—1_-_K -t 2
dr exP( RT 2

where K and f are constants, R represents the universal gas constant,
T denotes the annealing absolute temperature, and U, is the activation
energy. The exponential term highlights the thermal activation of static
recovery and the influence of dislocation density on its kinetics.

Verdier et al. [6] relate the relaxation of internal stress with the re-
arrangement and annihilation of dislocations, resulting in the following
expression:

2
do; 64 o; U, N .
id W i B exp [ ——=2 | sinh A% 3)
dt IM3a? E RT RT

with v, the Debye frequency, E the Young’s modulus, U, the activation
energy at the end of the recovery process, N, Avogadro constant and
v, the activation volume.

2.2. Static recrystallization

During static recrystallization, new grains, free of dislocations, nu-
cleate and grow replacing the existing microstructure [4]. This phe-
nomenon leads to a reduction in the average dislocation density at the
scale of the Representative Elementary Volume, resulting in softening
of the material. The extent of recrystallization is quantified by the re-
crystallized fraction, and its kinetics during isothermal annealing tests
is commonly described by the Kolmogorov, Johnson, Mehl, and Avrami
(JMAK) law [25-271]:

X=1-exp(=b(t—ty)") @

where b combines information on the nucleation and growth rates, 7;,,
is the incubation time and n is the Avrami exponent.

Like recovery, recrystallization is a thermally activated process, i.e.,
the recrystallization rate increases with temperature. The time to half-
recrystallization can be expressed as [4,28]:

R Sy (5)
tos 1 RT
with 7; a characteristic time and Oy an activation energy. As nucleation

and growth are thermally activated mechanisms, the parameter b is
described by:

b(T') = by exp <— % > (6)

with b, a pre-exponential factor and Q, an activation energy.
3. Materials and methods
3.1. Samples

Copper samples  An initial pure Oxygen Free High-thermal Conductivity
(OFHC) copper plate was cold rolled on a laboratory rolling mill, result-
ing in a final thickness of 3 mm, corresponding to a thickness reduction
ratio of 85% For the indentation experiments, pancake-like samples
with a diameter ranging from 10 mm to 12 mm were cut from the sheets.
Prior to the HTSI experiments, all samples underwent standard metallo-
graphic preparation, including SiC papers P460, P600, P1200, followed
by diamond polishing down to 0.5um. The samples were subjected to
thermal cycles as presented in Table 1. The naming system for the cop-
per samples follows the convention: material - maximum temperature
- heating rate. Sample Cu-600C-5C/min underwent the same thermal
cycle twice.
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Table 2

Thermal cycle and indentation parameters applied on the different aluminum samples during the HTSI tests.
Sample r Tax Heating Annealing Maximum Depth range in T Number of

rate time load indents

Al-pre-annealed 85% 325°C 3°C/min 30 min 25mN 1700 nm to 3000 nm 588
Al-r85-300C-3C/min-30 min 85% 300°C 3°C/min 30min 40mN 1600nm to 3200 nm 349
Al-r85-325C-3C/min-1h 85% 325°C 3°C/min 60 min 25mN 1300nm to 3000 nm 622
Al-r85-325C-1C/min-1h 85% 325°C 1°C/min 60 min 25mN 1300nm to 2900 nm 1587
Al-r85-325C-3C/min-2h 85% 325°C 3°C/min 120 min 25mN 1300nm to 3000 nm 473
Al-r60-325C-3C/min-2h 60% 325°C 3°C/min 120 min 25mN 1300nm to 3000 nm 794
Al-r40-325C-3C/min-2h 40% 325°C 3°C/min 120 min 25mN 1300nm to 3000 nm 825
Al-r40-300C-3C/min-2min 40% 300°C 3°C/min 2min 25mN 1300nm to 2200 nm 615

Aluminum samples A similar process was employed for the aluminum
samples. The initial material was a 20 mm thick sheet of commercially
pure aluminum (>99.5%). The as-received sheet was divided into three
sheets. Two of these sheets underwent machining to reduce their thick-
ness to 5Smm and 7.5 mm, respectively. Subsequently, all three sheets
were cold-rolled on a laboratory rolling mill, resulting in a final thick-
ness of 3mm. This corresponds to reduction ratios of 40%, 60%, and
85%. To perform the indentation experiments, pancake-like samples
with diameters ranging from 10mm to 12mm were cut from the alu-
minum sheets. One of the samples with a reduction ratio of 85% was
annealed in a furnace at 380 °C for 2 hours to serve as a recrystallized
reference sample. Prior to the HTSI experiment, all samples underwent
standard metallographic preparation. Table 2 provides an overview
of the thermal cycles applied to the aluminum samples. The naming
system for the aluminum samples follows the convention: material - re-
duction ratio - maximum temperature - heating rate - annealing time at
maximum temperature.

3.2. Indentation apparatus

Nanoindentation tests were conducted using the InNSEM HT nanoin-
dentation device (KLA Corporation) located inside a vacuum chamber
with a pressure of 1 x 102 Pa. For aluminum specimens, the indentation
was performed using a diamond Berkovich tip in the setup integrated
into a Scanning Electron Microscope VEGA 3 (Tescan) at the LTDS. Cop-
per specimens, on the other hand, were indented using a sapphire tip
on the KLA Corporation device located in Tennessee, USA.

