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Abstract

This paper presents an extensive benchmark study conducted across eight European research centres, focusing on the high-
temperature testing of the Alloy 625 nickel-based superalloy to evaluate its flow behaviour and microstructural evolution,
including grain growth (GG) and dynamic recrystallization (DRX). Uniaxial compression tests were performed at 1050 °C
and three strain rates (0.1 5™}, 1 57!, and 10 s™") using six testing facilities categorised into three types: two conventional ther-
momechanical machines equipped with electrical resistance furnaces, two deformation dilatometers with induction heating,
and two Gleeble machines with Joule heating. Flow curves were compared, and EBSD analysis was conducted to examine
DRX. Virtual twins of tests were developed to estimate the thermomechanical history at the centre of the samples, where
microstructural observations were conducted. The study methodically discussed the variability in thermomechanical behav-
iour and DRX results. Additionally, GG was investigated through heat treatments at 1150°C for various hold times, using
the three heating methods mentioned. Significant effects of the heating methods on GG were identified. In-situ synchrotron
analysis at PETRA III DESY provided deeper insights into microstructural evolution. Considering the extensive findings of
this research, this paper aims to establish guidelines and define best practices for high-temperature testing to characterise the
thermomechanical behaviour and microstructural evolution of materials, while providing insights for advancing experimental
mechanics and optimising constitutive model development.

Keywords Benchmark - High temperature testing - Uniaxial compression - Microstructural evolution - Grain growth -
Dynamic recrystallization - EBSD analysis - Virtual twins - In-situ testing

Introduction

High temperature manufacturing processes such as forg-
ing, rolling, and extrusion are essential for shaping metallic
materials into functional components used across various
industries, including aerospace, automotive, and energy
sectors. These processes expose materials to extreme ther-
mal and mechanical conditions, which induce significant
microstructural transformations that critically impact the
mechanical properties and performance of the final prod-
ucts [1]. The temperature, strain, and strain rate at which
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the material is deformed are crucial factors influencing its
thermo-mechanical behaviour and the microstructural trans-
formation phenomena during manufacturing processes [2].

Among the key microstructural evolution phenomena
observed during high temperature manufacturing processes
of single-phase metals are grain growth, dynamic recrystal-
lization (DRX) and post-dynamic recrystallization (PDRX)
which includes static (SRX) and meta-dynamic (MDRX)
recrystallization regimes [3, 4]. These mechanisms are fun-
damental to understand and to optimize the process-struc-
ture—property relationships [5]. GG refers to the minimiza-
tion of the total grain boundary (GB) network energy and
S0, to the increase in average grain size over time at elevated
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temperatures [6, 7], impacting material strength, ductility,
and other mechanical properties. DRX, on the other hand,
is the process of nucleation and growth of new grains dur-
ing deformation due to plastic deformation and disloca-
tions accumulation, resulting in refined grain structures and
improved material properties [8]. Furthermore, PDRX phe-
nomena occur after deformation, influencing the final micro-
structure and properties of the material [9]. Understanding
these microstructural evolution mechanisms in high tem-
perature manufacturing processes is essential for optimizing
process parameters, enhancing material performance, and
ensuring the reliability of manufactured components across
various industrial sectors [5].

Alloy 625, also known as Inconel 625, is a face-cen-
tred cubic (FCC) single-phase solid-solution strengthened
nickel-based superalloy renowned for its exceptional corro-
sion resistance, high strength at elevated temperatures, and
excellent weldability, standing as a cornerstone material
in advanced industries, such as aerospace, oil and gas, and
energy [10]. However, the utilization of Alloy 625 comes
with substantial cost considerations due to its high market
value and the complexity of its manufacturing requirements,
which arise from its high strength even at elevated tempera-
tures. These challenges are compounded by the demands
of high-temperature manufacturing processes, such as
forging and rolling, and the possible subsequent heat treat-
ment, which require precise control and optimization of the
manufacturing parameters [11]. Ensuring the desired micro-
structure in this superalloy necessitates accurate definition
and fine-tuning of process parameters such as temperature,
strain rate, and cooling rates during these high-temperature
manufacturing processes. The cost-intensive nature of Alloy
625 underscores the critical importance of minimizing scrap
and achieving consistent microstructural properties through
precise process control, thus maximizing material utiliza-
tion and component performance in demanding applications
[12-14].

Laboratory-scale thermomechanical testing plays a piv-
otal role in characterizing and modelling the flow behaviour
and microstructural evolution phenomena in materials like
Alloy 625, which are essential for defining optimal process
parameters [5]. These tests offer a controlled environment to
simulate the complex thermomechanical conditions encoun-
tered during high-temperature manufacturing processes. By
subjecting samples to controlled temperature, strain rate,
and deformation conditions, researchers can systematically
study the flow behaviour and the microstructural evolution
phenomena under diverse process conditions [15—-17]. The
insights gained from such testing not only aid in understand-
ing fundamental flow and microstructural mechanisms but
also contribute to the development of robust predictive mod-
els for material behaviour under varying processing condi-
tions [18-22]. Furthermore, any numerical model requires
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calibrated experimental data to isolate the physical param-
eters necessary for its use. Bridging experimental data with
computational modelling enhances process designers’ ability
to optimize manufacturing processes, predict material per-
formance, and design components with tailored microstruc-
tures and enhanced mechanical properties [23, 24].

Diverse thermomechanical testing equipment is employed
for experimental testing, each utilizing distinct heating meth-
ods, drive systems, lubrication methods and cooling sys-
tems to simulate different high-temperature manufacturing
conditions [5]. Universal tension—compression machines or
purpose-built testing facilities equipped with electric furnace
offer controlled heating environments suitable for studying
microstructural evolution under steady-state conditions [25].
Commercial deformation dilatometers, employing induction
heating, enable rapid heating rates, a precise temperature
control and fast quenching, making them ideal for investigat-
ing DRX phenomena during high temperature deformation
processes [26]. Thermo-mechanical deformation machines,
such as Gleeble® machines, can also utilize Joule heating
coupled with hydraulic or servo-mechanical drive systems to
provide advanced capabilities for simulating complex ther-
momechanical loading conditions encountered in industrial
processes like forging and rolling [27]. These three types of
laboratory machines encompass the primary testing facilities
used today for high-temperature material testing. By leverag-
ing these diverse testing platforms, researchers gain valuable
insights into the hardening and microstructural evolution of
materials like Alloy 625, contributing to the development of
robust process-microstructure-property relationships.

The use of diverse testing facilities with different heat-
ing, motion-control and cooling systems can lead to varied
experimental results when characterizing the hardening and
the microstructural evolution of advanced materials. Very
few papers in the literature have systematically assessed the
discrepancies arising from the utilization of different testing
facilities on the experimental characterization of microstruc-
tural transformation phenomena. Nicolay et al. investigated
the influence of heating methods on recrystallization (ReX)
phenomena in Alloy 718 [28]. The authors examined both
SRX and DRX regimes by comparing the effects of Joule
heating and conventional heating in a radiative furnace.
Remarkably, this study stands out as one of the few to delve
into this specific area of research. The findings suggest that
the choice of heating method may significantly impact the
microstructural evolution of the material under investigation,
shedding light on an important yet underexplored aspect of
experimental mechanics of materials. With the same objec-
tive, Rheinheimer et al. investigated the effect the electrical
field could have in the high temperature grain growth evo-
lution of the perovskite oxide strontium titanate [29]. They
concluded that the electrical field promotes grain growth,
and thus, a higher grain-boundary mobility.
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Another factor contributing to differences in results can
be attributed to the microstructural observation techniques
employed to analyse the resulting microstructure of the
tested samples. Limited comparative studies could only
be identified on this matter. Flipon et al. conducted a com-
parative analysis between microstructural results obtained
through electron backscatter diffraction (EBSD) analysis and
those derived from image analysis based on backscattered
electron (BSE) or optical micrographs (OM) [30]. They
focused on two materials: an austenitic stainless steel and a
hexagonal close-packed zirconium alloy. Additionally, their
study examined the influence of data processing parameters
on grain size determination. Similarly, Wright conducted a
parametric study on EBSD scanning parameters to assess
their influence on grain size determination in polycrystal-
line microstructures [31]. Both studies highlight that the
choice of microstructural observation methodology can sig-
nificantly affect the microstructural characterization results
and that terminology is also of prime importance when dis-
cussing grain size or recrystallized fraction, as these terms
can carry many different mathematical formulations in the
literature, despite the existence of ISO or ASTM standards
on the subject.

In summary, while the literature provides limited studies
in this area, there remains a notable gap within the scien-
tific community: the absence of a benchmark for comparing
equivalent tests conducted under identical conditions across
different testing facilities, in the field of flow behaviour and
microstructural evolution characterization of metallic mate-
rials. To address this gap, this research paper undertakes
an important initiative. Equivalent thermo-mechanical tests
were conducted in six distinct testing facilities and system-
atically compared, representing a significant step forward in
the field. These facilities encompass two universal compres-
sion machines equipped with electrical resistance furnaces,
two commercial quenching and deformation dilatometers
featuring induction heating, and two commercial compres-
sion machines employing Joule heating. By meticulously
designing and executing systematic procedures, this research
aims to contribute to the standardization of experimental
protocols and enhance the reliability of results in materials
science research.

In this research paper, samples extracted from the same
Alloy 625 bar underwent a uniform heat treatment process
in a single furnace to homogenize the initial microstructure,
ensuring consistency across all samples. Two distinct stud-
ies were then conducted. The first focused on analysing the
influence of heating methods (conventional radiative fur-
nace, induction, and Joule) on GG behaviour in the absence
of deformation. The second involved high-temperature uni-
axial compression tests conducted at the six mentioned test-
ing facilities to assess their impact on the flow behaviour and
microstructural results. Following the tests, all samples were

subjected to EBSD analysis using identical scanning param-
eters. Furthermore, in order to mitigate potential variations
in EBSD data processing, a standardized post-processing
methodology was applied to all EBSD files.

To enhance the precision of this experimental benchmark,
precise virtual twins of all testing facilities were developed
within the FORGE® simulation software [24]. These virtual
twins were generated to accurately represent crucial test-
ing parameters such as the heating method, kinematics and
friction conditions in each machine. These simulations were
employed to numerically estimate the thermomechanical his-
tory of the central region of the samples, where microstruc-
tural observations were conducted.

To complement the performed analyses, investiga-
tions were carried out at the PETRA III storage ring at the
Deutsches Elektronen-Synchrotron (DESY) facility, where
in-situ measurements of microstructural evolution were
acquired during high-temperature GG heat treatments and
uniaxial compression tests. This complex experimental
setup allowed for real-time observation of microstructural
changes as the samples underwent thermal processing and
mechanical deformation, providing valuable insights into the
dynamic behaviour of materials at complex high-tempera-
ture conditions.

Considering the extensive findings of the research, the
objective of this paper was to establish guidelines, standard-
ize methodologies, and define best practices for conducting
experimental tests aimed at characterizing the hardening and
microstructural evolution phenomena of materials at high
temperatures. It is important to highlight that the goal of
this research paper was not to favour or criticize any specific
testing facility or machine, but rather to objectively assess
differences that may arise from employing different testing
equipment.

