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Abstract. During hot working, strain rate, strain level and the temperature of deformation, and 
hence the Zener-Hollomon parameter, become the regulatory thermomechanical parameters of 
the resultant stored energy value and distribution. An accurate estimation of the aforementioned 
parameters is thus required to control microstructural homogeneity in the post-dynamic state, 
since stored energy value and distribution directly affects post-dynamic recrystallization and 
grain growth mechanisms. In order to do so, the self-heating phenomena that becomes significant 
at high strain rate hot deformation must be taken into consideration. In this work, several 
cylindrical samples of the A-286 alloy are submitted to hot compression tests performed in a 
Gleeble 3500 machine. The microstructure in the deformed-state is analyzed at the center, and 
the effect of the thermomechanical parameters of hot deformation on the resulting microstructure 
is discussed. In addition to this, the local thermomechanical testing conditions are estimated 
considering self-heating and local strain level and strain rate fields. Hence, the relationship 
between these newly estimated parameters and the microstructure can be assessed. 
Introduction 
Fe-based superalloys constitute a cost-effective alternative to Ni-based superalloys, operating in 
a range of less extreme temperatures. In this context, the A-286 alloy is a Fe-based superalloy 
employed in the manufacture of various engine and gas turbine components for a wide range of 
sectors, including aeronautics, automotive, hydrogen power generation, and oil & gas [1-2], for 
applications in harsh environments. Hence, fine and homogeneous microstructures are required 
in order to guarantee mechanical properties stability, optimizing the in-use performance and 
durability of mechanical components. Along the manufacturing route, after successive hot 
deformations and a subsequent quenching as part of a hot rolling process, this alloy is submitted 
to a solution heat treatment. This annealing provides good formability, for the sake of 
recrystallization for further deformation steps, or for the sake of alloying element solutioning 
prior to controlled precipitation hardening. Under certain specific conditions, heterogeneous 
grain growth can be activated during the aforementioned heat treatment. 

It is known that static recrystallization can be onset in the presence of stored energy, whose 
value and distribution have a direct impact on the resulting grain size. Store energy is, in turn, 
dependent on the thermomechanical parameters of hot deformation. During high strain rate hot 
deformation, significant self-heating can occur. Several hot compression tests, in adiabatic 
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conditions [3-4], are performed in a Gleeble 3500 machine, covering a wide thermomechanical 
window where noticeable self-heating phenomena and an acceleration of dynamic 
recrystallization kinetics is expected. With the aim to reproduce industrial processing conditions, 
Joule heating can be stopped during the compression stage, due to the compensatory effect of 
self-heating phenomena at the tested conditions and due to the high strain rate at which the tests 
are conducted which results in a fast deformation with no time for a cool down. 

In order to assess the thermomechanical parameters of hot deformation that will be discussed 
in the present work, a single parameter is often used to represent the combined effects of strain 
rate (𝜀𝜀̇) and deformation temperature (𝑇𝑇, in K): the Zener–Hollomon parameter (Z) [5], defined 
as: 

 
𝑍𝑍 =  𝜀𝜀̇  ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑄𝑄

𝑅𝑅𝑅𝑅
� ,                                                                                                                      

(1) 

where 𝑅𝑅 (J ∙ mol−1 ∙ K−1) is the gas constant and 𝑄𝑄 (J ∙ mol−1) stands for the activation energy 
for hot deformation. 

Dynamic and post-dynamic recrystallized grain size is a direct consequence of plastic stored 
energy [6]. Recrystallized grain size is then a microstructural parameter of interest in which the 
effects of the thermomechanical parameters of hot deformation can be analyzed. Derby’s law 
presents a power-law relationship between recrystallized grain size and Zener-Hollomon 
parameter [7]: 

 
𝐷𝐷𝑅𝑅𝑅𝑅 = 𝑎𝑎𝑍𝑍𝑏𝑏 ,                                                                                                                               

(2) 
 
with a, b two constant coefficients. 
Hence, this article presents an analysis of Derby’s law with respect to different Zener-

Hollomon parameter estimations (considering self-heating or not), by which it would be possible 
to discuss the impact of self-heating on the deformed-state microstructure of the A-286 alloy and 
the relevance of considering it when describing dynamic and post-dynamic microstructural 
evolutions. Therefore, this article aims to establish a link between the thermomechanical 
processing conditions and the metallurgical parameters of interest for heterogeneous grain 
growth in static conditions.  