Prior to the experiments, tip calibration was carried out on a fused
silica sample at ambient conditions, following the methods described
by Loubet et al. [29] and Oliver et al. [30]. The specimen mounting
procedure followed the guidelines outlined by Minnert et al. [19]. To
ensure proper spacing between indents, a minimum distance of 10h,
was maintained, where h, represents the contact depth [31]. Tem-
perature settings and controls during the experiments were conducted
following the same methodology as described in the work by Tiphene
et al. [20].

3.3. Microstructure characterization

The initial and final microstructures of the electropolished sam-
ples were analyzed using Electron Back-Scattering Diffraction (EBSD)
technique. The analysis was conducted on a SUPRA 55 VP ZEISS SEM
equipped with an Oxford Instruments NordlysII + AZtec EBSD system.
Post-processing of the obtained data was performed using the MTEX
MATLAB Toolbox [32].

3.4. High-Temperature Scanning Indentation method

The High-Temperature Scanning Indentation (HTSI) technique, in-
troduced in [20], enables the continuous determination of a material’s
mechanical properties throughout a thermal cycle. By employing a spe-
cific 1-second indentation cycle, variations in Young’s modulus, hard-
ness, and creep properties can be calculated over a wide temperature

range. In this study, only changes in hardness with respect to time and
temperature are considered for the quantification of static recovery and
recrystallization kinetics.

During each indentation cycle, hardness is derived from the load-
displacement curve using Loubet’s contact model, which allows for the
estimation of the contact depth A, [20,29]. This choice was motivated
by the expected presence of significant pile-up on cold-rolled aluminum
and copper samples. According to this model, the contact depth can be
expressed as follows:

P
h =12 <hmax — max h0> )
SM
where h,,,. and P,,, are the maximal depth and load respectively, S,

is the unloading contact stiffness and 4, is the tip defect. The contact
area is then given by:

A, = n(tan(9)h, ) (8)

with @ the tip equivalent conical angle (70.32° for a Berkovich tip).
Hardness H is computed as:
P,

max 9
y 9

H=

Reminder on the HTSI method and examples of load-displacement
curves obtained on cold-rolled copper can be found in Figure S1 and
Figure S2 in the Supplementary Materials.

4. Results
4.1. Cold-rolled copper

Detection of recrystallization The Cu-600C-5C/min sample (red points)
undergoes a thermal cycle presented in Fig. 1. Initially, its hardness
at room temperature is approximately 1.3 GPa. As the temperature in-
creases, the hardness decreases linearly until reaching 250°C. At this
temperature, a sudden drop in hardness occurs. After the drop, the
hardness continues to decrease with temperature, but at a lower slope
compared to the range below 250°C. During the cooling stage, the
hardness gradually increases with a constant slope similar to the final
heating stage.

At the end of the thermal cycle, hardness of copper at room tem-
perature is around 0.5GPa, which is nearly three times lower than
the initial hardness. This significant softening indicates the activation
of restoration mechanisms, with the sudden drop likely attributed to
recrystallization. Recovery-induced softening is typically much slower
than recrystallization.

Furthermore, it can be noticed that the hardness standard deviation
is different before and after the hardness drop. There is a noticeable
difference in the standard deviation of hardness before and after the
hardness drop. Prior to the drop, the estimated hardness variations at
a given temperature are approximately +0.1 GPa. After the drop, the
variations decrease to around +0.05 GPa. These changes are expected to
be influenced by the microstructure. In the cold-rolled state, the defor-
mation is not uniformly distributed, leading to hardness variations due
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Fig. 1. Effect of heating rates on the hardness changes during an HTSI experiment on pure copper. The drop of hardness during heating is attributed to the
recrystallization of the sample. Moreover, decreasing the heating rate decreases the temperature of recrystallization.

Fig. 2. EBSD measurements were performed on three pure copper samples: (a) the cold-rolled state, (b) sample Cu-600C-5C/min after tests, and (c) sample Cu-200C-
5C/min after tests. All three samples are shown in the figures with the same scale. Here, grain boundaries are represented in black, while sub-grain boundaries are
shown in red [33,14,34]. From the comparison of the images, it is evident that the recrystallization of sample Cu-600C-5C/min is clearly observed. On the other
hand, specimen Cu-200C-5C/min shows a large number of sub-grain boundaries but no clear evidence of recrystallization.

to deformation gradients. In contrast, in the recrystallized sample, the
grains are not deformed, and while there may be slight variations in
hardness due to grain orientation, the impact appears to be minimal in
this case.

When the same thermal cycle is applied once again to the sample Cu-
600C-5C/min (sample Cu-600C-5C/min-bis, orange points), it results in
a reversible decrease in hardness with temperature, which is consistent
with the hardness variations observed during the cooling stage of the
first cycle. The hardness standard deviation also remains consistent with
that observed during the cooling phase.

This behavior suggests that the sample is likely almost fully re-
crystallized after the first thermal cycle. This is further confirmed by
post-mortem EBSD measurements, as shown in Fig. 2, which indicate
a significant recrystallized microstructure. The absence of significant
hardness changes during subsequent thermal cycles indicates that the
recrystallization process has reached completion, resulting in a stable
microstructure.

Impact of heating rate Sample Cu-400C-1C/min (blue points) is sub-
mitted to a different thermal cycle: it is heated at 1°C/min instead
of 5°C/min. Hardness decrease at low temperatures follows the same
trend as for sample Cu-600C-5C/min. A sudden drop of hardness is also
observed, but it happens at a lower temperature compared to this sam-
ple (230°C instead of 250°C). Here again the hardness drop is likely
the consequence of recrystallization. The standard deviation of hard-

ness also exhibits changes with temperature, consistent with what was
observed in sample Cu-600C-5C/min.