Hereunder, the research centres and companies that par-
ticipated in this ESAFORM benchmark study are presented
(Table 1):

Material and experimental procedure
Selected material: Alloy 625

The samples employed in this study for the experimental
tests were cut by wire electrical discharge machining (EDM)
from the circumferential edge of a @160mmx1800mm hot
forged and unannealed Alloy 625 bar provided by the pro-
ducer of high-performance materials VDM Metals GmbH
(Fig. 1). The Alloy 625 nickel-based superalloy was selected
due to its characteristics as an austenitic single-phase FCC
material with no phase change, making it an ideal candidate
for the current investigation.
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Table 1 Participating partners in the ESAFORM 2023 benchmark project, performed tests and testing facilities employed per partner

Partner Abbreviation Tests Facility
CEMEF Mines Paris PSL CEM GG and DRX Conventional compression machine with radiative
University of Strathclyde—Advanced Forming AFRC DRX furnace
Research Centre
Mondragon Unibertsitatea MU GG and DRX TA Instruments DIL805 A/D/T compression dilatometer
RWTH Aachen University — Institute of Metal Form-  IBF DRX with induction heating
ing
AGH University of Krakow in cooperation with AGH/L-GIT GG and DRX Gleeble 3800 with Joule heating
Lukasiewicz — GIT
FAU Erlangen-Niirnberg — Institute of Manufacturing  LFT DRX Gleeble 3500 with Joule heating
Technology
Helmholtz-Zentrum Hereon GmbH HER GG and DRX TA Instruments DIL805 A/D/T compression dilatometer
in PETRA III DESY synchrotron
Transvalor TSV Virtual twins FORGE® simulation software

Fig. 1 Identification (in dashed red circle) of the circumferential edge
from which the samples for this study were cut. E=circumferential
edge of the bar; M =mid-radius; C=centre

It is important to note that the same Alloy 625 raw material
was used for all the tests performed in all the research cen-
tres, to rule out any influence that the difference in chemical
composition and/or the initial microstructure could have on
the performance of the material during the tests. The chemi-
cal composition of the employed Alloy 625 is presented in
Table 2.

The initial microstructure of the Alloy 625 @#160 mm bar
varied from its centre to the edge. The equiaxed microstruc-
tures in the centre (C), mid-radius (M) and edge (E) of the
initial bar are illustrated in Fig. 2 (a, ¢ and e, respectively),
clearly showing a finer microstructure in the circumferential
edge of the circular section. The mean grain size was measured
with light microscopy (LM) following the circular intercept
method of the ASTM-E112-12 standard [32]. The mean grain
size in ASTM was converted to microns by interpolating the
Table 4 of the ASTM-E112-12 standard. Mean grain sizes
resulted to be 17.0 pm (8.8 ASTM) in the centre, 15.9 um (9.0

ASTM) in the mid-radius, and 7.7 um (11.1 ASTM) at the
edge of the initial bar.

Optical microscopy observations are complemented by ker-
nel average misorientation (KAM) maps (Fig. 2 (b, d and e))
obtained by EBSD data post-treatment. The KAM parameter
provides an insight of the amount and spatial distribution of
stored energy (evaluated thanks to the dislocation density) and
is defined as the orientation difference between one pixel and
its neighbouring pixels. It is a local value, each pixel of the
image has a discrete KAM value, and it is calculated as:

KAM()) = % >0 (1
j=1

where 7 is the number of neighbouring pixels of 7, and 6;; is
the disorientation between pixels i and j. Neighbours can be
limited to only 1st level neighbouring pixels, but can also be
increased to more surrounding pixel-levels [33].

Before distributing the samples to the partners participating
in the benchmark, the samples underwent a homogenization
heat treatment for 30 min at 1,150°C in an electrical furnace
(Hobersal CRN-5X/17 PAD P) at MU. According to the lit-
erature, the solvus temperature of Alloy 625 is 1,060°C [34].
Figure 3 depicts the KAM maps of the as-received material at
the circumferential edge, and after the pre-test solution anneal-
ing of 30 min at 1,150°C. The differences in grain size and
misorientation angle before and after the heat treatment can
be clearly seen. As expected, after the solution annealing, the
grain size increases, and a reduction in dislocation density is
evident, with a final grain size of 86.4 um at the circumferen-
tial edge.

Table 2 Chemical composition
of the employed Alloy 625 [wt.

Ni Cr Mo Fe

Nb Ti Al Si Mn C P S

%]

59.6 22.3 9.1 4.6

3.4 0.33 0.23 0.15 0.05 0.02 0.006 0.001
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Fig.3 a) LM micrograph and b) KAM map of the microstructure at the circumferential edge after a solution annealing of 30 min at 1,150°C

Fig.4 Experimental procedure T [°C] A
applied to cylindrical specimens . . . .
to assess the influence of the 30 min H(ildlng time A7 € [0,120] Illln
heating technology on grain 1150 - .
growth kinetics | |
S o EBSD measurement
L = . .
S 3 of grain size
2 8 .
§ S ({j Grain growth tests for Same methodology
2= < different holding times Jor all samples
S 3 ~
S N
=<
Radiative ‘ Radiative furnace,
Sfurnace / induction and Joule heating
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Time

GG tests

The GG testing procedure as illustrated in Fig. 4, was
applied to the cylindrical samples using three machines and
heating technologies.

Samples were tested in conventional electrical furnaces
preheated to 1150°C at CEMEF and MU. @10mm x L15mm
samples were used in the tests, and the heating rate was
monitored using thermocouples, which resulted in an aver-
age heating rate of 16°C/s. After reaching the objective
temperature, a heat treatment at 1150°C for a duration At €
[0;120] minutes was applied to the sample to study the GG
kinetics of the material.

With the objective to study the influence of the heat-
ing technology on the GG kinetics, the same procedure

@ Springer

was repeated using Joule effect heating in a Gleeble 3800
machine at AGH//L-GIT and using induction heating in a
TA Instruments DIL 805A/D/T dilatometer at MU. In order
to mimic the same heating profile as the one recorded in the
conventional electrical furnaces at CEMEF and MU, a heat-
ing rate of 16°C/s was defined in both machines. The stand-
ard sample sizes of @10mm X L12mm and @5mm X L10mm
were used for the Gleeble and the dilatometer tests,
respectively.

All samples were quenched in a maximum of 2 s at the
end of the holding time to freeze the microstructure. To
compare the samples and the resulting microstructure, all the
samples were prepared for microstructural analysis follow-
ing the procedure explained in "Metallographic preparation
and microstructural analysis" section.



International Journal of Material Forming (2025) 18:33

Page7of36 33

Compression tests to study the thermomechanical
behaviour and DRX kinetics

To assess the influence of the heating technology on DRX
kinetics, hot compression tests were performed in the same
thermomechanical conditions on six different devices, which
are classified and schematized by machine type in Fig. 5. As
detailed in "Selected material: Alloy 625" section, all cylin-
drical samples underwent a homogenization heat treatment
at 1,150°C for 30 min in an electrical furnace at MU prior
to the uniaxial compression tests. This ensured a consistent
initial material state across all cases. The sample diameters
and heights varied among testing facilities, as illustrated in
Fig. 5, and were determined based on the maximum force
capacity of each testing machine.

Two conventional tension/compression machines
equipped with a furnace were used for the thermomechanical
testing of samples using conventional electrical heating. Two
Gleeble machines (3800 and 3500) were used for the ther-
momechanical testing of samples using Joule effect heating.
Finally, two TA Instruments DIL 805 A/D/T dilatometers
were employed to test the samples using induction heating.

Based on previous work [35] with the same Alloy 625
material, macroscopic strains were defined for each machine
and testing condition (strain rate and fixed temperature). The
ultimate goal of all tests was to achieve an approximate 50%
recrystallized fraction at each strain rate and testing facility.

Fig.5 Graphical representation
of the employed testing facilities a)

To accomplish this, numerical modelling of the process was
performed using the approach described in "Virtual twin of
experimental tests" section, along with a thermomechani-
cal and a Johnson—Mehl-Avrami-Kolmogorov (JMAK) ReX
model developed by Agirre et al. at MU [35]. In the initial
simulations, a Tresca shear friction factor of m=0.4 was
assumed, and facility-dependent sample geometries were
used. The resulting macroscopic strains to be reached at each
testing condition and facility are summarized in Table 3.

The testing procedure for the thermo-mechanical com-
pression tests is illustrated in Fig. 6, and the specific details
used at each facility are provided below:

e CEMEF: MTS Landmark 370-25 (hydraulic) machine
equipped with a conventional LGTEC electrical radia-
tive furnace. Samples were introduced to the furnace
and held in the testing position for 5 min to reach the
testing temperature. Temperature control was performed
using the thermocouple of the furnace, and two K-type
thermocouples were located at the ends of the two tools
(TC1 and TC2) to monitor the local temperature near
the sample, as shown in Fig. 5(a). Sample dimensions
were @10mm x L15mm. All the samples were water-
quenched just after testing to freeze the microstructure.
Boron nitride was used as a lubricant.

e AFRC: Zwick/Roell Z150 (Screw driven test frame,

Table 3 Macroscopic strains (&)
used in the compression tests
for the different testing facilities

and strain rates (€). *tests in
LFT were not performed with
constant true strain rate but at
constant speed

£= [< spanclass =" convertEndash’ > 0.01 — 0.1 < /span >]s" )
Conventional b Gleeble TA deformation
machines equipped ) machines (Joule c) dilatometers
with radiative furnace effect heating) (induction heating)
Tool Tool Tool
( J
\¢| / rc2
o l * @ =% | l rez
g L o
Ot ol 105 @ S S o TTEL//(/ 3 m{, w9
15 SE 112¢ Lig L0
O X T N O §§ T—‘ § -
Qx| v | * @ e
O O Lol Induction
‘ ! coil
Tool Tool Tool
Testing facility True strain rate [s”']
£=0.01 £=0.1 é=1.0
Conventional machines with electric furnace £=0.53 £=0.62 e=0.69
(CEMEF and AFRC)
TA Instruments DIL 805A/D/T (MU, IBF and HER) £=0.6 £=0.68 e=0.75
Gleeble 3800 and 3500 machines £=0.54 £=0.65 e=0.74

(AGH/L-GIT and LFT*)
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Fig.6 Experimental procedure

axi sion fos 7/ EBSD
of uniaxial compression tests for T[°C] s |
hardening and DRX analysis A / microstructure
30 min _ TT ! measurements
1150 > Emacro = f (facility, €) ! z \
5min _ ¢ € [0.01,0.1,1] ! w1
1050 | b : ¥4 | '
S . 3 - 3
£ 3 : i :
_g S Uniaxial compression ' . :
§0 § L\? tests under various ; :
§ g > temperature and !
S 2 - strain rates /
Radiative . Heating rate as radiative
furnace / furnace in all tests
A
7
Time

and Zwick/Roell Amsler HA250 (Hydraulic, ¢ = 1s71)
equipped with a conventional electrical radiative furnace.
Samples were introduced to the furnace at room tempera-
ture. Then both the furnace and the sample were heated
together to the testing temperature in 1 h. Temperature con-
trol was performed using one K-type thermocouple located
at the centre of the sample (TC3) as shown in Fig. 5(a).
Sample dimensions were 310mm X L.15mm. Boron nitride
was employed as lubrication, and samples were water-
quenched just after testing to freeze the microstructure.

e AGH/L-GIT and LFT: Gleeble 3800 and 3500
machines (Joule effect heating). Temperature control was
performed using a central K-type thermocouple (TC1),
and an additional K-type thermocouple was located in
one of the sample ends to monitor the thermal gradient
within the sample (TC2), as shown in Fig. 5(b). Tan-
talum foils and graphite paste were used as lubricants
and to reduce the thermal gradient between the sample
and anvils. Sample dimensions were @10mm x L12mm.
Samples were water-quenched just after testing to freeze
the microstructure.

e MU and IBF: TA Instruments DIL 805A/D/T dilato-
meters (induction heating). Temperature control was

Table 4 Post-deformation

performed using a central S-type thermocouple (TC1),
and an additional S-type thermocouple was located in
one of the sample ends to monitor the thermal gradient
within the sample (TC2), as shown in Fig. 5(c). Molyb-
denum foils were used as lubricants and to reduce the
thermal gradient between the sample and anvils. Sample
dimensions were @5mm X L10mm. Samples were argon
quenched just after testing to freeze the microstructure.