A specific nomenclature will be used to identify whether self-heating is taken into account or 
not in parameter value estimation: 

• 𝑍𝑍0(𝜀𝜀𝑛̇𝑛,𝑇𝑇𝑛𝑛) and 𝜀𝜀𝑛𝑛  -also expressed as 𝑍𝑍0(𝜀𝜀𝑛̇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) and 𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛- refer to the 
nominal Zener-Hollomon parameter value and nominal strain level, respectively, at 
which the thermomechanical test is desired to be performed.  

• 𝑍𝑍1�𝜀𝜀𝑓̇𝑓 ,𝑇𝑇𝑆𝑆𝑆𝑆� and 𝜀𝜀𝑆𝑆𝑆𝑆 represent the estimated value at the end of deformation, 
considering self-heating, with 𝜀𝜀𝑓̇𝑓 =  𝜀𝜀𝑆𝑆𝑆𝑆 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ . They correspond to the local 
values at the same central region of the sample at which microstructural observations 
are performed (Fig. 2). 

• 𝑍𝑍2(𝜀𝜀𝑛̇𝑛,𝑇𝑇𝑖𝑖) refers to the local values at the same central region of the sample as before, 
but 𝑇𝑇𝑖𝑖 is the temperature reached at the last deformation-free stage previous to the 
compression, without any possible self-heating effect. 
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• 𝑍𝑍3�𝜀𝜀𝑓̇𝑓 ,𝑇𝑇𝑖𝑖� differs from 𝑍𝑍2(𝜀𝜀𝑛̇𝑛,𝑇𝑇𝑖𝑖) in the strain rate value considered. In this case, local 
strain rate at the end of the deformation (𝜀𝜀𝑓̇𝑓 =  𝜀𝜀𝑆𝑆𝑆𝑆 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ ) is used.  

Material and experimental procedure 
All experiments were conducted on cylindrical specimens (⌀10 mm x L12 mm) sectioned from a 
10mm diameter hot rolled bar of A-286 alloy, whose chemical composition is given in Table 1. 

Table 1. A-286 superalloy chemical composition. 
Elem. Fe Ni Cr Ti Mo V Mn Si Al C S B 

% 
Wt. Base 27.00 – 

24.00 
16.00 – 
13.50 

2.35 – 
1.90 

1.50 – 
1.00 

0.50 – 
0.10 < 2 < 1.0 

< 
0.35 < 0.08 < 0.03 < 0.01 

 
The samples are submitted to a specific thermomechanical path to ensure that the 

microstructure in the state previous to the compression is homogeneous and fully recrystallized 
(Fig. 1). This is achieved by means of an initial 5 minutes heat treatment in the Gleeble machine 
at a temperature above the testing temperature (𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡), followed by a sudden temperature descent 
for a 1-minute-long holding at 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. The tests are carried out at high strain rates 𝜀𝜀𝑛̇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ∈
[20, 80]𝑠𝑠−1 and different strain levels 𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ∈ [0.25, 0.8]. 
Metallographic preparation and microstructural characterization 
After hot compression, samples were cut into identical quarters, aiming to save material and to 
be able to analyze the microstructure both in the compressed-state and after a final annealing 
process. The cut was made across the compression direction, i.e. the longitudinal direction of the 
deformed cylinder. Microstructure analyses were made as near as possible to the center of the 
sample (at around 150 μm distance to the center in the compression direction) in both cylindrical 
axes considering that a quarter of the original specimen was utilized. Metallographic surface 
preparation was carried out by means of an initial grinding using SiC abrasive papers down to a 
SiC granulometry of 5 μm, and then a mechanical polishing step using 3 μm diamond 
suspension. For optical microscopy observations, the preparation is completed by an 
electrochemical etching during 100 s at 1 V using HNO3 (67%) to reveal grain boundaries.  In 
order to obtain an adequate surface quality for scanning electron microscopy (SEM) and electron 
backscattered diffraction (EBSD) analyses, a final step after mechanical polishing consisting on 
an electropolishing for 4 s with a A3 Struers electrolyte and operating voltage of 25 V at 25 °C 
was considered. 