Impact of static recovery However, prior to recrystallization, some static
recovery may take place in the sample. To verify if this phenomenon oc-
curs, the cold-rolled sample Cu-200C-5C/min is subjected to a different
thermal cycle. Since no recrystallization is expected below 200 °C, the
sample is heated up to this temperature before being cooled down. As
shown in Fig. 3, the hardness changes follow a similar trend as in sam-
ple Cu-600C-5C/min at low temperatures. However, in this case, the
hardness change with temperature is reversible, indicating the absence
of recrystallization or static recovery. Additionally, no changes in the
standard deviation of hardness with temperature are observed, which
is expected as the structure remains unchanged, and the variations in
hardness are primarily influenced by the deformation gradients of the
cold-rolled state.

To verify that no recrystallization occurs in sample Cu-200C-
5C/min, post-mortem EBSD characterization is performed (see Fig. 2).
In contrast to sample Cu-600C-5C/min, no recrystallized grains are de-
tected in sample Cu-200C-5C/min. Therefore, it can be concluded that
no recrystallization takes place in this sample. However, to draw defini-
tive conclusions regarding the occurrence of static recovery in copper
based on EBSD measurements, more detailed analysis is required. Nev-
ertheless, considering the observed hardness changes in the present
testing conditions, it can be inferred that static recovery is not expected
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Fig. 3. HTSI experiments on pure copper to detect the static recovery phenomenon. The hardness changes on sample Cu-200C-5C/min are reversible, indicating
that no static recovery occurs prior to recrystallization in copper. Note: Due to technical issues, some data points are missing between 50 °C and 100 °C for sample

Cu-200C-5C/min.

to occur significantly in copper, and thus it will be neglected in the
subsequent analysis.

4.2. Cold-rolled pure aluminum

The same analysis is conducted on aluminum samples, and the re-
sults are presented in Fig. 4. Similar to the annealed copper sample
Cu-600C-5C/min-bis, the hardness change with temperature of the pre-
annealed aluminum sample Al-pre-annealed is reversible. The hardness
starts at approximately 0.21 GPa at room temperature and decreases al-
most linearly with temperature, consistent with the behavior expected
for a fully recrystallized sample.

On the other hand, the hardness change of the cold-rolled aluminum
sample Al-r85-325C-3C/min-1h is not reversible, similar to what was
observed for the cold-rolled Cu-600C-5C/min. However, there are some
differences. As the temperature increases, the hardness gradually de-
creases from approximately 0.4 GPa at room temperature to around
0.07 GPa at the maximum temperature of 325 °C. During this phase, the
hardness decreases linearly with temperature, but a slight increase in
slope is detected around 250°C, as previously observed in [20]. Dur-
ing the cooling stage, the hardness increases following the variations
observed in the annealed sample. This softening is a clear indication
of the activation of restoration mechanisms. However, since there is no
sudden drop in hardness, it is difficult to determine whether recrystal-
lization is the only mechanism involved or if recovery also plays a role.
Nonetheless, the change in slope is likely a direct consequence of the
onset of recrystallization. Regarding the hardness standard variations,
it appears that the thermal cycle may have a slight effect on them in the
case of sample Al-r85-325C-3C/min-1h.

Impact of heating rate Sample Al-r85-325C-1C/min-1h was heated at a
rate of 1°C/min instead of 3 °C/min. When examining the changes in
hardness with temperature, it appears to behave similarly to sample Al-
r85-325C-3C/min-1h (see Fig. 4). However, upon closer inspection of
the high-temperature zone, a slight variation can be observed. Unlike
sample Al-r85-325C-3C/min-1h, there is no change in slope in sam-
ple Al-r85-325C-1C/min-1h around 250°C. The significant decrease in
hardness actually occurs during the holding period at high tempera-
ture. Interestingly, reducing the heating rate leads to an increase in the
temperature at which static recrystallization takes place. This stands

in contrast to the observations in copper samples and may indicate a
competition between recrystallization and recovery mechanisms, with
recovery slowing down recrystallization by reducing the stored energy
in the grains (dislocation density).

Moreover, a clear effect of the thermal cycle on the standard devia-
tion of hardness is observed in this sample. Initially, at room tempera-
ture (RT), it is estimated to be near +0.05 GPa, while after the cycle, it
reduces to approximately +0.02 GPa. Interestingly, there is an initial re-
duction in the standard deviation towards the end of the heating phase.
The presence of static recovery leads to a decrease of the deformation
gradients: it may explain this first changes in hardness standard devia-
tion.

Impact of initial deformation state Samples Al-r85-325C-3C/min-2h, Al-
r60-325C-3C/min-2h, and Al-r40-325C-3C/min-2h were subjected to
cold rolling with different thickness reduction ratios. As shown in Fig. 5,
their hardness at room temperature (RT) is similar, indicating that the
plastic strain level is sufficiently high, resulting in almost no difference
in their yield stress. In other words, the strain hardening is nearly max-
imum. However, when these samples are subjected to the same ther-
mal cycle, slight disparities are observed during the high-temperature
regime. The hardness behavior of the three samples is identical up to
250 °C. Beyond this temperature, as shown in the inset of Fig. 5, distinct
changes in hardness at high temperature are observed. The softening
kinetics is faster for the sample with the highest rolling ratio, i.e., Al-
r85-325C-3C/min-2h, and slower for the sample with the lowest rolling
ratio, i.e., Al-r40-325C-3C/min-2h. This indicates that the initial defor-
mation state influences the restoration mechanisms involved. At the end
of the holding period at 325 °C, the hardness of all specimens converges
to the same value, corresponding to the hardness of a fully recrystal-
lized sample.