It is important to highlight that all uniaxial compression tests,
except those conducted at LFT, were performed with a constant
macroscopic true strain rate (v(¢) / h(f)). In most studies found in
the literature, which investigate flow behaviour and DRX phe-
nomena, tests are carried out at a constant macroscopic true strain
rate [36, 37]. To analyse the impact of maintaining a constant true
strain rate versus a constant speed (variable true strain rate) on
both the flow curves and the DRX kinetics, the LFT tests were
performed at a constant speed. This methodological choice was
made to specifically isolate and examine the effects of strain rate
consistency. The findings from this analysis are detailed later in
"In-situ GG results" section.

Since the quenching time following the completion
of the uniaxial compression test significantly influences
the DRX kinetics results [15], Table 4 summarizes the

N X X o Partner Facility Post-deforma-
cooling tlmes in the uniaxial tion cooling
compression tests for t'he time [s]
analysis of DRX kinetics

CEM Conventional compression machine with radiative furnace 1.18—1.8

AFRC 15

MU TA Instruments DIL805 A/D/T compression dilatometer with 2

IBF induction heating 2

AGH/L-GIT Gleeble 3800 with Joule heating 1

LFT Gleeble 3500 with Joule heating 1

@ Springer
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post-deformation cooling times for all research centres.
Quenching times are below 2 s in all the cases, except the
samples tested at AFRC, which had longer cooling times
(15s).

As in the previous grain growth tests, for the comparison
of the samples and the resulting microstructure, all the sam-
ples were prepared for microstructural analysis following
the procedure explained in "Metallographic preparation and
microstructural analysis" Section.

In-situ GG and DRX tests at DESY synchrotron

A dilatometer DIL 805A/D/T from TA instruments was
used for in-situ testing at hutch EH3, operated by Hereon,
of beamline PO7 at the PETRA III storage ring at Deutsches
Elektronen-Synchrotron (DESY) shown in Fig. 7. Unlike
in the previous tests, and to analyse the homogenisation
step in-situ, the samples were not homogenised previously.
Thus, all phases were conducted within the in-situ testing
facility. This included homogenisation (30 min/1150 °C,
heating rate 16 K/s), quenching (cooling rate 100 K/s),
holding at room temperature for 5 min, followed by sub-
sequent heating and deformation phase, and the final
quenching.

The samples had a size of @5 mm xL.10 mm, and 100 um
Mo foils were inserted at both ends to reduce the tempera-
ture gradient between stamps and sample. The temperature
was controlled by a type S thermocouple spot welded on
the sample, as depicted in Fig. 5c. The processing chamber
was flooded with He to 800 mbar before the test. X-rays
with a photon energy of 103 keV and a beam cross-section
of 400 um X400 pm were used to record images with a set
of full diffraction rings using a PerkinElmer area detector
with a pixel size of 200 um at a distance of 1.362 m from the
sample. Exposure times were between 0.1 and 2 s. As in the

Fig.7 TA instruments DIL
805A/D/T dilatometer at hutch
EH3 of beamline P07 at the
PETRA III storage ring at the
deutsches elektronen-synchro-
tron (DESY)

To detector area |

(distance ~1.4 m)

DRX tests, three different strain rates were used (0.01 s,
0.1s"and 1s™).

Diffraction rings are only homogeneously filled with
intensity when the grain size of the material is sufficiently
small. As the grain size increases, the rings become increas-
ingly spotty; single large spots originate from single large
grains. It is worth mentioning that this effect also depends on
the cross-section of the X-ray beam—a larger beam includes
more diffracting grains. Although there is no standard
method to derive a mean grain size from this effect, quali-
tative conclusions can be drawn. For this purpose, FIT2D
[38, 39] was used to produce tables with intensity along a
diffraction ring, integrated in the radial direction over the
peak width. These tables were used to calculate the rough-
ness of a diffraction ring. The roughness of a diffraction ring
is defined as:

1 % 2
R = E 1. — 1.
n—l i=2(1 1—1)

where /; is the intensity along the diffraction ring from O to
360°, n is 3600 and I is the mean value of the intensity along
the ring. R describes the root mean square of intensity dif-
ferences between neighbouring segments on the diffraction
ring. Similar approaches have been used before [40]. The
calculation method used here does not add roughness to an
intensity plateau on the diffraction ring, unlike calculations
based on the difference from a mean value.

NI =

Virtual twin of experimental tests

The test configuration for the compression tests must be
carried out with meticulous methodology, as many factors
influence the final result. Although high strain and strain

High-energy X-ray beam
from undulator
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radiation
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rates are achievable with compression mode testing, there
are inherent difficulties that affect the quality of the results,
even if the experimental setup is carefully defined and
executed. The main drawbacks during high-temperature
compression testing are friction between the anvils and the
temperature inhomogeneity. The latter is primarily caused
by heat transfer between the sample and the tools and the
adiabatic heating of the sample, which is more pronounced
at high testing speeds. Friction can be minimized but never
completely avoided by using appropriate lubrication and
contact foils, which serve as a lubricant, and reduce the heat
transfer coefficient between the anvils and the testing sam-
ple. On the other hand, the adiabatic heating of the sample
is practically uncontrollable. During high-temperature and
high-speed testing, heating occurs in a short time, making
in-line temperature control using welded thermocouples
nearly impossible.

As a consequence, neither the strain rate nor the tempera-
ture remains constant during the test. The best way to handle
these effects and account for them when extracting the test
results is to measure them as accurately as possible during
the test. The temperature at the outer edge of the sample
can be recorded by thermocouples, and this temperature is
expected to be very similar to that at the centre of the sample
given the small size of the samples. However, deviations
may occur longitudinally if the insulation between the tools
and sample is not effectively performed, resulting in an inho-
mogeneous testing temperature. Similarly, the macroscopic
strain can be measured using high-temperature extensom-
eters or pushing rods that follow the tool during deformation.
However, if barrelling occurs due to friction, the strain and
strain rate at the centre of the sample can differ significantly
from the calculated macroscopic strain.

For these reasons, developing a relatively simple yet
accurate virtual twin through numerical simulation is crucial

a) Pure isothermal
p Testing = Testing
ﬁ temperature @ temperature
1050°C &) 1050°C ©
HTC with S HTC with S
No HTC ambient = ambient =

555555

with ambient

No HTC with anvils
No HTC with anvils
No HTC with anvils

b) Adiabatic heating + heat
transfer with ambient

to indirectly estimate the real centre thermo-mechanical con-
ditions (temperature, strain, and strain rate) by using the
experimentally measured signals (temperature and kinemat-
ics). This is particularly important because the centre of the
sample is typically used for microstructural evaluation after
the test. Various numerical models were developed by Trans-
valor in the FORGE® simulation software during the bench-
mark to inversely calculate the thermo-mechanical condi-
tions at the sample centre. A local constitutive model for
Alloy 625, developed by Agirre et al. at MU, was employed
for the simulations [35].

Although current technology allows for the simulation
of Joule heating and induction heating, as demonstrated in
[41, 42], determining the specific features of the heating
sources remains challenging and unknown to researchers.
Experimentally, it is known that there is a longitudinal ther-
mal gradient in the TA dilatometers and Gleeble machines
although using tantalum and molybdenum foils for insula-
tion purposes ("Thermomechanical characterisation" sec-
tion). Taking advantage of this information, three models
were developed, see Fig. 8.

The first model, the simplest, assumes no temperature
loss between the sample and the tools or surrounding air,
and no adiabatic heating of the samples is taken into account
(Fig. 8a). This is considered a simple and accurate approxi-
mation since the induction heaters and Joule heating devices
continuously control the temperature to keep it as constant
as possible. Additionally, the entire setup is heated to the
testing temperature in the electrical oven, making this model
well-suited for such cases.

To validate this approach, two additional numerical mod-
els were developed. In the second model (Fig. 8b), adiabatic
heating of the sample is considered, and a high heat trans-
fer coefficient (HTC =20,000 W/m?K) between the sample
and the ambient temperature is included, with the ambient

¢) Adiabatic heating + heat
transfer with ambient and anvils

555555

No HTC with anvils

444 HTC with anvils
I SSS  HTC with anvils

Adiabatic
heating

Adiabatic
heating

No adiabatic heating
(sample at 1050°C)

Fig.8 Simplified numerical models created to simulate the high temperature compression tests: a) Isothermal case with no adiabatic heating;
b) Adiabatic heating case with heat transfer with ambient; ¢) Full model considering adiabatic heating and heat transfer with anvils and ambient
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temperature set to the testing temperature in the simulation.
The goal of this model is to capture the continuous heating
action of the machines and to study the radial and longitu-
dinal thermal gradients in the sample due to adiabatic heat-
ing. The heat transfer with the ambient air ensures that the
sample cools down to the surrounding ambient temperature,
even when adiabatic heating occurs. This feature may be
important for slow velocity tests, where, without heat trans-
fer, the sample’s temperature would increase during testing.

Finally, the third model (Fig. 8c) incorporates adiaba-
tic heating, heat transfer with the ambient temperature, as
well as heat transfer (HTC =20,000 W/mZK) with the tools,
which are maintained at 1000°C, 50°C lower than the sample
testing temperature. This model takes into account longitu-
dinal thermal gradients that may arise during heating and
compression due to cooling through the anvils, as well as
thermal loss or gain with the ambient temperature, set to
match the testing temperature. This model permits the study
of the effects of radial and longitudinal thermal inhomoge-
neities on strain rate and strain calculations at the centre of
the sample, which is the primary aim of the models. The
employed HTC values are extremely high, and the model is
used to estimate the error that the isothermal model might
produce in the worst-case scenario.

All the models were created using the FORGE® soft-
ware, with the sample dimensions matching those used in
the Gleeble machines (@10mm x L12mm). This sample size
was chosen because it has the potential for the largest radial
thermal gradients simply due to its larger radius. Firstly, the
effect of friction on the local strain rate and strain in the
sample centre was evaluated. This parameter significantly
influences barrelling and the disparity between the macro-
scopic and centre strain rate and strain, and it is crucial for
researchers to set it accurately to obtain precise thermome-
chanical conditions occurring in the sample centre. For this
purpose, three different friction values were employed, rang-
ing from sliding (m =0) to moderate friction (m=0.4), using
the Tresca shear friction model.

