metals

Article

Hot Deformation Behavior and Processing Map of
25Cr2Ni2MoV Steel

Yong Wang !, Yanwu Dong '?*, Zhouhua Jiang '?, Lev Medovar >

W) Check for updates

Academic Editor: Maciej Motyka

Received: 13 January 2026

Revised: 1 February 2026

Accepted: 5 February 2026
Published: 10 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

40 and Ganna Stovpchenko 34

School of Metallurgy, Northeastern University, Shenyang 110819, China; wangyongaries@163.com (Y.W.);
jlangzh@smm.neu.edu.cn (Z.].)

Key Laboratory of Ecological Metallurgy, Ministry of Education, Northeastern University,

Shenyang 110819, China

Faculty of Electromechanic and Electrometallurgy, Dnipro Metallurgical Institute, Ukrainian State University
of Science and Technology, 4910 Dnipro, Ukraine; medovar@ukr.net (L.M.); anna_stovpchenko@ukr.net (G.S.)
4 ELMET-ROLL Sp. Z.0.0., 50-078 Wroclaw, Poland

*  Correspondence: dongyw@smm.neu.edu.cn

Abstract

This study investigates the hot deformation behavior of electroslag remelted (ESR)
25Cr2Ni2MoV steel, focusing on the effects of deformation temperature and strain rate on
flow stress, microstructure evolution, and dynamic recrystallization (DRX) mechanisms.
Hot compression tests were performed at temperatures ranging from 1120 °C to 1210 °C
and strain rates from 0.01 s~ ! to 10 s~! to generate true stress-strain curves. The friction
and adiabatic temperature effects were corrected to ensure accurate results. The data reveal
that the material exhibits a single-peak true stress—strain curve, characteristic of dynamic
recrystallization softening. The flow stress is negatively sensitive to temperature and
positively sensitive to strain rate. An Arrhenius-type constitutive model was developed,
and the activation energy for hot deformation was determined to be 371.3 kJ/mol. EBSD
analysis show that the recrystallized grain size is highly dependent on strain rate, with finer
grains formed at lower strain rates (0.01-0.1 s~1). A processing map constructed at a true
strain of 0.5 identified an optimal hot-working window at deformation temperatures of
1160-1200 °C with strain rates below 0.37 s~!, providing guidance for the forging process
of large 25Cr2Ni2MoV steel.
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1. Introduction

25Cr2Ni2MoV steel is a Cr—-Ni-Mo—V-series steel developed for large steam turbine
and nuclear power low-pressure welded rotors, which are critical load-bearing components
operating under severe service conditions. This steel was developed on the basis of
introducing 30Cr2Ni4MoV steel and integrating domestic alloy design experience. In order
to achieve a balance between strength, toughness and weldability, its carbon content is
usually controlled within the range of 0.18-0.27 wt.%, classifying it as a medium-low-
carbon alloy steel. Meanwhile, alloying elements such as Cr, Ni, Mo and V significantly
enhance hardenability and microstructural heredity, making post-forging heat treatment
necessary to refine grains and alleviate mixed-grain structures [1,2]. For large rotor forgings,
hot deformation is not only required to realize component shaping but also plays a vital role
in microstructure control. During deformation in the austenitic region, dynamic recovery
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(DRV) and dynamic recrystallization (DRX) can effectively refine grains, reduce segregation
and improve microstructural homogeneity, thereby decreasing the burden of subsequent
heat treatment. Therefore, establishing an accurate constitutive model and hot processing
map, combined with phase transformation behavior, is essential for determining a stable
forging window and preventing defects such as cracking and mixed grains [3].

At present, the optimization of forging processes for large 25Cr2Ni2MoV low-
pressure turbine rotors still mainly relies on traditional trial-and-error approaches [4-6].
These methods are time-consuming, costly and strongly influenced by external factors.
Zhou et al. [7] investigated the explicit microstructural response of materials to process-
ing parameters based on processing maps generated from flow stress data, addressing
hot workability and microstructure control during deformation. At present, the opti-
mization of forging processes for large 25Cr2Ni2MoV low-pressure turbine rotors still
mainly relies on traditional trial-and-error approaches [4-6]. These methods are time-
consuming, costly and strongly influenced by external factors. Zhou et al. [7] investi-
gated the explicit microstructural response of materials to processing parameters based
on processing maps generated from flow stress data, addressing hot workability and
microstructure control during deformation. Luo et al. [8] simulated microstructure evo-
lution during multidirectional forging of 30Cr2Ni4MoV steel using DEFORM software
(https:/ /link.springer.com/article/10.1007/s00170-021-08615-w, accessed 10 January 2026)
and established a backpropagation neural network model for microstructure prediction.
Wu et al. [9] quantitatively studied the deformation behavior and DRX kinetics of low-alloy
high-strength Ni-Cr-Mo steel, determined the critical strain for DRX initiation, and verified
the reliability of the proposed kinetic model. Mandal et al. [10] developed constitutive
equations to predict the flow stress of austenitic alloys during hot deformation. Frost and
Ashby [11] first proposed the concept of hot processing maps, which were later refined by
Prasad [12,13]. This approach enables microstructure control through optimization of hot
working parameters and has been widely applied to various alloys, including high-strength
steels [14,15], austenitic stainless steels [16,17], magnesium alloys [18,19] and aluminum
alloys [20,21].