Impact of static recovery To investigate the occurrence of static recov-
ery in the aluminum sample, sample Al-r40-300C-3C/min-2min, which
underwent a thermal cycle up to 300 °C and subsequent cooling, is com-
pared with sample Al-r40-325C-3C/min-2h, as both samples have the
same thickness reduction ratio (as indicated in Table 1).

Up to 300 °C, the hardness changes of the two samples are consistent.
However, during the cooling phase, sample Al-r40-300C-3C/min-2min
shows an increase in hardness but does not fully recover its initial value.
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In contrast, for sample Al-r85-325C-1C/min-1h, recrystallization occurs at a higher temperature, suggesting the occurrence of static recovery in aluminum samples,
unlike in copper. Note: Due to technical issues, some data points are missing between 210 °C and 230 °C for sample Al-pre-annealed.
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Fig. 5. Effect of the initial deformation state (Al-r85-325C-3C/min-2h: r = 0.85, Al-r60-325C-3C/min-2h: r = 0.60, Al-r40-325C-3C/min-2h: r = 0.40) on the changes
of hardness in temperature on pure copper. The samples are heating at 3 °C/min up to 325 °C, maintained during 2 hour before being cooled down at 3 °C/min. The
differences at high temperature indicate that the initial cold-rolled state impacts the restoration kinetics.

This indicates that the hardness variations observed in this sample are
irreversible. Since the cooling stage starts at a temperature below the
onset of recrystallization for this particular rolling ratio, the underlying
softening mechanism is likely attributed to static recovery.
Post-mortem electron backscatter diffraction (EBSD) measurements
were conducted on the samples, specifically on sample Al-r40-325C-
3C/min-2h and Al-r40-300C-3C/min-2min, to further analyze their mi-
crostructural characteristics (see Fig. 7). The EBSD results reveal that
sample Al-r40-325C-3C/min-2h exhibits a low number of large grains,
indicating complete recrystallization of the material. In contrast, sample
Al-r40-300C-3C/min-2min displays elongated grains embedded within
a dense sub-grain network, which is characteristic of a cold-rolled defor-
mation. However, small recrystallized nuclei (indicated by blue arrows)

are also observed in this sample. It is important to note that these nuclei
are significantly smaller in size compared to the indentation size used
for hardness measurements, suggesting that they are not responsible
for the observed hardness decrease during the thermal cycle. Based on
these findings, it can be concluded that the observed softening in sam-
ple Al-r40-300C-3C/min-2min is likely attributed to the phenomenon
of static recovery.

5. Modeling of restoration kinetics
The decrease in hardness with increasing temperature can be at-

tributed to three main mechanisms: thermal activation of plastic flow,
static recovery, and recrystallization of the microstructure [4]. To quan-
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Fig. 6. Detection of static recovery on pure aluminum sample. Sample Al-r40-300C-3C/min-2min is heated up to 300 °C to prevent static recrystallization and verify
if static recovery is taking place. The observation of irreversible hardness variations in sample Al-r40-300C-3C/min-2min serves as a clear indication that static
recovery is indeed taking place.

Fig. 7. Post-mortem EBSD measurements on samples with a reduction ratio of
40% (left) after recovery only (sample Al-r40-300C-3C/min-2min), (right) fully
recrystallized state (sample Al-r40-325C-3C/min-2h). The grains boundaries are
in black and the sub-grains one in red. Nuclei are indicated by arrows. Sample
Al-r40-325C-3C/min-2h is in a fully recrystallized state, as indicated by the
absence of residual deformed grains. In contrast, sample Al-r40-300C-3C/min-
2min shows elongated grains surrounded by a dense sub-grain network. Given
the small size of the few detected nuclei, it can be inferred that they are not
responsible for the observed softening during the thermal cycle. This softening
is likely a consequence of static recovery.

tify the kinetics of each phenomenon, it is necessary to assess their
respective contributions to the hardness changes observed during tem-
perature variations. To achieve this, hardness can be transformed into a
representative stress value, denoted as o,, using the analytical approach
developed by Kermouche et al. [35]:

< £, cot(0) >
o=\ —""""—""—"7 H
Sreot(®) —(1-&) 5
with the geometrical constants for a Berkovich indenter, & =0.66, & =
0.216 and & =0.24.

To separate the impacts of recrystallization, static recovery, and
thermal activation of plasticity on the hardness changes, a mixture law
is used [36]:

10)

0,0, T)=X(t,T)ogex (1, T)+ (1 = X (@, T))o ,(1,T) 11

with X the recrystallized fraction. o,y is the stress of the fully re-
crystallized state in temperature and varies solely due to the thermal
activation of plastic flow. On the other hand, the stress o, describes the
microstructure in the deformed state, which evolves due to the com-
bined effects of thermal activation of plastic flow and static recovery
occurring during temperature variations. Details about the modeling
steps can be found in the Supplementary Materials.