Simulations were conducted utilizing the isothermal
numerical model outlined in Fig. 8a. As depicted in Fig. 9,
the friction coefficient notably affects the strain and strain
rate in the sample centre. The strain rate is not constant
and differs from the macroscopic constant strain rates
defined in the simulation, which utilizes a non-constant
anvil displacement (Ah = ho[l - exp(ét)]). As observed,
the strain rate is close to the theoretical nominal strain
rate when a frictionless situation is simulated. As fric-
tion increases, barrelling also increases, which enhances
the inhomogeneity of the strain field. In these cases, the
strain rate exhibits a hyperbolic shape, increasing at the
beginning and then showing a decreasing trend as the test
progresses. The equivalent strain distributions across the
samples’ cross-sections at the final macroscopic strain
state are also presented in the graphs.

Figure 10 shows the effect of heat transfer on the centre
strain. In all cases the friction factor was set as m=0.4. In
the isothermal model (Fig. 8a) and the model that accounts
for adiabatic heating and heat transfer with the ambient
(Fig. 8b), the results are identical. Small differences are
also observed in the model that accounts for adiabatic
heating, heat transfer with the ambient, and heat trans-
fer with anvils (Fig. 8c). This model aims to demonstrate
exaggerated errors due to non-homogeneous sample tem-
perature, primarily caused by the cooling of the samples
through contact with the anvils. In this third model the
barrelling shape changes with a more pronounced bulg-
ing in the sample centre, causing slight deviations in the
strain field.

In view of these results, all the centre strains presented in
this work hereafter were calculated via the isothermal model.
It has been sufficiently demonstrated that the strain field in
the sample centre is governed by the barrelling shape, which
primarily changes with the friction coefficient. Moreover,
the numerical model can be adjusted for each testing setup
and condition by only modifying the friction coefficient
and using inverse simulation. This approach corrects both
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Fig.9 Effect of friction factor (m =0—0.4) on strain rate in the sample centre. Macroscopic strain rates of a) 0.01 s, b)0.1s and¢) 157!
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friction effects and temperature inhomogeneities by adjust-
ing a single parameter and using a simple numerical model
that does not account for any heat transfer.

The friction coefficient was adjusted for all the tests per-
formed on the different machines used in this benchmark.
The optimization of the friction coefficient was done by
considering the final maximum and minimum diameters

measured in the samples after deformation, caused by bar-
relling (Fig. 11).

The average maximum and minimum diameters observed
in the different machines and tests are depicted in Fig. 12,
where the experimental and numerical diameters of all the
tests together with their standard deviations are shown. In
general, the results showed minimal variation among tests
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Fig. 10 Influence of the heat transfer on the strain in the sample centre. Macroscopic strain rates of a) 0.01 s™!, b) 0.1 s and ¢) 1 s~!. Employed
friction factor in all cases: m=0.4. @®: Isothermal, ®: Adiabatic + HT ambient, ®: Adiabatic +HT all
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conducted on the same type of machine. All the Gleeble tests
were tuned using a friction factor of m=0.2, which showed a
good fit with the experimental results. Similarly, the results
obtained with the dilatometers were fitted with a friction
coefficient of m =0.8. The conventional machines equipped
with a electric furnace exhibited the smallest friction, with
a friction coefficient of m=0.05.

To finish with this section, the evolution of the equivalent
strain rate at the sample centre, estimated through inverse
simulations, is presented in Fig. 13. The results reveal a
direct correlation between the evolution of equivalent strain
rate and both the friction between the sample and tools and
the kinematics of the testing facility’s moving tool (constant
vs. non-constant macroscopic strain rate, explained later in
"Thermomechanical characterisation" section).

Higher friction, as observed in dilatometers at MU and
IBF, results in a more pronounced barrelling effect, lead-
ing to a significant increase in equivalent strain rate during
compression. Conversely, due to low friction, the equivalent
strain rate at the sample centre remains relatively constant in
tests conducted at AGH/L-GIT, CEMEF and AFRC.

The impact of tool kinematics, whether maintain-
ing a constant strain rate or constant speed, as explained
later in "Thermomechanical characterisation" section, is

evident when comparing the equivalent strain rate evolu-
tion between AGH/L-GIT (constant strain rate) and LFT
(constant speed). With constant strain rate tool kinemat-
ics, the equivalent strain rate remains nearly constant at
the centre, whereas with constant speed tool kinematics,
the equivalent strain rate gradually increases with strain.
Ideally, low friction and constant strain rate are desirable
to maintain a constant equivalent strain rate at the centre.
If the tests are performed with high friction or constant
speed, the equivalent strain rate in the centre significantly
increases. However, as the variations in strain rate are rela-
tively minor and do not involve changes in the order of
magnitudes, the observed differences are not expected to
considerably influence the DRX kinetics.

Metallographic preparation and microstructural
analysis

Once all the GG and the DRX tests were performed in all
the research centres, the microstructure of the centre of
each tested sample was measured with the EBSD tech-
nique in different SEMs. To this end, the tested samples
were sectioned from the central cutting plane parallel to

0.01s’! 0.1s!
0.024 0.26
570022 ¢ CEM 024 ¢ -
D 002 | g §0.22 L o
50'018 I goolé 7 AGH
20016 - —AGH 50'16
s s0.16 | LFT
=0.014 LFT ‘;014 |
g —MU : —MuU
0.012 + £012 b
IBF Bhe IBF
g 0.01 2 0.1
0'008 Il 1 1 1 0'08 1 1 1 1 Il
0 0.2 0.4 0.6 0.8 1 0 02 04 06 08 1 12
Eq. strain (centre) [-] Eq. strain (centre) [-]
Is!
26
—24
222 | —CEM
£, AFRC
(5}
218 —AGH
o
g16 1 LFT
=] L
5 14 —MU
212
- IBF
m 1
0.8 :
0 0.5 1 1.5

Eq. strain (centre) [-]

Fig. 13 Equivalent strain rate in the centre of the DRX tested samples estimated by inverse simulation in FORGE® for macroscopic strain rates
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EBSD
| observation
zone

Fig. 14 a) Cutting plane of the cylindrical samples tested to study the
DRX evolution of alloy 625, and b) location of EBSD observations in
the central zone of the samples

the deformation direction (Fig. 14a), and all samples were
prepared for EBSD analysis. The microstructure in the
central zone of the samples was analysed (Fig. 14b), as
this was the zone with the highest strain localization due
to the barrelling effect.

The samples were prepared for the microstructural analy-
sis according to the following methodology:

e CEMEF: Sample cutting using a micro-cutting machine
with cut-off wheels. Standard metallographic prepara-
tion:

1) Sample hot mounting in non-conductive resin (just
used for polishing steps).

2) Polishing with SiC papers (from 320 to 4000 grit
size).

3) Polishing with diamond solutions 3 pm and 1 pm.

4) Vibratory polishing with colloidal silica for 3 h.

5) Unmounting of the sample from the resin.

¢ AFRC: Samples were cut using a micro-cutting machine
and mounted in a conductive resin for EBSD. This was
followed with the standard metallographic preparation:
wet polishing with Sic papers from 200 to 4000 grit size,
dry polishing with diamond paste 3 pm and 1 pm, fin-
ished with vibratory polishing.

e AGH/L-GIT: Specimens were cut using a micro-cut-
ting machine and mounted in a cold conductive resin.
They were grinded using 500, 800, 1200 and 2500 SiC

papers. Subsequently, they were polished with 3 microns
(MD-DAC pad) and 1 micron (MD-NAP pad) diamond
suspensions, followed by OPA (MD-Nap pad) and OPS
(MD-Chem pad).

e LFT: Sample cutting employing wire EDM, sample
mounting in a conductive resin for EBSD, and standard
metallographic preparation by wet grinding (3 min P240,
P600, and P1200 SiC grit papers successively, applying a
25 N force), standard polishing (5 min using a diamond
solution of 6 pm and 1 pm successively, applying a 25 N
force; and 5 min using an alumina suspension solution,
applying a 25 N force) and final 4 h of vibratory polishing.

e MU: Sample cutting employing wire EDM, sample
mounting in a conductive resin for EBSD, and standard
metallographic preparation by wet grinding (3 min P240,
P600, and P1,200 SiC grit papers successively, applying
a 25 N force), standard polishing (5 min using a diamond
solution of 6 pm and 1 pm successively, applying a 25 N
force; and 5 min using an alumina suspension solution,
applying a 25 N force) and final 4 h of vibratory polish-
ing.

e IBF: Specimens were cut using diamond wire cut and
cold mounted in conductive resin. Then, they were
ground using 320 SiC papers for 1 min and 2500 SiC
papers for 2 min, polished with 3 microns (MD-DAC
pad) for 3 min, 1 micron diamond suspensions (MD-NAP
pad) for 3 min and colloidal silica of OPS (MD-Chem
pad) for 4 min. Finally, the samples were vibratory pol-
ished with colloidal silica of OPU for 4 h.

Once the samples were prepared, EBSD scans were con-
ducted at each participating research centre. Despite the
EBSD analysis being performed at different locations, iden-
tical EBSD parameters were defined for all scans to mini-
mize variations resulting from differing EBSD settings. The
EBSD parameters used in this study are listed in Table 5, in
which both the parameters for the GG and DRX analysis are
specified. The Grain Orientation Spread (GOS) parameter
was selected to identify the recrystallized grains on the DRX
samples. The GOS parameter is defined as the orientation
difference between one pixel and the mean grain orientation:

GOS:L

N
N-1 ~

z|—
M=

0.1 # ] ()
1

i=1 j

Table 5 EBSD parameters used by all the research centres participating in this ESAFORM Benchmark project

Area GG/DRX [pmz] Step size GG/DRX [pum]

HAGB threshold [°]

Detwinning angle tolerance DRX threshold

36002700 / 300 x 300 3/0.15 10

60° (£5%)<111> GOS>2°— NoRX

GOS<2°—= RX

GG Parameters for grain growth analysis. DRX Parameters for dynamic recrystallization analysis, HAGB high angle GB
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Each grain has a discrete GOS value, which represents the
mean geometrically necessary dislocation (GND) density of
a grain. The main advantage of the GOS parameter is that
it does not depend on the step size used for the EBSD scan
[33].

In this study, grains with a GOS misorientation lower or
equal to 2° were thus considered as recrystallized grains,
and those with a GOS higher than 2° as non-recrystallized
grains. The microstructures were also cleaned of their twin
boundaries.

Once the EBSD scans were completed at all research cen-
tres, the EBSD files were uniformly post-processed using the
MTEX Matlab toolbox [43, 44], an open-access toolbox for
microstructural analysis. All files were processed with the
same script to ensure consistency and avoid discrepancies aris-
ing from different post-processing strategies. This approach
was adopted to maintain uniformity in the final microstructural
results, though no separate analysis was conducted to evalu-
ate the impact of the EBSD post-processing on the outcomes.

In this MTEX script, a threshold of a minimum of 10 pixels
per grain and a minimum grain diameter of 2 um was set to
exclude small imperfections from the EBSD scans that do not
constitute actual grains. No additional cleaning or smoothing
strategies were applied.