EBSD maps were acquired using a Carl Zeiss Supra 40 field emission gun scanning electron 
microscope (FEGSEM) equipped with a Bruker Quantax system comprising an EBSD e-

FlashHR detector and the Esprit 2.1 software package. Step size was selected considering the 
dimensions of the scanned area and microstructure characteristic sizes, between 1.2 μm to 2.6 
μm per pixel. The acceleration voltage was 20 kV, and the working distance was 15 mm. The 
open-source MTEX toolbox version 5.1.1 was used for the post-processing of EBSD data [8], 
using Matlab version R2018a. The high indexing rate, above 98%, indicated that no data 
cleaning was necessary. Grains must be composed by more than 3 pixels, with a lower threshold 
of 10° misorientation angle to define grain boundaries. Twins are identified by a 60° 
misorientation along the axis <111> with a 5° tolerance. All EBSD data were filtered using the 
half-quadratic filter developed by Bergmann et al. [9] to reduce measurement noise. The half-
quadratic filter effectively removes the spatially independent noise from the orientation 
measurement data while maintaining the sharp gradients at the grain boundaries and subgrain 
boundaries [10]. Scanning electron micrographs were obtained using the backscattered electron 
detector with 12 kV voltage at a working distance of 10 mm. The orientation data is represented 
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by the Kernel Average Misorientation (KAM) parameter. The KAM parameter is a value 
assigned to each pixel/point in the EBSD map that indicates the average misorientation angle 
between that pixel and its neighbors. It can be expressed mathematically by the following 
formula: 

 
𝐾𝐾𝐾𝐾𝐾𝐾(𝑝𝑝𝑖𝑖) = 1

𝑣𝑣𝑖𝑖
∑ 𝜃𝜃𝑖𝑖,𝑗𝑗
𝑣𝑣𝑖𝑖
𝑗𝑗=1   ,                                                             (3) 

where 𝜃𝜃𝑖𝑖,𝑗𝑗 is the misorientation angle between pixel 𝑝𝑝𝑖𝑖 and pixel 𝑝𝑝𝑗𝑗, and 𝑣𝑣𝑖𝑖 is the number of 
neighboring pixels. For the calculation of KAM, only first and second order neighbors will be 
considered, and misorientations above 10°, that correspond to grain boundaries, are ignored.  

 
Fig. 1. a), c) and d) Microstructure in the state previous to hot compression, after an initial 5-
minutes-long heat treatment and a 1-minute-long heat treatment at the test temperature, in the 
Gleeble. a) 2nd order KAM map with grain boundaries in white (defined by a misorientation 

angle higher than 10°). b) Grain size surface fraction histogram. c) and d) Backscattered 
electrons SEM images, with TiN or TiC as the black second phase particles. 