6. Quantification of restoration kinetics
6.1. Application on cold-rolled copper

As static recovery is not detected in the Cu-200C-5C/min sample, its
impact on hardness variations with temperature is considered negligi-
ble under the tested conditions. For copper, only thermal activation of
plastic flow and static recrystallization will be taken into account.

6.1.1. Quantifying the thermal activation of plastic flow

The thermal activation of plastic flow is characterized by the param-
eters qy and ag,y, which are determined on sample Cu-600C-5C/min.
They are obtained by analyzing the heating data between RT and 200 °C
or during cooling, respectively. These parameters are assumed to re-
main constant with temperature, implying that the activation volume
also remains constant. This assumption contradicts most models that
deal with the thermal activation theory of crystal plasticity [37]. It can
be interpreted that the activation volume remains approximately con-
stant over the temperature range studied. This interpretation is coherent
in this case since no static recovery is expected to occur.

6.1.2. Quantifying the kinetics of static recrystallization

Once the thermal activation of plastic flow has been characterized,
the recrystallized fraction can be computed using equation S19. Sub-
sequently, a Particle Swarm Optimization (PSO) algorithm [38-41] is
employed to determine the recrystallization parameters. This algorithm
was chosen due to the large number of local minima in the solution
space. However, it significantly increases the time required to obtain
the results. More details on the application of PSO algorithms in the pre-
sented study can be found in the Supplementary Materials. To ensure
the uniqueness and stability of the solution, the identifiability factor 1,
proposed in [42,43], is computed.
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Recrystallization parameters of copper obtained by Particle Swarm Optimization (PSO).

Sample Heating rate 1, (min) by (min~") o, n n, 1
(°C/min) (kJ/mol)
Cu-600C-5C/min 5 50 35x 10 106 3.58 0.34 4.42
Cu-400C-1C/min 1 50 2.8%10° 104 3.32 0.34 4.36
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Fig. 8. Hardness changes versus time on pure copper. The recrystallization parameters were determined from sample Cu-600C-5C/min. These parameters enable us
to estimate the hardness modifications and corresponding microstructure changes when different thermal cycles are applied, such as for samples Cu-400C-1C/min

and Cu-250C-5C/min. The predicted hardness curves for these cases exhibit a remarkable fit to the experimental data.

This inverse methodology is carried out independently on samples
Cu-600C-5C/min and Cu-400C-1C/min. The resulting recrystallization
parameters from the PSO optimization are presented in Table 3. Fig. 8
displays the hardness versus time curves, demonstrating a remark-
able agreement between the experimental data and the JMAK model.
Notably, a suitable reconstruction of the onset of recrystallization is
achieved, although some discrepancies are observed when the recrys-
tallized fraction exceeds 80%. According to the literature [44,45], the
Avrami exponent decreases with increasing recrystallized fraction in
copper. To account for this effect, the JMAK formulation was modified
accordingly: if the recrystallized fraction is below 0.5, a constant value

of n is utilized, whereas if it is above 0.5, a constant value of n, is em-
ployed.

One interesting observation is that the activation energy for
nucleation-growth rates, denoted as Q,, is similar for both tested con-
ditions. The main difference lies in the parameter b,, which is slightly
lower for the slower heating rate. This difference is likely a consequence
of the optimization process. However, it should be noted that b, does
not significantly depend on the heating rate since recrystallization is
the only mechanism occurring in this case [4]. Nevertheless, these re-
sults should be interpreted with caution. Firstly, it was not possible to
determine a set of parameters that includes incubation, nucleation, and
growth rates. For simplicity, the activation energy of incubation, de-



G. Tiphéne, G. Kermouche, P. Baral et al.

Materials & Design 233 (2023) 112171

0.50
O 300
T
0.45 =
—_
5 200
©
0.40‘%«”) , CIL.)
40 ¢ g— 100
= B 2N && (0]
80.35 3 (ggo? =
3 0 : !
- RI88 o0 0 100 200 300 Sood 8
@ 0.301 N time (min) 1
9 s 9 Q!
5 RIS 0.6~
e ‘2><>«>‘§ o NCA (4
£ 0.251 . N
0o
oo
0.201 9
0.15
0.10 : , | ; ! ! ! !
50 75 100 125 150 175 200 225 250
time (min))

Fig. 9. Hardness modeling of sample Al-r40-300C-3C/min-2min. The static recovery parameters have been identified on sample Al-r40-325C-3C/min-2h.

noted as Q,, was fixed at 1.0J/mol. This assumption implies that the
incubation time does not depend on temperature, which is highly un-
likely. According to Pantleon et al. [28], Q, and Q, are expected to
be of the same order of magnitude since the underlying mechanisms
are all based on atomic jumps. Secondly, the identifiability factor I is
greater than 2, indicating that the available data is not sufficiently in-
formative to identify a unique and stable solution. While uniqueness is
not achieved, the determined parameter values are very close to each
other.