The size of each grain was calculated by converting the
area of the grain into the equivalent circle diameter (ECD) by
the relationship:

6,= /% 3)

where ¢J; and S; are the equivalent circle diameter and grain
surface of the i™ grain, respectively. The mean grain size
was calculated as:

N
0y =75 2.0 @
i=1

where N is the total number of analysed grains.

The average recrystallized grain size was calculated to char-
acterise the DRX phenomena under each thermomechanical
condition. To this end, as mentioned previously, the recrystal-
lized and non-recrystallized grains were classified based on
the GOS misorientation of the grains in the area of analysis,
see Table 5.

Once the recrystallized grains were identified, the average
recrystallized grain diameter was calculated via:

NRX
1
Opx)=— ) 0 5
(One) = 5 2 O )
where @y, is the equivalent circle diameter of the i recrys-

tallized grain, and Ny is the total number of recrystallized
grains.

Finally, the recrystallized fraction was calculated as follows:

(6)

where S, is the area of the i™ recrystallized grain and S, is
the total analysed area.

EBSD location and magnification influence

A study was conducted to evaluate the influence on the DRX
results of both the location and magnification selected for
EBSD scans (Fig. 15). As previously mentioned, EBSD
analyses were performed at the centre of the tested sam-
ples. However, accurately selecting the exact central points
in the SEM can be challenging. This study aimed to evalu-
ate the potential errors introduced by the selected location
and magnification during EBSD scanning. For this investi-
gation, one of the samples tested in the dilatometer at MU
for DRX analysis was used (@5mm X 10 mm). The sample
size was the smallest tested in the benchmark, making it the
most likely to exhibit errors arising from the selection of
the central zone for EBSD scanning. Moreover, the samples
tested in the dilatometer showed the biggest friction values
(m=0.8), therefore, the strain gradient in the cross-section
should also be the biggest of all the tested cases.

To analyse the influence of the selected location for
EBSD scans, a systematic approach was followed. Initially,
the central point of the sample was selected, and an EBSD
scan was conducted with a magnification of X 350 and a step
size of 0.3 um, covering an area of 300 x 300 um?. Following
this initial scan, four additional scans were performed using
the same EBSD parameters. These scans were conducted
at four different locations: up (U), down (D), left (L), and
right (R) from the central (C) point, each at a distance of 300
microns from the centre, see Fig. 16.

To analyse the influence of selected magnification, addi-
tional EBSD scans were conducted in which the central
point of the sample was consistently maintained, see Fig. 17.
Building upon the initial scan performed at a magnification
of X 350 (covering an area of 300 x 300 um?), two further
scans were performed. One scan employed a higher magni-
fication of X 500 (B) with a scanned area of 100 x 100 pmz,
and another used a lower magnification of X 250 (S) with
a scanned area of 500 x 500 um?. The step size remained
constant at 0.3 pum for all scans.

Once the EBSD scans were performed, the grain size
and recrystallized fraction results were calculated follow-
ing the methodology explained previously in this section
(Eq. 1, 2, 3, and 4). The results of both the EBSD loca-
tion and magnification studies are presented in Table 6. The
findings reveal that the chosen location for EBSD analysis
significantly impacts the recrystallized fraction (Xyx) results.
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Fig. 15 Graphical representa-
tion of the two studies carried
out to analyse the influence of
EBSD location and the EBSD
magnification on the DRX
results. The sizes of the scanned
areas depicted as red, black,
and green rectangles are not
indicative of the actual scanned
areas; they are included for
clarity and illustration purposes
only

EBSD location influence

EBSD magnification influence

In the central zone, a recrystallized fraction of 0.41 was
observed, contrasting with a fraction of 0.31 in both upper
and lower locations. The influence appears less pronounced
in the horizontal plane, with recrystallized fractions of 0.38
and 0.35 in the left and right locations, respectively. This
discrepancy aligns with the lower equivalent strain levels
experienced in the upper and lower zones due to the friction
and heat transfer with tools during the uniaxial compression
test, as illustrated by the virtual twin simulations ("Virtual
twin of experimental tests" section). Conversely, the mean
grain size and the mean recrystallized grain size exhibit
minimal variation based on location, with maximum differ-
ences of 0.22 pm and 0.1 pm, respectively. Hence, it can be
deduced that the precise centering of the EBSD location in
the vertical plane holds greater significance for investigating
DRX kinetics than in the horizontal plane.

Regarding the influence of the selected magnification for
the EBSD scan, the results indicate minimal variation in
both the recrystallized fraction and mean grain size across
the three magnifications studied (x 500, x 350, X 250). For
the recrystallized fraction, a negligible difference of 1% was
observed among the three magnifications. Similarly, the
mean grain size and mean recrystallized grain size showed
very small differences, with maximum deviations of 0.11 pm
and 0.06 pm, respectively. Despite the results revealing only
slight differences, care must be taken to avoid excessively
high magnifications, resulting in smaller analysed areas
and increasing the risk of obtaining non-representative

@ Springer

results. In this study, an intermediate magnification of X 350
was selected for all DRX scans, covering an area of
300300 pm?. This magnification was chosen because it
offered the best balance between scanning time and the rep-
resentativeness of the results.

While this study offers valuable insights, additional
extensive research covering a wider range of cases is essen-
tial to strengthen the conclusions. Nevertheless, the findings
indicate that any observed differences are not primarily due
to the EBSD analysis, at least with regard to the grain size
results. Moreover, discrepancies in the recrystallized fraction
are relatively minor, especially considering that the small-
est sample size with the biggest friction tested in this ESA-
FORM 2023 benchmark project was analysed—the sample
of @5mm x 10 mm tested in the dilatometers at MU, with a
friction of m=0.8, which are similar to the ones used by IBF
and HER. It is worth noting that all other samples tested in
the remaining research centres are larger and with smaller
friction values; thus, any differences arising from the EBSD
scan are expected to be even smaller.

Results and discussion

This section presents the results and the discussion of GG,
DRX, and the characterisation of the thermomechanical
behaviour of Alloy 625 obtained from the experimental
tests and numerical analyses conducted according to the
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Fig. 16 EBSD micrographs of the five analysed locations. Recrys-
tallized (RX) and non-recrystallized (No RX) grain populations
are depicted in blue and red colours, respectively. The sizes of the

methodology described in "Material and experimental pro-
cedure" section.

GG kinetics

Figure 18 presents the experimental results of GG in Alloy
625 at 1,150°C using various heating technologies. Radia-
tive furnaces were utilized at both CEMEF and MU, an
induction-heated dilatometer was used at MU, and a Glee-
ble with Joule heating was employed at AGH/L-GIT. Mean
grain sizes were calculated using Eq. (1).

The results demonstrate a clear effect of the heating tech-
nology on GG behaviour. The Gleeble with Joule heating
resulted in significantly higher GG kinetics, followed by the
dilatometer with induction heating, which exhibited a mod-
erate grain growth rate. The radiative furnaces showed the
smallest GG rate. At the longest holding time (120 min), the
mean grain size achieved was 298 um using Joule heating

scanned areas depicted as red rectangles are not indicative of the
actual scanned areas; they are included for clarity and illustration
purposes only

in the Gleeble, 170 um using induction heating, and 118 pm
and 106 pum using radiative furnaces at CEMEF and MU,
respectively.

EBSD crystallographic orientation maps of samples
heat-treated using the three different heating technologies
are presented in Fig. 19. These images clearly illustrate the
differences in GG behaviour observed in Fig. 18 as holding
time increases.

Figure 20 shows the evolution of the sample temperature
at the beginning of the GG tests at the different facilities.
The temperature was held constant once the testing tempera-
ture was reached. The heating rate employed in the dilatom-
eter and the Gleeble was set as constant, while this was not
the case in the samples heated in the electrical resistance
furnaces, in which a varying heating rate is observed.

Although a slight difference in the initial heating rate
exists depending on the employed facility, this factor does
not appear to be the main reason for the differences observed
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Fig. 17 EBSD micrographs of the central location of the same sample at various magnifications. Recrystallized (RX) and non-recrystallized (No

RX) grain populations are depicted in blue and red colours, respectively

Table 6 Results of the EBSD

- . - Case Magn Area [pmz] Step size [um] Mean grain  DRX frac- DRX grain
iggﬁéﬁzealslig;agmﬁcanon iize ]((9)) Ei(])n (Xrx) File ](QRX)

pm - pm

Location Centre (C) X350 300x300 0.3 3.77 0.41 3.38

influence  yp (U) 3.84 0.31 3.30

Down (D) 3.99 0.31 3.38

Left (L) 3.86 0.38 3.41

Right (R) 3.84 0.35 3.40

Magnifica- Big(B) X500 100x100 0.3 3.88 0.40 3.44

tion influ- - Cengre (C) %350 300x 300 3.77 0.41 3.38

ence Small (S) %250 500x 500 377 0.41 3.38
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Fig. 18 GG of Alloy 625 at 1,150°C using diverse heating technolo-
gies. Furnace=Radiative furnace | Induction=Dilatometer with
induction heating |Joule = Gleeble with joule heating
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in the GG evolution. Even if samples tested in the furnaces
reached the testing temperature approximately 3 min later
than samples tested in the dilatometer and the Gleeble, the
difference is relatively small compared to the tested holding
times (30 min, 60 min and 120 min). Moreover, as samples
were homogenised before the grain growth tests (30 min at
1150°C), the effect of the heating rate on the grain growth
evolution results appears to be negligible.

Based on the results obtained from the GG analyses, the
authors conclude that the heating technology has a clear
effect on the grain size evolution, with more pronounced
differences observed at longer holding times. In this analy-
sis no deformation was applied to the samples and the
heating technology was the only variable that could affect
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Fig. 19 Crystallographic orientation maps of samples heat treated using diverse heating technologies for grain growth analysis at 1,150°C and
different holding times (same magnification in all micrographs)

1200 the microstructural evolution. Therefore, it is evident that
1000 Joule heating promotes the fastest GG compared to both
g £00  Fumace induction heating and electrical resistance furnace heat-
L ing, consistent with the findings of Nicolay et al. (2021)
§ 600 — —Induction and Rheinheimer et al. (2018) mentioned in the introduc-
B 400 fffomdommchi ] Joule tion. Furthermore, induction heating exhibits higher grain
e 200 growth kinetics than resistance furnace heating, which
results in the slowest grain growth. Finally, except for the

0 0 i é 3I ; 5 Joule heating case, all the curves seem to follow a classical

Time [min] Burke & Turnbull regime [45] in Ka with « close to 0.5.

It should be noted that the microstructure area analysed in

Fig. 20 Heating curves for the grain growth tests at the different facil- the sample heat-treated for 2 h using Joule heating con-
ities tained only a few grains, meaning the quantitative mean
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grain size results may not be fully representative. An even
larger mean grain size would likely be expected, as the
grains cut in the edges of the analysed area may result in
a slightly smaller mean grain size. An even larger mean
grain size would likely be expected, as grains cut at the
edges of the analysed area may result in a smaller mean
grain size.

In-situ GG results

To better understand the previous results in terms of
temporal effects, in-situ measurements offer a unique
possibility to gain real-time insight into the grain evo-
lution within the material during the thermomechanical
processing.