Initial microstructure before compression  
In Fig. 1 c and Fig. 1 d, it can be seen that there are second-phase particles uniformly distributed 
across the microstructure, which correspond to titanium carbides or titanium nitrides. With 
𝑑̅𝑑𝑆𝑆𝑆𝑆𝑆𝑆 = 5.6 μm and 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 = 0.4%, they are not expected to be capable of significantly hindering 
grain boundary migration during thermomechanical processing, and thus they do not have a 
relevant impact on dynamic and post-dynamic microstructural evolutions with respect to other 
attributes such as stored energy value and distribution, as proven for similar materials [11]. It is 
worth mentioning that this microstructure has undergone an initial heat treatment in the Gleeble 
machine as indicated before. In various works, it has been reported that the Joule effect heating 
mode of Gleeble has an impact on the microstructure, and hence an electric current flow through 
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a sample has an influence on several solid-state transformations, accelerating recrystallization 
and precipitation kinetics with respect to conventional radiative systems [12-13].  
Hot compression tests 
Three thermocouples are spot-welded on the surface of the cylindrical sample. The temperature 
is controlled by the regulatory thermocouple located at the middle height of the sample (TC2 in 
Fig. 2), while the two remaining thermocouples are located at a distance of approximately 1 mm 
to each respective sample edge. These last two thermocouples allow to have a better control of 
the temperature gradient along the cylinder axis of the sample. The position of the thermocouples 
along the longitudinal axis must be measured for each sample. The module HydraWedge®, 
available in the Gleeble 3500 machine, is used, which allows to carry out high strain rate hot 
compression tests, up to 100 𝑠𝑠−1, with good force-displacement control. However, it presents the 
following drawbacks: strain is measured indirectly via anvil displacement; there are non-
negligible friction forces between the anvils and the sample; there is an axial temperature 
gradient which can vary significantly, with temperature differences up to 25 °C between the mid-
height thermocouple and the “edge” ones. Graphite foils of a total width of 0.25 mm are adhered 
to the interfaces between the end of the sample and each anvil for lubrication purposes. As 
mentioned in the section Introduction, Joule heating is switched off during compression. 
Immediately after deformation, a Helium quenching is applied, which results in a cooling rate of 
approximately 40 °C/s. 
FE simulations of hot compression tests 
The compression tests are simulated with the aim to estimate the local thermomechanical 
conditions at the center of the specimen, considering self-heating. Forge® software is used [14]. 
Before the start of compression, there is an initial iterative step to reproduce the experimental 
temperature profile by adjusting the heating power. Therefore, an analytical thermal model is 
developed to accurately estimate sample temperature before compression by coupling the 
thermal and electrical analyses. The tungsten carbide anvils are also modeled, as shown in Fig. 2. 
A triangular mesh of size 0.2 mm is applied in the sample, except for a region comprising from 
sample edges up to a 1 mm distance from them, where the mesh is more refined (mesh size of 
0.1 mm). The anvils are also meshed. The temperature field on the sample is defined as follows: 

-Along the compression direction, at the surface of the sample, a parabolic temperature profile 
is approximated to the profile captured experimentally by the three aforementioned spot-welded 
thermocouples. The procedure to accurately reproduce the experimental temperature profile at 
the surface of the sample will be described next. 

-Along the radial direction, a parabolic temperature profile is estimated by means of the 
average surface temperature of the sample (calculated from the longitudinal temperature 
distribution) and the thermophysical properties of the material. Knowing that the temperature 
axial distribution on the surface of the sample is given by the expression 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧) =  𝑎𝑎0𝑧𝑧2 +
𝑏𝑏0𝑧𝑧 +  𝑐𝑐0, where 𝑎𝑎0, 𝑏𝑏0 and 𝑐𝑐0 are constants determined by the thermocouple data, the 
temperature at any point of the sample is given by: 

𝑇𝑇(𝑟𝑟, 𝑧𝑧) =  𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧) +  
𝜎𝜎𝑆𝑆𝑆𝑆𝜀𝜀𝑅𝑅�𝑇𝑇�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

4 −𝑇𝑇04�

2𝜆𝜆𝑅𝑅0
∙ (𝑅𝑅02 − 𝑟𝑟2),                                                         (4) 

where 𝜎𝜎𝑆𝑆𝑆𝑆 is the Stefan-Boltzmann constant, 𝜀𝜀𝑅𝑅 is the material emissivity, 𝜆𝜆 stands for the 
thermal conductivity of the material, 𝑅𝑅0 is the radius of the sample just before compression, 
𝑇𝑇�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the average temperature on the surface of the sample and 𝑇𝑇0 is the room temperature. 
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Fig. 2. In the left, temperature field of the sample and the anvils at the end of the heating stage. 
In the right, temperature field of the sample and the anvils at the end of the compression stage. 