The parameters determined from sample Cu-600C-5C/min are uti-
lized to predict the hardness changes in samples Cu-400C-1C/min and
Cu-250C-5C/min. The resulting predictions, shown in Fig. 8, are in good
agreement with the experimental data, indicating the reliability of the
model. This demonstrates the potential of the inverse methodology in
quantifying the kinetics of static recrystallization in copper. Once the
parameters are determined, the model can be applied to predict mi-
crostructure changes for various thermal cycles. It is evident that the
proposed methodology shows promise, although further refinements
may still be necessary to improve its accuracy and reliability. As shown
in Table 3, the heating rate does not have a significant impact on the
kinetics parameters, since recrystallization is the only restoration phe-
nomenon occurring in this case. The observation that recrystallization
occurs at a lower temperature with a slower heating rate may seem sur-
prising. However, when heating at a rate of 1°C/min, recrystallization
is detected around 220 min, while it occurs around 50 min when heat-
ing at a rate of 5°C/min. This difference in time is attributed to the fact
that when heating slowly, the sample spends more time at each tem-
perature, allowing for the formation of stable nuclei. Consequently, a
stable nucleus can be expected to form at a lower temperature when
the heating rate is slower. However, it should be noted that this is pos-
sible because no other restoration mechanisms that reduce the stored
energy of the sample are occurring simultaneously.

6.2. Application on cold-rolled aluminum

6.2.1. Quantifying the thermal activation of plastic flow

The main difference in the case of aluminum is the detection of static
recovery, which was evidenced using the Al-r40-300C-3C/min-2min
sample (see Fig. 6). This sample is utilized to determine the parame-
ter g, through linear fitting of the hardness variations during cooling.
Since the hardness decreases linearly with temperature during cooling,
it is assumed that a, does not vary with temperature. Furthermore, since

Table 4

Static recovery parameters of cold-rolled aluminum obtained by PSO.

Sample r U, vy (%) Vo0, 1
(kJ/mol) (eV)
Al-r85-325C-3C/min-2h 85% 207 133 2.68 1.19
Al-r60-325C-3C/min-2h 60% 207 148 2.93 1.70
Al-r40-325C-3C/min-2h 40% 207 153 2.78 1.61

the temperature dependence of hardness prior to recrystallization is not
influenced by the thickness reduction ratio, the same value of g is em-
ployed for all samples.

Samples Al-r85-325C-3C/min-2h, Al-r60-325C-3C/min-2h, and Al-
r40-325C-3C/min-2h are observed to be fully recrystallized at the end
of the thermal cycle. During the heating stage and at the beginning of
annealing at 325 °C, recrystallization and static recovery are expected to
occur, but they should not take place during the cooling phase. There-
fore, the parameter ay,y is evaluated based on the cooling behavior of
these samples.

Since room temperature corresponds to approximately one-third of
the melting temperature of aluminum, it is reasonable to assume that
the activation volume varies only slightly within the studied tempera-
ture range. Therefore, it is consistent to consider that the values of q,
and ap,y remain constant throughout the temperature range of interest.

6.2.2. Quantifying the kinetics of static recovery

A Particle Swarm Optimization (PSO) algorithm [38-41] is then ap-
plied to quantify the activation energy and volume of the static recovery
process, which are expected to depend on the initial thickness reduc-
tion ratio. Table 4 presents the parameters for static recovery based on
Verdier’s model. Previous studies [6,36,46] have shown that the acti-
vation energy remains constant for different cold-rolled states, while
the activation volume decreases with increased deformation. The de-
termined activation energy is consistent with literature data [6,36,46].
However, the activation volume appears relatively large compared to
data obtained for other aluminum grades. This discrepancy could be
attributed to the specific aluminum grade used in this study. Grades
containing magnesium tend to have a higher density of defects, result-
ing in a shorter average free path and thus a reduced activation volume.

The identification factor I <2 indicates a good identifiability of
the solution. The reconstructed hardness variations for sample Al-r40-
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Table 5
Recrystallization parameters of cold-rolled aluminum samples obtained by PSO optimization.
Sample r Heating rate to (min) by (min~") 0, n 1
(°C/min) (kJ/mol)
Al-r40-325C-3C/min-2h 40% 3 122 1010 127 1 4.95
Al-r60-325C-3C/min-2h 60% 3 100 1010 127 1 4.81
Al-r85-325C-3C/min-2h 85% 3 80 10'0 127 1 4.19
Al-r85-325C-1C/min-1h 85% 1 72 8.64 % 10° 139 1.22 18.3
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Fig. 10. Modeling of hardness changes of sample Al-r85-325C-3C/min-2h (orange), Al-r60-325C-3C/min-2h (red) and Al-r40-325C-3C/min-2h (yellow). Static
recovery and static recrystallization are evaluated by PSO algorithms. The obtained kinetics’ parameters allow consistent predictions compared to experimental
results. In the zoom on sample Al-r40-325C-3C/min-2h, some scattering in hardness values is obtained when the annealing starts (at 100 min). It is the sign of an
heterogeneous recrystallization detected here. The modeling gives a mean evolution of this phenomenon. The kink presents on the yellow curve is related to the

issue of modeling the incubation phase here.

300C-3C/min-2min are shown in Fig. 9, demonstrating a convincing
agreement between the reconstruction and the experimental data.

6.2.3. Quantifying the kinetics of static recrystallization

Using the identified parameters for thermal activation of plastic
flow and static recovery, the recrystallized fraction can now be com-
puted. The Particle Swarm Optimization (PSO) algorithm [38-41] is
once again employed to determine the recrystallization parameters, as
shown in Table 5. Since the kinetics of recrystallization is expected to be
influenced by the initial deformed state and the heating rate, the param-
eters are determined for samples Al-r85-325C-3C/min-2h, Al-r60-325C-
3C/min-2h, Al-r40-325C-3C/min-2h, and Al-r85-325C-1C/min-1h.