Currently, most studies on Cr-Ni-Mo-V rotor steels are based on traditional cast or
forged materials, and systematic research on the hot deformation behavior of electroslag
remelted (ESR) 25Cr2Ni2MoV steel is still limited. Furthermore, the effects of friction and
adiabatic heating corrections on constitutive modeling and the refinement of processing
maps have seldom been clearly addressed. Therefore, this paper conducts hot compression
tests on ESR 25Cr2Ni2MoV composite ingot samples with a true strain of 0.5, obtaining
true stress—strain curves at different temperatures and strain rates [22]. Corresponding
constitutive equations and processing maps are established [23]. By combining the corrected
flow stress data with microstructural analysis, a more reliable processing window for large
rotor forgings is established.

2. Experimental Procedure

The material was prepared by vacuum induction melting at Northeastern University
and subsequently remelted by electroslag remelting to produce square ingots. The chemical
composition is listed in Table 1. Cylindrical samples with a diameter of 8 mm and a height of
12 mm were machined from the ingot. To reduce friction during deformation, thin graphite
sheets were placed on the sample surfaces. Hot compression tests were carried out using a
Gleeble-3500 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY, USA).
Since this study focused on the overall flow behavior and trends at different temperatures
and strain rates, rather than the statistical variability under single experimental conditions,
only one experiment was conducted for each deformation condition. The samples were
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heated at 5 °C-s~! to 1100 °C, 1130 °C, 1160 °C and 1190 °C, followed by heating at 2 °C-s~!
to 1120 °C, 1150 °C, 1180 °C and 1210 °C, respectively, and held for 5 min. Compression
was then performed to a total height reduction of 70% at strain rates of 0.01s!,0.1s71,
1s!and 10 s~!. After deformation, the samples were immediately quenched to preserve
the dynamically recrystallized microstructure.

Table 1. Composition of 25Cr2Ni2MoV steel.

C Si

Mn

P S Cr Mo A% Ni Al Cu Fe

0.222 0.008

0.221

0.004 0.001 2231 0.715 0.084 2.209 0.009 0.012 Bal

Smm

After compression, the samples were sectioned along the axial direction, and a 3 mm
thick slice was cut from the center, as shown in Figure 1. The samples were mechanically
ground and then electrolytically polished using a solution containing 8 mL of HCIO, and
92 mL of ethanol at 25 V and 1 A for 30 s. EBSD observations were conducted using a ZEISS
Crossbeam 550 microscope with a step size of 0.2 um, and the data were analyzed using
Aztec Crystal software (version 2.1).

12mm

”
| \_/

N

— - |

Figure 1. Dimensions of thermal deformation samples and sampling positions after deformation.

3. Results and Discussion
3.1. True Stress—Strain Curves

The true stress—strain curves obtained at different temperatures under the same strain
rates are shown in Figure 2a—d. At a constant strain rate, the flow stress increases with
decreasing deformation temperature. Conversely, at a given temperature, the flow stress
increases with increasing strain rate. Lower strain rates combined with higher temperatures
significantly reduce the flow stress, whereas higher strain rates at lower temperatures lead
to pronounced stress elevation [24]. This behavior can be attributed to the dominance of
work hardening at low temperatures, where limited slip systems and inhibited recovery
processes result in dislocation intersections and pile-ups. At elevated temperatures, the
vacancy diffusion, cross-slip of screw dislocations and the rise in edge dislocations are
accelerated, facilitating dynamic recovery and softening. With increasing strain, dislocation
density accumulates and deformation resistance increases. As DRX proceeds, dislocations
are consumed, leading to a decrease in flow stress. When the energy generated by deforma-
tion equals that consumed by DRX, the flow stress reaches a steady state [25]. All curves
show a single peak followed by softening, indicating the occurrence of DRX. The 25Cr alloy
shows negative temperature sensitivity and positive strain rate sensitivity [26].
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Figure 2. True stress—strain curves at the same strain rate for different temperatures: (a) 0.01 st
()0.1s71,(c)1s 1, and (d) 10s~ L.