The samples employed in this analysis had not been
homogenized; thus, the experiment was started with a
homogenization treatment, followed by the heating and
deformation cycle. At room temperature, detector image #4
in Fig. 21 shows homogeneous diffraction rings of a sin-
gle-phase material with a face-centred cubic crystal struc-
ture; the roughness value is 0.021. When a temperature of
1150 °C is reached after 66 s; the corresponding detector
image #15 shows spots on the diffraction rings, which means
that the grain size started to increase. After 180 s, a strong
increase of the roughness of the (311) ring is observed.
Image #37 shows that the rings are not homogeneous any-
more and strong spots have been formed, which correspond
to the presence of large grains. The roughness increases until

Fig.21 Roughness of the (311)
diffraction ring (the fourth ring)
as a function of time. One quar-
ter of a detector image is shown
for the start at RT (image #4),

when 1150 °C is reached (#15),
at the end of homogenization

1000 s (16.67 min) and it remains constant until the homog-
enisation heat treatment of 1800s (30 min) is finished.

After the homogenisation heat treatment, and after a hold-
ing time of 5 min at room temperature, the in-situ GG test
was performed at 1150°C for 60 min. During the final hold-
ing time at 1150°C, a slight decrease of the roughness was
observed. The roughness drop during the GG heat treatment
does not represent a grain size decrease, as grains continue
to grow when held at 1150°C, see Fig. 18. The reasons for
this effect could not be explained.

The in-situ grain growth tests indicate that the strongest
grain growth occurs in the first 180 s of the homogenisa-
tion treatment, and the subsequent grain growth is relatively
slow. This behaviour is quite typical in pure grain growth
after recrystallization and rapid quenching, where the faster
initial kinetics correspond to the equilibration of triple junc-
tions, followed by an increasingly slower regime, as depicted
by the Burke & Turnbull regime. It is important to note that
this behaviour depends on the way the samples are produced,
i.e. on the initial deformation state and any previous heat
treatments.

Thermomechanical characterisation

This section presents the experimental thermomechani-
cal results of Alloy 625 obtained from the uniaxial com-
pression tests conducted at the different testing facilities.
The tests were carried out at 1050°C and macroscopic
true strain rates of 0.01 s™!, 0.1 s™'and 1 s/, following

1200

(#280) and at the end of the

annealing time (#835) —+# <+— 3 min

Roughness
S = N W AR N N 0
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900
9 750
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Fig.22 Engineering stress—strain curves of alloy 625 obtained from compression tests performed at 1,050°C and macroscopic strain rates of

0.01s7',0.1s and 157!

the methodology outlined in "Compression tests to study
the thermomechanical behaviour and DRX kinetics" sec-
tion. Figure 22 presents the experimental engineering
stress—strain curves of Alloy 625 at the three tested strain
rates. The mean value was computed based on three repeti-
tions conducted under each condition. Dispersion among
the three repetitions is also depicted to illustrate the vari-
ability in each testing facility.

The results show significant variability, with discrepan-
cies of up to 200 MPa observed in some cases. Stress—strain
curves obtained from tests conducted at CEMEF using a
universal compression machine, and in dilatometers at MU
and IBF, show slightly higher stress values across all tested
strain rates. Conversely, tests conducted in the universal
compression machine at AFRC, and in Gleeble machines at
AGH/L-GIT and LFT, show lower stress values. These lat-
ter three cases exhibit a similar trend, except for the test at
LFT at a 0.1 s~ strain rate, which presents a notably higher
hardening rate. It should be noted that the tests at LFT were
intentionally performed at a constant speed rather than a
constant strain rate, as it is explained later in this section.
Overall, the curves demonstrate a comparable trend in terms
of hardening rate, except for the dilatometer curves at MU

and IBF at a strain rate of 0.01 s~!, which exhibit slightly
lower hardening rates at higher strain levels.

In terms of repeatability, the tests show high consistency
when considering the results from each research centre
independently. Regarding repeatability based on the type of
facility, both the compression dilatometers at MU and IBF,
as well as the Gleeble machines at AGH/L-GIT and LFT,
exhibit exceptional agreement (except LFT at 0.1 s™'). In
contrast, the curves obtained from tests conducted in the
universal machines at CEMEF and AFRC, despite being
similar facilities with comparable heating technologies,
show significant differences. It is noteworthy that the defor-
mation dilatometers at MU and IBF are identical facilities,
while the Gleeble machines at AGH/L-GIT (3800 series)
and LFT (3500 series) are also closely comparable. Hence,
it is reasonable to anticipate consistent results between these
two facilities. On the other hand, the universal machines
at CEMEF and AFRC are not identical, as their heating
furnaces differ, which contributes to the discrepancies in
results. The heating times were also different, with a 5 min
heating time at CEMEF and 60 min at AFRC.

The differences observed in the curves depicted in Fig. 22
are not attributed to variation of strain rate, as this parameter
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«Fig. 23 Experimental temperature measurements acquired from
thermocouples attached to the tested samples at the centre and the
edge. *In the tests conducted at CEMEF, the thermocouples were not
attached to the sample but to the upper and lower tool surfaces. In
the case of AFRC, the initial temperature was ensured with thermo-
couples, but these broke during compression and no temperature evo-
lution results could be acquired

remained constant and well-controlled during compression
in all the employed testing facilities (except in LFT). To
explain the differences, the temperature data acquired from
thermocouples attached to the samples at the centre and edge
(see Fig. 5) are presented in Fig. 23.

In the case of CEMEF, the correct testing temperature
was ensured based on thermocouples attached to the upper
and lower tool surfaces instead of being directly affixed to
the sample, therefore, the results shown in Fig. 23 are not
directly comparable with the rest of the testing facilities.
In the tests in this research centre, samples were intro-
duced in the furnace and held for 5 min at the testing tem-
perature prior to the start of the compression test. The
time employed to heat the samples to the testing tempera-
ture was estimated to be sufficient. The final temperature
drop observed in the CEMEEF tests at 0.01 s™' and 0.1 s7!,
belongs to the opening of the furnaces at the end of com-
pression to ensure a fast post-forming quenching. Sam-
ples are pushed to a water tank just after the compression
finishes. In the case of the tests at 1 s~!, due to the short
test duration (< 1 s), the furnace is opened just before the
compression starts to minimise the post-forming quench-
ing time, and that is why the die temperature decreases
continuously.

In the case of tests carried out at AFRC, the thermocou-
ples utilized to monitor initial temperature conditions, which
were attached to the centre of the samples, broke during
deformation. Therefore, although the initial temperature was
ensured to be correct, no temperature evolution could be
recorded during the compression tests.

Concerning the temperature gradient from the centre
to the edge of the tested samples, a discernible gradient is
observed in all cases. In the Gleeble machines with Joule
heating, the temperature difference from the centre to the
edge appears smaller compared to the deformation dilato-
meters with induction heating. Specifically, the temperature
gradient in the Gleeble machines at AGH/L-GIT and LFT is
a maximum of 50°C, whereas in the dilatometers at MU and
IBF, the gradients are slightly higher, with average maxi-
mum differences of 100°C.

In Fig. 24, temperature measurements at the sample cen-
tre are compared across all testing facilities and strain rates.
Initial sample temperature precision was consistent across
all the cases, and temperature control in both dilatometers
and Gleeble machines was notably accurate, particularly at
the lowest tested strain rates of 0.01 s™' and 0.1 s™!. At the

highest tested strain rate (1 s71), an increase in tempera-
ture is observed, typically attributed to significant adiabatic
heating at higher strain rates. The experimental temperature
evolution of the tests performed at CEMEF and AFRC are
not included, as in the case of CEMEEF the temperature of
the sample was not measured, and in the case of AFRC the
thermocouples broke once the compressions were started
and no temperature evolution could be acquired.

The findings of the investigation into the influence of
constant and non-constant true strain rates on the engineer-
ing stress—strain curve are presented next. As previously
outlined, the study aimed to analyse how the consistency
of strain rate affects flow behaviour. Identical tests were
conducted using the two Gleeble machines involved in the
benchmark. At AGH/L-GIT, compression tests were con-
ducted with a constant true strain rate, while at LFT, the
same tests were performed with constant speed (not constant
true strain rate).

The engineering stress—strain results are depicted in
Fig. 25a, while the macroscopic true strain rate evolu-
tions are illustrated in Fig. 25b. The latter clearly shows
the disparity in strain rates between the two testing
approaches. For strain rates of 0.01 s™! and 1 s~!, minimal
differences are observed in the engineering stress—strain
curves, whereas a significant stress difference is noted
at 0.1 s~!. Given the lack of variation in stress between
0.01 s™'and 1 s7!, the disparities observed at 0.1 s~! may
not solely be attributed to differences in strain rate evolu-
tion. Instead, the discrepancies observed at 0.1 s~! may
derive from inaccurate temperature control at this strain
rate, as depicted in Fig. 24.

Based on the results presented in this section, the authors
suggest that the flow stress scatter observed in Fig. 22 can
be attributed to several combined factors, with the most sig-
nificant being the thermal gradient, friction effects, and the
initial microstructure state. Regarding the effect of friction,
the literature indicates that higher friction in uniaxial com-
pression tests typically leads to higher flow stresses [46].
However, in the tests performed at CEMEF, where friction
was the lowest (m=0.05), the flow stress was among the
highest observed. This indicates that friction is likely not
the main factor responsible for the differences observed in
the flow stresses.

Therefore, the primary source of this scatter is likely to be
the thermal gradient within the samples at the beginning and
during the compression test. Samples tested in dilatometers
with induction heating exhibited the largest thermal gradient
from the centre to the edges of the sample (~100°C), while
those tested in Gleeble machines with Joule heating showed
a smaller gradient (< 50°C). In conventional thermomechani-
cal testing machines equipped with an electrical furnace, the
thermal gradient should theoretically be minimal, as both the
sample and tools are at the same temperature.
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Fig. 24 Temperature evolution at different testing facilities measured using the thermocouple attached to the centre of the tested sample
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Fig. 25 a) Engineering stress—strain curves of alloy 625 tested in Gleeble machines at constant strain rate (AGH/L-GIT) and constant speed
(LFT). b) Macroscopic true strain rate evolution with both testing approaches

Regarding the differences observed between the curves
obtained from the two conventional testing machines heated
by electrical furnaces at CEMEF and AFRC, the heating
furnace and specially the heating time appear to have a sig-
nificant effect. In the tests conducted at AFRC, samples were
heated for one hour, considerably longer than that used in
CEMEF (5 min), and this could have affected the initial state
of the material prior to the compression. The samples had
already undergone homogenisation at 1150°C for 30 min,
so the additional grain growth during the 60 min at 1050°C
would not have been substantial. However, the initial grain
size prior to compression at AFRC was likely larger than
at CEMEF, which could have contributed to the observed
lower flow stresses. Given the identical heating times in the
conventional machine at CEMEEF, in the dilatometers at MU
and IBF, and in the Gleeble machines at AGH/L-GIT and
LFT, the initial microstructure in these cases should be very
similar.