The square in black corresponds approximately to the region where the microstructure is 
characterized. Only a quarter section of the axysimmetric specimen is shown in this figure. 
Moreover, during the stage of temperature set-up previous to compression, the Joule heating 

power 𝑃𝑃𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 (W) can be described as follows, in order to account for radiation and axial anvil 
conduction losses [15-16]: 

 
𝑃𝑃𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 =  −∫ ∇𝑇𝑇�����⃗ ∙ 𝑛𝑛�⃗  𝑑𝑑�∂Ω�⬚

∂Ω .                                                                                              (5) 

 
Using a constant approximated value of the heat transfer coefficient ℎ (𝑊𝑊𝑚𝑚−2𝐾𝐾−1) in the 

interface between the anvil and the specimen, and hence estimating the anvil temperature 
𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 via the expression ℎ�𝑇𝑇�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� =  ±𝜆𝜆 ∙ 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
�
𝑧𝑧=0,𝑙𝑙

 , the value of the power 

density 𝑄̇𝑄𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽0  (𝑊𝑊𝑚𝑚−3) = 𝑃𝑃𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽/(𝜋𝜋𝑙𝑙0𝑅𝑅02)   is adjusted iteratively until reaching a good 
accordance with the experimental temperature profile described by thermocouple data (a 
difference of less than a 1% of the thermocouple-measured temperature between experimental 
and simulation data is required to validate the power density (𝑄̇𝑄𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽0 ) value used for the heating 
simulation). Hence, the simulations consist of an initial heating stage to adjust the power density 
value to the experimental axial surface temperature profile, and a final compression stage where 
𝑄̇𝑄𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽0 = 0 𝑊𝑊𝑚𝑚−3 (Fig. 2). For the compression stage, a Coulomb-Tresca friction model has 
been used for the interface between the sample and the anvils. A rheological model for the A-286 
alloy under hot compression calibrated from several experiments is utilized. Concerning the 
estimation of sample dimensions, it is worth indicating that thermal expansion is taken into 
account, as described below, since the dependence of mass density 𝜌𝜌(𝑇𝑇) with temperature is 
known for the alloy [15]: 

𝑙𝑙(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) =  𝑙𝑙0(𝑇𝑇0) � 𝜌𝜌(𝑇𝑇0)
𝜌𝜌(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)

�
1
3                                                                                                     (6) 

The expression in Eq. 6 is used to estimate the length of the sample 𝑙𝑙(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) by only 
considering thermal expansion at test temperature. It is also used to estimate the radius of the 



Material Forming - ESAFORM 2024  Materials Research Forum LLC 
Materials Research Proceedings 41 (2024) 1171-1181  https://doi.org/10.21741/9781644903131-130 

 

 
1177 

sample 𝑟𝑟0(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) at a given time, by replacing 𝑙𝑙 for 𝑟𝑟. Moreover, this expression is used to 
calculate the final length that the sample must reach for the compression to stop 𝑙𝑙𝑓𝑓�𝑇𝑇𝑓𝑓�. The final 
dimensions of the compressed specimen are measured at room temperature, thus, in the 
simulation of the compression stage, the anvil (and hence the sample) follows the experimental 
jaw displacement, from the initial calculated dimensions of the sample (in Eq. 7) to the final 
thermally corrected length of the sample, to compensate for the elastic correction. Sample 
dimensions at the end of the heating stage, just before compression, are estimated considering 
both thermal expansion and creep, so the formula in Eq. 6 is combined with the displacements 
captured by the LVDT gauge as defined in Fig. 3 associated to creep, ∆𝑙𝑙1