3.2. Effect of Friction Correction on Stress—Strain Curves

During hot compression, large plastic deformation occurs, and friction between the
sample and anvils is unavoidable. The friction-generated heat cannot be dissipated rapidly,
leading to barreling of the sample with a bulged center. Consequently, the experimentally
measured flow stress deviates from the intrinsic material response, and friction correction is
therefore required. The friction correction equation uses the analytical model proposed by
Ebrahimi and Najafizadeh [27], which takes into account the bulging effect during the hot
compression of the cylindrical sample. The model assumes an axisymmetric deformation
distribution, uniform material properties, and a constant friction coefficient at the sample—
base interface. This model is applicable to cases with stable deformation and insignificant
bulging effects, as shown in Equation (1).

w _8RJ 1 (HN'\® (HY met2 (1)
o H |12 \Rb Rb 24+/3(e~0/2 — 1)

where ¢ and o are the corrected and measured flow stresses, respectively; R is the instan-
taneous radius of the sample during deformation; H is the instantaneous height; m is the
friction factor; and b is the barreling parameter. The parameters m and b can be calculated
using the following relationships:

3
2

o (Ruu/hb "
4/V/3— (20/3V3)
_ (Rm — Rt) h
b=4x R X - 3)
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h
Ruve - RO 70 (4)
RT:\/3X}Z)><RO2—2RM2 5)

where hy and h are the initial and final heights of the sample, respectively; Ry is the
initial radius; Ry is the maximum radius after barreling; Ru. is the average radius after
compression; and Rr is the radius of the end face.

The friction-corrected true stress—strain curves are shown in Figure 3a—d. Compared
with the uncorrected curves, the corrected flow stresses are slightly increased, especially at
higher strain levels, indicating that friction has a non-negligible influence on the measured
flow stress during large deformation.
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Figure 3. True stress—strain curves at different strain rates after friction correction: (a) 0.01 s~7,
()0.1s71,(c)1s 1, and (d) 10s~ L.

3.3. Effect of Temperature Correction on Stress—Strain Curves

During hot compression, a significant portion of plastic work is converted into internal
energy, which cannot be dissipated instantaneously under adiabatic conditions. As a result,
the sample temperature rises during deformation, particularly at high strain rates. This adi-
abatic heating leads to an underestimation of the flow stress if temperature correction is not
applied. The temperature-corrected flow stress can be calculated using Equation (6) [28]:

oo
O'T:Uf—ﬁgé-AT (6)
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True Stress/MPa

True Stress/MPa

where o7 is the temperature-corrected flow stress (MPa), g—%

_is the temperature sensitivity
£,€

%

coefficient (MPa-K~!), and AT is the temperature increment (K), which can be expressed as:

0.957 [ od
at — 2%5g 7 @)
pCp
0,£<1073
7 =14 03l6loge+0.95 1073 <& <1073 (8)
0.95, ¢ > 1073

where p is the density of the alloy (7.85 g-cm’g), ¢ is the strain rate (s™1), 1 is the adiabatic
correction coefficient, and Cp is the specific heat capacity of the alloy, which is approximately
650 ]~l<g’l -K~1, as calculated using JMatPro software (Version 7.0).

The temperature-corrected true stress—strain curves are presented in Figure 4a—d.
Compared with the friction-corrected curves, the flow stresses after temperature correction
are further increased, particularly at high strain rates, confirming the significant effect
of adiabatic heating on hot deformation behavior. Compared with the uncorrected data
reported in the literature, the joint correction of friction and temperature in this study
allows more accurate determination of peak stress and deformation activation energy, thus
refining the boundaries of stable and unstable regions in the processing map.
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Figure 4. True stress—strain curves at different strain rates after temperature correction: (a) 0.01 s7L

()0.1s571,(¢)1s71,and (d) 10s~ L.

3.4. Arrhenius-Type Constitutive Equation

The Arrhenius-type constitutive equation is widely used to describe the relationship
among flow stress, strain rate and deformation temperature during high-temperature de-
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formation. The hyperbolic sine law provides an effective approximation for the relationship
between the Zener-Hollomon parameter and flow stress [29,30]:

Lo : n _ Quct
¢ = A(sinh(a0))" exp( =T ) )
Under different stress conditions, Equation (9) can be simplified as:
¢ = A0, exp(—Q/RT) (10)
¢ = Ayexp(poy) exp(—Q/RT) (11)

where ¢ is the strain rate (s 1), R is the universal gas constant (8.318 J-mol~1.K1), T is the
absolute temperature (K), Q is the activation energy for hot deformation (kJ-mol~1), o is
the flow stress (MPa), and A, « and n are material constants.