The similarity between the flow stress curves obtained
at CEMEF and those from the dilatometers is not yet fully
understood. Given that the samples tested in the dilatometers
had the smallest dimensions (@5mm x L10mm), the highest
friction (m=0.8) and the largest thermal gradient from the

@ Springer

centre to the edges of the sample (x100°C), the impact of
these factors on the flow curves is expected to be the most
significant. Consequently, the flow stress values obtained in
the dilatometer tests should be higher than those obtained
from tests with thermally homogenised samples at CEMEF.
However, this is not the case, as the dilatometer curves show
generally comparable flow stresses to those at CEMEF.

In contrast, the flow curves obtained from the Joule-
heated Gleeble machines exhibit lower flow stress values
compared to those from the tests at CEMEF. The samples
tested in the Gleeble machines had a smaller thermal gra-
dient than those in the dilatometer, with a maximum dif-
ference of 50°C between the centre and the edges. Given
this, the flow stress levels from both CEMEF and Gleeble
tests should be comparable, yet this is not the case, with
significantly lower flow stress levels in the Gleeble tests.
The friction coefficients in both machine types are simi-
lar, with m=0.05 at CEMEF and m =0.2 in the Gleeble
machines. This suggests that friction is unlikely to be the
primary cause of the observed differences.

In conclusion, it is challenging to attribute the differ-
ences observed in the flow stress directly to the employed
heating technology (furnace, induction, or Joule heating).



International Journal of Material Forming (2025) 18:33

Page250f36 33

The temperature gradient produced by each heating
method, rather than the technology itself, appears to play
a more significant role. Nevertheless, the hypothesis that
Joule heating may lead to lower flow stresses cannot be
entirely dismissed, and it remains as an open question for
further investigation.

DRX kinetics

This section presents the dynamic recrystallization results
of Alloy 625 obtained from uniaxial compression tests
conducted at the different research centres at strain rates
of 0.01 571, 0.1 57!, and 1 s~'. The results include the DRX
fraction and the recrystallized grain diameter.

The uniaxial compression tests were performed follow-
ing the methodology described in "Compression tests to
study the thermomechanical behaviour and DRX kinetics"
section. After the tests were carried out, the samples were
prepared for microstructural observation, as detailed in
"Metallographic preparation and microstructural analysis"

section. Following the EBSD scans, the DRX results were
computed according to the equations described in "Met-
allographic preparation and microstructural analysis"
section.

The DRX volume fractions versus the equivalent strain
level in the centre of the samples for the three tested strain
rates and for the different testing facilities are presented
in Fig. 26. The equivalent strain levels were numerically
estimated through inverse simulation using the FORGE®
simulation software ("Virtual twin of experimental tests"
section).

The well-established DRX trend in the literature indi-
cates that higher strain levels result in higher recrystallized
fractions. However, when comparing the DRX fractions
obtained in this study across different testing facilities,
deviations from this trend are observed, particularly at the
lowest strain rates (0.01 s' and 0.1 s™"). At these strain rates,
the results from the Gleeble machines at AGH/L-GIT and
LFT show higher recrystallized fraction values that slightly
deviate from the overall trend. Similarly, the recrystallized
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Fig.26 Recrystallized fraction of alloy 625 obtained from DRX compression tests performed at 1,050°C and macroscopic strain rates of
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fractions of the samples tested at AFRC show higher frac-
tions in all the tested conditions.

In all the research centres, for the strain rates of 0.01 s~!
and 1 57!, a single sample was analysed using EBSD, while
for 0.1 s~', three samples were examined to estimate the
variability inherent to the EBSD analysis. Overall, relatively
small deviations, ranging from 4-14%, were observed across
all facilities, except for a significant dispersion of 48% in the
three samples tested in the dilatometer at IBF. This unusu-
ally high deviation might be attributed to the specific sample
zone selected for the EBSD analysis. Given that the samples
tested in the dilatometer are the smallest ones (@5 X 10 mm),
the scatter due to EBSD zone selection could be more pro-
nounced, as shown in "EBSD location and magnification
influence" section. This conclusion is supported by the sig-
nificantly lower deviation observed in the tests performed
using an identical deformation dilatometer at MU.

Figure 27 presents the average DRX grain diameters for
all the analysed cases. The recrystallized grain population
was identified based on the GOS number (GOS <2°), as

detailed in "Metallographic preparation and microstructural
analysis" section. According to the literature, the DRX grain
size does not evolve beyond the onset of DRX. Therefore,
once DRX is initiated, the DRX grain size remains constant
independently of the equivalent strain [8].

The results exhibit significant scatter, with samples
tested in the Gleeble machines at AGH/L-GIT and LFT,
as well as in the universal machine at AFRC, generally
showing slightly larger resulting DRX grain sizes. Regard-
ing repeatability among the same types of facilities, the
dilatometers with induction heating demonstrate the small-
est differences, with DRX grain size variations ranging
from 0.27 pm to 1.1 pm. The resulting DRX grain diam-
eter differences between the Gleeble machines with Joule
heating (AGH and LFT) are slightly larger, ranging from
0.29 pum to 2.14 um. The DRX grain diameters obtained
from the tests performed at CEMEF are generally closer
to the dilatometer results, whereas the AFRC results show
significantly larger DRX grain diameters, especially in the
tests conducted at 0.1 s~ and 1 s7.
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Fig. 27 Recrystallized grain size of alloy 625 obtained from DRX compression tests performed at 1,050°C and macroscopic strain rates of
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Fig. 28 Micrographs of alloy
625 obtained from DRX
compression tests performed
at 1,050°C and macroscopic
strain rates of 0.01 s™%, 0.1 s7!
and 1 57!
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Conv. = Conventional compression machine with radiative furnace

Dil. = Deformation dilatometer with induction heating

Gle. = Gleeble with Joule heating
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The micrographs corresponding to the results depicted
in Figs. 26 and 27 are presented in Fig. 28, categorised
by strain rate and testing facility. Both grain populations,
the recrystallized and non-recrystallized grains, were
separated based on the GOS parameter ("Metallographic
preparation and microstructural analysis" section) and are
depicted with distinct colour codes. Recrystallized grains
are highlighted in blue, while non-recrystallized grains are
represented in red.

To provide further insight into the DRX results, the KAM
maps for the analysed cases are presented in Fig. 29. KAM
maps represent local misorientations within the examined
microstructures.

When comparing the KAM maps between equivalent
testing facilities, the CEMEF and AFRC cases, which were
tested in conventional thermomechanical machines equipped
with resistance furnaces, considerably differ. These signifi-
cant differences may arise from the notable difference in
quenching time, which was less than 1.8 s in the tests at
CEMEF and increased to 15 s in the tests at AFRC. In the
tests at AFRC important post-dynamic evolution is expected
to have happened due to the long post-forming quenching
time, which explained that all corresponding microstruc-
tures present larger recrystallized fractions and recrystallized
grains than other ones.

Regarding the KAM maps obtained from the tests per-
formed in the induction-heated dilatometers, results appear
to be comparable in all the tested conditions, with similar
misorientation values within the recrystallized and non-
recrystallized grains. As for the samples tested in the Gleeble
machines with Joule heating, maps also show comparable
results, with slightly smaller KAM values in the recrystal-
lized grains of the test performed at 1 s™! at LFT.

When comparing KAM maps of the samples tested under
same conditions in the different testing facilities, samples
tested at CEMEEF clearly show the highest KAM values in
all the tested conditions, which represents higher dislocation
density regions in non-recrystallized grains. When dilatom-
eter and Gleeble maps are compared, in general non-recrys-
tallized grains of samples tested in the dilatometers appear to
show slightly higher misorientation regions. This especially
occurs at the lowest strain rates (0.01 s™! and 0.1 s71), with
more comparable results in the samples tested at 1 s~

The high KAM values observed in the non-recrystallized
grains of samples tested at CEMEF clearly represent the
strain hardening that takes place before DRX is triggered.
The KAM differences observed between the different test-
ing facilities show that the heating technology has an impact
on how the grains are strained before DRX is started. Fur-
nace heating appears to promote the highest grain strain-
ing, followed by induction heating, which results in higher
misorientation values if compared to Joule heating, espe-
cially at the lowest strain rates (0.01 s~'and 0.1 s™). More
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comparable results between induction and Joule heating are
observed in samples tested at 1 s7!.

In terms of the test duration, samples tested at 0.01 s~h
0.1s™',and 1s7, last on average 55s, 7 s, and 0.8 s, respec-
tively. The fact that the heating technology has an impact on
DRX kinetics, especially at the lowest strain rates, appears to
be in agreement with the results observed in "GG kinetics"
section, in which a clear effect of the heating method was
observed regarding the grain growth evolution. Tests per-
formed in the Gleeble machines (Joule heating) at the strain
rates of 0.01 s™' and 0.1 s™!, show higher recrystallized frac-
tions (Fig. 26) and bigger recrystallized grain sizes (Fig. 27),
a similar tendency as observed in the GG tests. At the strain
rate of 1 s™!, in which the test duration is the shortest, the
differences between heating types in both DRX fraction and
recrystallized grain size are significantly smaller.

When the results of both Gleeble machines are com-
pared, results from LFT tests show smaller DRX fractions
and smaller recrystallized grain sizes than AGH/L-GIT
results. It is important to highlight that, as compression
tests in LFT were performed with the tool kinematics set
as constant speed instead of a constant macroscopic strain
rate, the test duration was shorter than in AGH/L-GIT.
The 0.01 s™' tests in LFT and AGH/L-GIT last 41 s and
55 s, respectively, and the 0.1 s~ ! tests last 4.6 s and 7.5 s,
respectively.

Although more conditions should be tested and more rep-
etitions should be performed to make more robust conclu-
sions, considering the results obtained from the DRX analy-
sis, the hypothesis that Joule heating promotes faster DRX
kinetics cannot be rejected, especially at low strain rate tests.
At these strain rates, the test duration is extended, making
the influence of Joule heating on microstructural evolution
potentially more significant.

In-situ DRX results

Similar to the GG analysis in "In-situ GG results" section,
in-situ compression tests were conducted at the synchrotron
to obtain real-time insights into the DRX evolution occur-
ring during deformation.

The diffraction rings exhibit the typical spottiness after
the homogenization treatment leading to a roughness value
of around 6, representative of a distribution of coarse grains.
The corresponding detector images (one-quarter) are dis-
played in Fig. 30. The roughness starts to decrease imme-
diately after the onset of deformation. R reaches a value of
0.3, which is 5% of the starting value, about 4.1 s (0.01 s71),
0.35s (0.1 s, and 0.1 s (1.0 s71) after it starts to drop. At
this point, a visual inspection of the diffraction images con-
firms the reduction in spottiness. The roughness continues
to drop before coming to a plateau where little happens until
the end of the deformation.
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Fig.29 KAM maps of alloy 625
obtained from DRX compres-
sion tests performed at 1,050°C
and macroscopic strain rates of
0.01s7,0.1s " and I 57!
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The roughness clearly indicates the progress of the
recrystallization process. When the roughness reaches the
low plateau value, recrystallization has formed a new micro-
structure with a much smaller mean grain size. It should
be noted that in the given diffraction geometry, a further
reduction in grain size does not have an influence on the
diffraction rings once they are homogeneous. The sensitivity
on grain size can be influenced by the choice of the size of
the gauge volume; a smaller gauge volume leads to spotty
rings for smaller grain sizes.

Figure 31 presents together the flow stress and roughness
evolution at the three tested strain rates. The results align
with the literature, showing higher critical strain values for
the initiation of DRX as the strain rate increases.