Incubation phase The incubation phase is influenced by the recovery
process, and therefore, it is expected that the incubation time (z,) would
depend on the heating rate. Let’s consider that the sample is initially
heated at a certain heating rate (f,,) until a specific recrystallization
temperature (Teg) is reached. Now, if the experiment is conducted at
a lower heating rate (§ < f,,), more time elapses before reaching 7,,,
allowing for greater recovery of the sample and reducing the amount
of stored energy. Consequently, it becomes more challenging to form
stable nuclei in the structure, leading to a higher incubation time. Al-
though the activation energy of the incubation phase is assumed to be
1J/mol, indicating that this phase is not thermally activated, the ob-
served values may not exhibit the expected trend due to the need for a
more refined model that accounts for the impact of static recovery on
recrystallization kinetics.

A similar analysis can be conducted to examine the impact of the
initial deformed state on the incubation time. Since the reduction ratio
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varies between samples, the stored energy also differs. Consequently,
when subjected to the same thermal cycle, the formation of stable
nuclei becomes more challenging for samples with a lower thickness
reduction ratio, leading to an increase in the incubation time. The ob-
served dependence of ¢, on the thickness reduction ratio aligns with
this expectation. However, conducting additional experiments would
be beneficial to quantify its dependence more accurately.

Nucleation and growth phase When using a heating rate of 3 °C/min,
it appears that the initial deformed state does not have a significant
impact on the growth parameters. The optimization algorithm yields
the same prefactor b, activation energy of nucleation and growth Q,,
and Avrami coefficient n for all samples. The obtained activation en-
ergy of growth is comparable to the activation energy of self-diffusion
in aluminum [47]. This finding aligns with the conclusions drawn by
Pantleon et al. [28], providing further consistency to the results.

The observed effect of the heating rate on the results is in line with
the presence of static recovery, which reduces the stored energy and
consequently can delay the onset of recrystallization. The parameters
related to nucleation and growth in sample Al-r85-325C-1C/min-1h dif-
fer from those of sample Al-r85-325C-3C/min-2h but still exhibit similar
magnitudes. This dependency of recrystallization kinetics on both heat-
ing rate and initial deformation state is consistent with expectations.

Similar to copper, it is not possible to obtain a unique and stable so-
lution for the parameters of recrystallization kinetics in aluminum. The
identification factor remains higher than 2, indicating that the avail-
able data are not sufficient to achieve a robust and reliable solution.
However, despite this limitation, the parameters obtained for static re-
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Fig. 11. Reconstruction of hardness changes for cold-rolled samples Al-r85-325C-3C/min-1h (green) and Al-r85-300C-3C/min-30min (cyan). Parameters were
determined on sample Al-r85-325C-3C/min-2h (black). The model and the experimental data are in good agreement during the heating and the holding at maximum

temperature.

covery and recrystallization are capable of successfully reconstructing
the hardness variations observed in the samples used for their evalua-
tion, as shown in Fig. 10.

6.2.4. Predicting microstructure changes

The reconstruction of hardness changes for samples Al-r85-325C-
3C/min-1h and Al-r85-300C-3C/min-30min is shown in Fig. 11. Over-
all, the model demonstrates good consistency during the heating and
holding segments, although a slight discrepancy is observed at the be-
ginning of the hold segment. Additionally, the model underestimates
the hardness increase during cooling. These discrepancies suggest that
there might be room for improvement in the fitting of the recrystalliza-
tion process.

It is worth noting that the model relies on certain assumptions re-
garding the variation of the activation of plastic flow. Specifically, it
assumes that the parameter g, is independent of the thickness reduction
ratio and does not vary significantly with temperature. Furthermore, the
assumption of a mixture law between g, and ag,y in temperature, as
used in equation S18, may not accurately capture the true behavior of
the activation plasticity parameter. Further refinements in the modeling
approach and additional experimental data could help improve the ac-
curacy of the recrystallization fitting and enhance the overall predictive
capability of the model.

7. Discussion

In this paper, it is shown that a few well-chosen HTSI tests can
discriminate thermally activated restoration mechanisms in cold-rolled
pure aluminum and copper samples. This ability is a direct result
of the HTSI method, which combines rapid loading cycles and high-
temperature nanoindentation methods, resulting in a significant num-
ber of data points throughout the thermal path [20,21]. This represents
a clear advantage over conventional high-temperature nanoindentation
testing [19,18,48], which requires a slow regulation procedure to limit
thermal drift during mechanical loading and typically yields only a few
nanohardness measurements per day of testing.

The dataset obtained through HTSI testing is somewhat compara-
ble to that obtained from Dynamic Scanning Calorimetry measurements
[11,12], albeit based on the sensing of mechanical properties. It offers
similar advantages, particularly the ability to detect material transfor-
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mations occurring during specific thermal paths, provided that these
transformations significantly affect mechanical properties. For example,
the HTSI method shows promise for screening the recrystallization tem-
perature of a particular alloy class based on its composition for a given
thermal path. This applicability can be extended to other metallurgical
phenomena such as precipitation hardening or phase transformation.

As demonstrated in the study conducted on cold-rolled aluminum,
the HTSI method enables the discrimination of various metallurgical
mechanisms within the same temperature range by manipulating ther-
mal paths and initial sample states. The next phase involves using the
HTSI method to quantify transformation kinetics, which necessitates the
application of metallurgical models with a set of parameters to be iden-
tified. This paper proposes the use of standard models [5,6,23,25-27]
developed for recrystallization and recovery in conjunction with an in-
verse identification method. The success of this approach is primarily
reliant on the quality of the experimental data.