Equation (9) is applicable to all deformation conditions, whereas Equation (10) is valid
for the low-stress regime (xo < 0.8), and Equation (3) applies to the high-stress regime
(a0 > 0.8). Taking the natural logarithm of the above three equations yields:

Iné =In A+ nyIn[sinh(aoy)] — Q/RT (12)
Ine =In Ay +nylno, — Q/RT (13)
Ine =In Ay + Bop, — Q/RT (14)

According to Equation (12), the flow stress, strain rate and deformation temperature
are related through the hyperbolic sine Arrhenius equation. The corresponding linear fitting
results are shown in Figure 5. From the fitting curves, the slopes of the linear relationships
between In¢ and In[sinh(ac7)], as well as between In[sinh(acp)] and 1000/ T, are determined
to be 1 = 4.14657 and k = 10.77083. Substituting the gas constant R into the equation, the
activation energy for hot deformation is calculated as Q = n,Rk = 371.319 k] /mol.

a b)- o0.01s7!
2t ( ) 1120C ( ) 0.10s""
« 1150C -
1180°C Lo 1. 00s
s 10.0s !
1210C :

lnsink(acp)

0.0 /

b 0.5 /

5k

1.0 -0.5 0.0 0.5 1.0 1.5 0.67 0. 68 0. 69 0,70 0.71 0,72
Insinki(ac,) C1000/T)/K™!

Figure 5. Fitting curves at different deformation temperatures: (a) Iné-In[sinh(aop)] and
(b) In[sinh(acp)]-1000/T.

It can be seen from Equations (13) and (14), at a constant temperature, as shown in
Figure 6, the slope of the linear relationship between Ine and Ingy, is 11 = 6.65248, while the
slope of the linear relationship between Ine and ¢y, is B = 0.130075; thus, the parameter «
can be calculated as & = /11 = 0.019553.
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Figure 6. Fitting curves at different deformation temperatures: (a) Iné-Ino, and (b) Iné-o7.

Zener and Hollomon [30] reported that, for high-temperature deformation experi-
ments, the relationship between the deformation rate and deformation temperature can
be described using a functional expression of the Zener-Hollomon parameter, which
represents the temperature-compensated strain rate factor:

Z:éexp(RQT) (15)

Z = Al[sinh(acy)]"™ (16)

Currently, given that the thermal deformation activation energy, Q, is known, the
corresponding Z values can be calculated under different deformation conditions. Taking
the logarithm of Equation (16) yields:

InZ =In A+ ny In[sinh(0y)] (17)

Linear fitting was performed between InZ and In[sinh(c7)], and the corresponding
results are shown in Figure 7. The linear correlation coefficient is 0.982, and the intercept
of the fitted line is InA = 42.015, from which the material constant A is calculated to be
A =1.766 x 1018, Accordingly, the Zener-Hollomon parameter of the 25Cr alloy can be
expressed as:

Z = 1.766 x 10*¥sinh(0.0195530,,)*14¢* (18)

48 F

46 -

40 F

R*=0.982

-1.0 -0.5 0.0 0.5 1.0

Insink(acs],)

Figure 7. The fitting curve of In Z-In[sinh(ac7p)].
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The Z parameter can also be used to predict the flow stress of the 25Cr alloy:

7 2/4.14657
S S— 1
(1.766 x 1018) +

1/2

7 1/4.14657
)

—53.14305In{ (— 2~
¢ = 53143051 (1.766><1018

The predicted and experimental data were plotted against the reference line y = x, as
shown in Figure 8. The red data points represent the predicted values on the horizontal
axis and the experimentally measured values on the vertical axis. All data points are closely
distributed on both sides of the reference line, exhibiting a clear linear relationship and con-
sistent variation trends. The maximum deviation between the predicted and experimental
values is less than 5%, indicating that the Zener-Hollomon parameter effectively captures
the variation in peak stress during hot deformation and that the proposed model exhibits
high predictive accuracy.

100

90

80

70

60

Measured Peak Stress/MPa

30

20 L 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100

Predicted Peak Stress/MPa

Figure 8. Comparison between predicted and measured values of true stress.

Compared to vacuum induction-melted ingots, the ESR ingot exhibits a higher ac-
tivation energy for hot deformation than the 356.8 kJ-mol ! reported for 25Cr2Ni4MoV
steel [5]. The ESR process significantly improves compositional homogeneity and can
effectively reduce the content of non-metallic inclusions. The enhanced cleanliness has
a notable impact on DRX behavior—the reduction in inclusion content decreases avail-
able nucleation sites, making DRX more dependent on grain boundary movement. Grain
boundary movement during DRX is strongly governed by atomic diffusion mechanisms.
Since diffusion-controlled processes generally require higher thermal energy and exhibit
stronger temperature dependence, DRX in electroslag remelted steel manifests a higher
activation energy for hot deformation.