The in-situ results presented in this section are of sig-
nificant scientific interest, demonstrating the effectiveness
of in-situ testing for a better understanding of microstruc-
tural evolution in metallic materials under high-temperature
testing conditions, illustrating the dynamics of the micro-
structural process, which is typically only analysed after
finishing the test. In this regard, these experiments clearly
indicate the relevant time frame for in-depth analyses of the
microstructure state during thermomechanical processing.
Another promising approach regarding in-situ measurements
of mean grain size evolution at high temperature lies in the
use of laser ultrasonic type techniques [47].

Conclusions

After having presented and discussed the results obtained
in this extensive benchmark study, the main conclusions
are outlined in this section. It is important to highlight
that the experimental tests performed for this study were
conducted with meticulous attention to detail, aiming
to independently analyse the various factors affecting
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Fig. 31 Experimental in-situ roughness and flow stress curves under
the three tested strain rates

both microstructural evolution and thermomechanical
behaviour of metallic materials under high-temperature
deformations. This approach was followed to ensure the
most robust and objective conclusions in this challenging
but crucial field of experimental mechanics in material
science.

It is important to emphasize that this study was not
intended to rank the testing machines in terms of their effi-
cacy for material characterization but to provide an objective
analysis of each aspect influencing the final experimental
results.

The conclusions are organized into five main sections:
grain growth, thermomechanical behaviour, dynamic recrys-
tallization, virtual twins of experimental tests and in-situ
analysis of microstructural evolution.

Grain growth

e The type of heating technology significantly impacts the
grain growth evolution, with Joule heating promoting
the fastest grain growth kinetics, followed by induction
heating, and finally electrical resistance furnace heating,
which exhibits the slowest grain growth kinetics.

e The higher the holding time, the bigger the differences
observed on the resulting average grain size. The micro-
structure obtained with a heat treatment of 2 h at 1,150°C
resulted in an average grain size more than twice as big
when using Joule heating compared to the same heat
treatment conducted in an electrical radiative furnace.

e The fact that the heating technology affects the grain
growth evolution is evident, which is consistent with
similar investigations found in the literature.

Thermomechanical behaviour

e Despite the compression tests being conducted under
identical nominal conditions—temperature (1050°C)
and macroscopic true strain rate (0.01 s™!, 0.1 s7!
and 1 s™))— and each machine demonstrated excel-
lent repeatability with logical strain rate dependency
when considered independently, significant scatter was
observed in the flow curves obtained from the compres-
sion tests performed in the different facilities.

e The temperature homogeneity of the sample and the
friction at the sample/tool interphase are likely the most
influential factors on the differences observed on the flow
curves, with the thermal gradient apparently having the
greatest impact.

e The thermal gradient from the centre to the edges of the
sample was higher in the dilatometers with induction
heating (=100 °C), followed by Gleeble machines with
Joule heating (<50 °C). Conventional thermomechani-
cal machines equipped with electrical resistance furnaces

@ Springer



33 Page320f36

International Journal of Material Forming (2025) 18:33

produce minimal thermal gradients, as the tools and the
atmosphere are at the same temperature.

Monitoring the sample temperature during heating and
compression phases using multiple thermocouples is
strongly recommended. If incorporating thermocouples
complicates the experimental setup, preliminary tests
should be conducted to empirically evaluate the thermal
state of the sample, at least just before the compression
takes place.

Whether the macroscopic true strain rate is kept con-
stant or the test is conducted at constant speed does not
appear to significantly influence the flow behaviour of
the tested material, at least if the initial speed is equal
in both cases. However, using a constant macroscopic
strain rate with a variable anvil speed is preferable, as
it facilitates obtaining more comparable results with
other equivalent tests and reduces equivalent strain rate
variation at the sample centre, which is especially cru-
cial for accurately assessing microstructural evolution.
The influence of the stiffness of the facility and the
eccentricity of the tools during compression was
not analysed. Deformation dilatometers and Glee-
ble machines use high-temperature extensometers to
eliminate the effect of the elastic deformation of the
structure, while the conventional thermomechanical
machines used in this study lacked this tool. Addition-
ally, some samples exhibited slightly asymmetric defor-
mations possibly due to the eccentricity of the tools,
especially at high load conditions. The elastic deforma-
tion the machine suffers during compression and the
tool eccentricity might have affected the flow curves.
However, this effect was not quantitatively assessed.
The smallest sample dimensions (@5mm X L10mm)
were used in the induction-heated dilatometers, which
also exhibited the highest thermal gradients and fric-
tion values. These factors would typically result in
higher flow stress values. However, the flow curves
from the dilatometer tests are similar to those obtained
at CEMEF, where the samples were thermally homo-
geneous. This unexpected similarity remains unex-
plained.

Larger sample dimensions were employed in the Glee-
ble machines and conventional thermomechanical
machines (@10mm X L12mm and @10mm X L15mm,
respectively) and, in general, showed less pronounced
thermal gradients and friction values. Despite this,
the flow curves from the Gleeble tests generally show
lower stress values compared to those obtained from
the conventional machine equipped with a resistance
furnace at CEMEF. This variation in material behav-
iour is not yet fully understood.

Attributing the differences observed in flow stress
directly to the employed heating technology (furnace,
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induction, or Joule heating) is challenging. Instead, the
temperature gradient induced by each heating method
seems to be more influential than the technology itself.
However, the possibility that Joule heating could result
in lower flow stresses cannot be completely ruled out,
and it remains as an open question for further investiga-
tion.

In general, to accurately characterise the thermome-
chanical behaviour of materials:

1) The heating technology should be optimised to mini-
mise thermal gradients, regardless of the employed
heating method.

2) Constant macroscopic true strain rate is recom-
mended for tool kinematics.

3) Friction should be reduced by using appropriate
lubrication.

4) Homogeneous and symmetrical sample deforma-
tions should be guaranteed.

If friction in the tool/sample interface and the sample
thermal gradient are significant and cannot be further
minimised, inverse simulation is highly recommended
to accurately calibrate material thermomechanical mod-
els of the tested material. To achieve this, it is essential
to employ precise experimental thermal, frictional, and
kinematic boundary conditions.

Dynamic recrystallization

e Despite the fact that the tests being conducted under the

same nominal temperature and strain rate conditions, sig-
nificant scatter was observed in the DRX results, with
notable differences in both the recrystallized fraction and
recrystallized grain size.

The selected zone in the central area of the sample for
EBSD analysis is not considered to be the cause of the
observed differences. An EBSD location and magnifi-
cation influence analysis was conducted on a sample
tested in the dilatometer, which was the smallest and
hence the most critical sample. The selected zone was
found to have a minor impact on the resulting average
recrystallized grain size, and although higher differ-
ences were observed in the DRX fraction, these do not
appear to account for the significant scatter in the DRX
results.

Friction significantly influences the equivalent strain
at the centre of the sample, where EBSD analyses are
typically conducted, leading to higher strain gradients
with increased friction. Therefore, minimizing friction is
beneficial for reducing the strain gradients and diminish-
ing microstructural evolution gradients across the cross-
section of the sample.
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Temperature difference is not considered the main cause
of variation in the DRX results. The temperature at
the centre of the sample, where the DRX analysis was
conducted, was monitored in both the dilatometers and
Gleeble machines. Temperature measurements in these
facilities were closely aligned with the nominal tempera-
ture. In conventional machines equipped with electrical
furnaces, the initial temperature was verified at AFRC
using a thermocouple attached to the sample centre. At
CEMETF, sufficient heating time was likely used to ensure
that the testing temperature was reached, at least at the
sample centre.

The quenching time was comparable across all the cases
(<2 s), except for AFRC, where samples were quenched
in a longer time (=15 s). Consequently, the larger average
grain sizes and higher recrystallized fractions observed
at AFRC are attributed to the extended quenching time,
which results in a significant post-dynamic evolution.
In contrast, variations in quenching time in the rest of
the facilities are not considered the primary reason for
the observed variations. Rapid post-forming quenching
(<2 s) is essential for accurately characterising the DRX
phenomenon.

The DRX results obtained from tests conducted in both
the dilatometers and the furnace-heated conventional
machine at CEMEEF are generally comparable. However,
Gleeble results indicate larger grain sizes and faster DRX
kinetics (higher recrystallized fractions), especially at
lower strain rates (0.01 s™' and 0.1 s™"). At the highest
tested strain rate (1 s™), the results from the Gleeble tests
are more consistent with those from the other facilities.
Based on the obtained results, it is probable that the heat-
ing technology influences DRX evolution, with Joule
heating having the most significant impact, especially
at lower strain rates. This conclusion is supported by
the grain growth results, which show that Joule heat-
ing clearly accelerates grain growth, and by the Gleeble
results, where lower strain rates correspond with faster
DRX kinetics and larger recrystallized grain sizes com-
pared to those obtained from the tests in the dilatometers
and the CEMEF conventional machine.

When using laboratory tests to reproduce a part of an
industrial process, e.g. to identify material-dependent
model parameters, a particular attention should be paid
to the heating technology especially when investigating
microstructural evolutions.

Virtual twin of experimental tests

e Virtual twins of uniaxial compression tests were devel-

oped using the FORGE® simulation software to estimate
the thermomechanical path (equivalent strain and strain
rate) experienced at the sample centre, where EBSD

analyses were conducted. The final equivalent strain at
the sample centre is a critical parameter for the correct
evaluation of the DRX kinetics.

e Various simulation strategies were evaluated, and based
on the results, the centre strains were calculated using
an isothermal model. It was demonstrated that the strain
field at the sample centre is primarily influenced by the
barrelling shape, which is mainly affected by friction.
Additionally, the numerical model could be adapted for
each testing setup and condition by adjusting the friction
coefficient. Therefore, this approach effectively corrects
for both friction effects and temperature inhomogeneities
using a single parameter and a simple numerical model
that does not account for heat transfer.

e [t is important to mention that to develop a representa-
tive simulation model, it is essential to acquire accurate
experimental measurements, including the final sample
geometry for friction estimation, temperature conditions,
and tool kinematics.

In-situ microstructural evolution analysis

e Although no quantitative GG and DRX results were
obtained in this study, the in-situ testing demonstrated
significant potential for characterizing and understanding
microstructural evolution phenomena during high-tem-
perature testing. The analysis of diffraction ring rough-
ness was employed to assess grain size evolution, which
showed consistent results in both GG and DRX tests.

e The GG heat treatments revealed a pronounced growth
rate during the initial 3 min, followed by a plateau phase.
This plateau indicates a deceleration in the growth rate
rather than a cessation of GG, as evidenced by the GG
tests conducted in the other facilities. Although quanti-
tative measurements of the final average grain size were
not calculated, the in-situ testing provided valuable quali-
tative results to understand the kinetics of GG.

e Regarding the in-situ DRX analysis, although quantita-
tive results on recrystallized grain size and fraction were
not obtained, the evolution of DRX was clearly observed
through changes in the roughness of the diffraction rings.
Interestingly, the strain rate dependency of DRX was
clearly seen, with higher critical DRX strains observed
at increased strain rates, consistent with existing litera-
ture. In-situ testing proved to be a powerful tool, offering
valuable experimental results of key DRX parameters,
such as the critical strain at which DRX is triggered.
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