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and ∆𝑙𝑙2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, as 

follows: 
 

𝑙𝑙0 =  � 𝜌𝜌(𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
𝜌𝜌(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

�
1
3
∙ �� 𝜌𝜌(𝑇𝑇0)

𝜌𝜌�𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�
�
1
3
𝑙𝑙0(𝑇𝑇0) − ∆𝑙𝑙1

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − ∆𝑙𝑙2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.                                        

(7) 
Fig. 3. Temperature evolution and length variation (captured by the LVDT gauge) of a sample 

during the thermal path followed before compression, indicating the effect of creep. 
Results and discussion 
After Gleeble hot compression, all the deformed-state microstructures analyzed can be classified 
in three types according to their recrystallized fraction (𝑓𝑓𝑅𝑅𝑅𝑅), as shown in Fig. 4:    

Fig. 4. Optical microscopy images (after an electrochemical etching to reveal grain boundaries 
as described in the section Metallographic preparation and microstructural characterization) of 
three different microstructures representatives of each class: Non-recrystallized microstructures 
(NonRX), with 𝑓𝑓𝑅𝑅𝑅𝑅 ≤ 10%; partially recrystallized microstructures (PRX), with  10% < 𝑓𝑓𝑅𝑅𝑅𝑅 <

80%;  recrystallized microstructures (RX), with 𝑓𝑓𝑅𝑅𝑅𝑅 ≥ 80%.  
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In all the optical microscopy images of the compressed microstructures, non-recrystallized 
grains and hence 𝑓𝑓𝑅𝑅𝑅𝑅 are identified by imaging processing software by implementing specific 
criteria of high grain size and non-equiaxiality aspect ratio for each microstructure (Fig. 4). The 
size and density of recrystallized grains in the state after compression, which will have an impact 
on static microstructural evolutions, depend on the thermomechanical parameters of deformation. 
Fig. 5 shows the relationship between thermomechanical parameters of deformation, such as the 
local strain level (𝜀𝜀𝑆𝑆𝑆𝑆) and the different Zener-Hollomon parameter estimations, and the 
microstructure via the 𝑓𝑓𝑅𝑅𝑅𝑅 range at which it belongs (according to the color code of the data 
points). In addition to this, the relationship between 𝑙𝑙𝑙𝑙(𝑍𝑍) and 𝜀𝜀𝑆𝑆𝑆𝑆 allows to evaluate the 
accuracy of the different estimations of the Zener-Hollomon parameter. 

Fig. 5. Local strain level at the center of the sample (𝜀𝜀𝑆𝑆𝑆𝑆) vs. Zener-Hollomon parameter 
calculated from (see section Introduction for the detailed description of the different estimations 
of the Zener-Hollomon parameter) a) nominal global values b) local values after compression c) 
local values before compression, with no self-heating phenomena considered and nominal strain 

rate d) local temperature before compression and local strain rate after compression. Circle 
mark points refer to the tests performed at 𝜀𝜀𝑛̇𝑛 =  80 𝑠𝑠−1 while square marks stand for the tests 

carried out at 𝜀𝜀𝑛̇𝑛 =  20 𝑠𝑠−1. Additionally, the colors (green, yellow and red) are consistent with 
the criteria defined in Fig. 4 to identify different microstructure types according to 𝑓𝑓𝑅𝑅𝑅𝑅 

(recrystallized, partially recrystallized and non-recrystallized microstructures, respectively). 