The models employed in this study accurately reconstruct the hard-
ness variations with time and temperature, exhibiting excellent agree-
ment with HTSI experimental data. However, the significance of such
quantification is compromised if the uniqueness and stability of the so-
lutions cannot be ensured. To address this concern, the identifiability
index proposed by Richard et al. [42,43] holds promise. In this paper,
it is noted that the dataset is sufficiently comprehensive to quantify the
kinetics of static recovery in cold-rolled aluminum, but precise quan-
tification of recrystallization kinetics in both cold-rolled copper and
cold-rolled aluminum proves challenging. Particularly, quantifying the
incubation process from the available dataset is not straightforward.

This difficulty in quantification can be attributed to the nature of the
incubation stage, which governs the initiation of the recrystallization
process. As a stochastic process, it competes with recovery mechanisms.
Increasing the number of HTSI tests would undoubtedly enhance the
understanding of this process. Surprisingly, the quantification of subse-
quent recrystallization mechanisms, such as nucleation and growth, also
faces challenges despite the excellent agreement observed in terms of
hardness variations with time and temperature. The solutions obtained
for both copper and aluminum are not unique and stable, which is an
outcome of the inverse procedure attempting to quantify all param-
eters of various mechanisms within the same optimization step [42].
However, if the incubation stage were accurately quantified prior to
the optimization procedure, the identifiability index would be lower.
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Therefore, expanding the dataset through additional thermal paths is
necessary.

In this paper, the quantification of microstructure modifications was
solely based on hardness changes. However, it is important to note that
the hardness measurements at a given temperature exhibit some stan-
dard deviation. This variability can be attributed to a combination of
factors such as the size of the hardness imprints and the heterogene-
ity of the microstructure [49,50]. One interesting observation is that
the standard deviation of hardness is higher during heating compared
to cooling. This can be explained by the progressive transformation of
the heterogeneous cold-rolled microstructure into a more homogeneous
recrystallized microstructure during the thermal process.

Analyzing the variations in standard deviation with temperature can
provide valuable insights for modeling microstructure changes. In this
regard, statistical nanoindentation testing can be a useful tool [9]. By
considering the statistical distribution of hardness measurements, it be-
comes possible to gain a more comprehensive understanding of the mi-
crostructural heterogeneity and its evolution during thermal treatments.
Such information can contribute to the refinement and improvement of
microstructure models.

Indeed, nanoindentation is a localized testing technique that pro-
vides information about the material’s response in the first nanometers
to micrometers beneath the surface. By conducting tests at different
maximum depths during temperature experiments, it is possible to in-
vestigate variations in restoration kinetics due to the probed volume.
This approach enables the study of phenomena at very local scales, pro-
viding valuable insights into the material’s behavior.

To achieve this, it is necessary to implement an indentation cy-
cle that performs tests at a specific maximum depth, rather than a
maximum load, while varying the temperature. This allows for the ex-
amination of depth-dependent changes in mechanical properties and
restoration mechanisms. By analyzing the material’s response at differ-
ent depths, differences in the kinetics of static recrystallization can be
elucidated, providing a more comprehensive understanding of the phe-
nomenon.

It is important to note that static recrystallization is inherently het-
erogeneous, and conducting tests at a very local scale may miss the
initial moments of nucleation and growth. To overcome this limitation,
a combination of spatial analysis techniques, specifically designed HTSI
tests (such as those incorporating changing heating rates), and elec-
tron backscatter diffraction (EBSD) characterizations can be employed.
This integrated approach would provide more comprehensive results
and a deeper understanding of the observed behaviors, allowing for the
exploration of microstructural evolution and the impact of local-scale
variations on restoration mechanisms.

8. Conclusions

The High-Temperature Scanning Indentation method [20] has revo-
lutionized the study of microstructural changes during thermal cycling
by enabling the quasi-continuous measurement of mechanical proper-
ties. In this article, the restoration kinetics of cold-rolled pure aluminum
and pure copper are investigated using the HTSI technique. It has been
observed that the variations in hardness can be directly linked to mi-
crostructural modifications, indicating the occurrence of restoration
mechanisms within the deformed structure. The objective of this pa-
per is to quantify the kinetics of these processes.

The key points covered in this article are as follows:

» The HTSI method enables the study of microstructural changes in
cold-rolled pure aluminum and pure copper samples during ther-
mal ramping.

+ Variations in hardness with temperature serve as clear signatures
of the thermal activation of plastic flow, static recovery, and re-
crystallization processes.
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By combining basic models for static recovery and recrystallization,
accurate quantification of restoration kinetics can be achieved.
Static recovery is found to play a major role in the recrystallization
kinetics of aluminum.

No recovery is reported in pure copper, as expected due to its lower
stacking fault energy.

The effect of heating rates on recrystallization kinetics is observed
to be opposite, depending on the presence or absence of static re-
covery.

This paper highlights that the HTSI method is a valuable tool for
materials design. With a limited number of well-designed HTSI experi-
ments, restoration kinetics can be quantified, allowing for the establish-
ment of a relationship with alloy composition. Furthermore, the HTSI
technique shows promise for investigating other metallurgical phenom-
ena such as precipitation, phase transformation, and oxidation.
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