The use of local parameters instead of nominal estimations in the calculation of the Zener-
Hollomon parameter results in a better distribution of points according to their microstructure 
type (𝑓𝑓𝑅𝑅𝑅𝑅 range) in Fig. 5 b with respect to Fig. 5 a. The use of nominal parameters in 𝑍𝑍0 
calculation is not as predictive of the compressed-state microstructure as the use of local 
temperature estimations in 𝑍𝑍1, 𝑍𝑍2 and 𝑍𝑍3 calculation. This is shown in Fig. 5 a, where identical 
𝑍𝑍0 values are shared by conditions with very different 𝑓𝑓𝑅𝑅𝑅𝑅 values (according to data point color). 
However, the consideration of self-heating (Fig. 5 b) or not (Fig. 5 c and Fig. 5 d) in Zener-
Hollomon parameter calculation has less impact on the arrangement of data points according to 
their color, as it can be seen from the few differences among these graphs. For both the tests 
performed at 𝜀𝜀𝑛̇𝑛 =  80 𝑠𝑠−1 (circle data points) and the tests performed at 𝜀𝜀𝑛̇𝑛 =  20 𝑠𝑠−1 (square 
data points), it can be seen that the arrangement of points according to their 𝑓𝑓𝑅𝑅𝑅𝑅 value is slightly 
better defined in Fig. 5 b: high strain and low Zener-Hollomon parameter tests yield a fully 
recrystallized microstructure, while low strain and high Zener-Hollomon parameter tests yield a 
non-recrystallized microstructure. 
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Fig. 6. Logarithmic relation between the recrystallized grain size (𝐷𝐷𝑅𝑅𝑅𝑅) and the different 

estimations of the Zener-Hollomon parameter (𝑍𝑍). A least squares linear regression line (dotted 
line) and the coefficient of regression 𝑅𝑅2 is shown for every set of points corresponding to a 

different Zener-Hollomon parameter estimation.  
The relationship between recrystallized grain size and Zener-Hollomon parameter can be 

found in Fig. 6. It can be observed that there is no correlation for any of the different Zener-
Hollomon parameter estimations analyzed, as the 𝑅𝑅2 coefficients indicate. For the hot-deformed 
A-286 alloy at 𝜀𝜀𝑛̇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ∈ [20, 80]𝑠𝑠−1, Derby’s law fails to establish a relationship between the 
thermomechanical parameters of deformation and recrystallized grain size. The consideration of 
local self-heating at the end of deformation in the calculation of 𝑍𝑍1 results in a higher dispersion 
of the results with respect to recrystallized grain size, which suggests that the estimated self-
heating phenomena does not have an impact on dynamic and post-dynamic grain growth, in 
contrast with the results found in Fig. 5 regarding recrystallization with respect to local strain 
level.  
Conclusion 
Self-heating during hot deformation, especially at high strain rate, must be taken into account to 
assess plastic stored energy value and distribution in order to correctly predict static 
recrystallization and grain growth mechanisms. The mastering of static microstructural 
evolutions in the A-286 alloy would allow to predict the formation of heterogeneous 
microstructures in static conditions. The power-law relationship between recrystallized grain size 
(a consequence of stored energy) and Zener-Hollomon parameter as defined in Derby’s law is 
sensitive to the use of local thermomechanical values instead of the nominal ones. However, 
local temperature and strain rate at the end of deformation do not share a correlation with the 
recrystallized grain size obtained after hot compression tests at high strain rate (𝜀𝜀𝑛̇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ≥
20  𝑠𝑠−1). The most accurate estimation of the thermomechanical parameters of hot deformation 
to better predict dynamic and post-dynamic microstructural evolutions is still open to discussion, 
and a question now arises about which is the most microstructure-impactful moment in the 
thermomechanical path during the hot compression process, since the thermomechanical 
conditions at the end of deformation are not representative enough of the resulting compressed-
state microstructure. The microstructures obtained from high strain rate Gleeble testing differ 
from those obtained from testing at lower strain rates due to a lower dislocation density and 
different intragranular dislocation distributions, so the link between the thermomechanical 
parameters of deformation and the deformed-state microstructure as stated by Derby would no 
longer be valid. Furthermore, the lack of a Derby relationship at these conditions could suggest 
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that post-dynamic recrystallization and grain growth have a bigger impact in the resulting 
microstructure than dynamic evolutions. 
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