3.5. Dynamic Recrystallization Microstructure

The samples deformed at 1180 °C with strain rates of 0.01 s101s1,1stand10s!
were sectioned along the maximum cross-section and electrolytically polished using a per-
chloric acid—ethanol solution. The quenched microstructures were examined by EBSD, and
the prior austenite grain structure was reconstructed from the martensitic microstructure.
Microstructural evolution plays a decisive role in deformation process design. As shown in
Figure 9, the recrystallized austenite grain size exhibits a strong dependence on the strain
rate, which can be reasonably explained by the variation in the Zener-Hollomon parameter.
At a constant deformation temperature, an increase in the strain rate leads to a significant
rise in the Z parameter, corresponding to a higher temperature-compensated deformation
rate and greater resistance to grain boundary movement. Under low-strain-rate conditions
(0.01s7 ! and 0.1 57 1), the corresponding Z values are low, providing sufficient deformation
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time and thermal energy for dynamic recrystallization (DRX) to proceed. Consequently,
fully recrystallized, equiaxed, and uniformly distributed austenite grains are formed, indi-
cating that grain growth via grain boundary movement is not significantly restricted. In
contrast, at higher strain rates (1 s~! and 10 s~!), the Z parameter increases, resulting in a
refined grain structure and the appearance of sub-grain features. This behavior reflects a
decrease in the time available for recrystallized grain growth under high-Z conditions. The
observed inverse relationship between recrystallized grain size and the Zener—-Hollomon
parameter is consistent with classical dynamic recrystallization theory, where a higher Z
value promotes higher recrystallization nucleation density while inhibiting grain growth.
Therefore, the microstructure evolves toward finer but less homogeneous grains at high
strain rates, whereas low-Z conditions favor grain coarsening and improved homogeneity.

Figure 9. Austenite recrystallized grains under different deformation temperatures: (a) 0.01 sl
(b)0.1s7 1, (c)1s 1, and (d) 10s~ L.

The relatively high Cr and Ni contents in the 25Cr2Ni2MoV alloy enhance austenite
stability and may promote deformation twinning, thereby influencing the recrystallization
mechanism. In addition, Mo and V, as carbide-forming elements, exhibit high solubility at
1180 °C and therefore exert a relatively weak pinning effect on grain boundary movement.
Consequently, the influence of alloying elements on recrystallization is mainly reflected in
austenite stability rather than direct inhibition of grain boundary movement.

In addition to deformation parameters, alloying elements also influence recrystalliza-
tion kinetics. The high Cr and Ni content in the alloy enhances the stability of austenite,
which may promote twinning and subsequently influence the recrystallization mechanism.
Mo and V are elements that can easily form carbides, and the solid solution of Mo and V
atoms will delay the movement of grain boundaries, thus affecting the growth stage of
recrystallized grains. Furthermore, fine precipitates containing Mo and V may partially
dissolve during deformation and re-precipitate during cooling, producing a pinning effect
on grain boundaries and further influencing recrystallization kinetics.
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3.6. Hot Processing Map

The deformation behavior of materials is influenced by multiple factors. By determin-
ing material parameters during hot deformation and analyzing the corresponding data,
appropriate processing conditions can be established to avoid defects such as flow insta-
bility. A hot processing map is a graphical representation that describes the relationships
between microstructural evolution and material properties within a specific temperature
range. It serves as an important tool for determining deformation parameters during hot
working by identifying and avoiding unstable regions indicated on the map [31].

Figure 10 shows the hot processing map of the alloy at a true strain of 0.5. The contour
lines in the map represent the power dissipation efficiency only, while the shaded areas
indicate the flow-unstable regions determined by the unstable criterion. The unstable
regions identified in the processing map are mainly located within the range of high strain
rates (0.37-10 s~1) and relatively low temperatures (1120-1160 °C). Under such conditions,
deformation is prone to strain localization, with limited time available for atomic diffusion
and grain boundary movement, which inhibits dynamic recrystallization and results in
deformation dominated by dynamic recovery. In such unstable regions, the imbalance
between work hardening and dynamic softening leads to inhomogeneous overall deforma-
tion of the material. This localized deformation is usually associated with microstructural
inhomogeneity, characterized by partially recrystallized regions, sub grain structures, and
the coexistence of locally refined grains with coarse unrecrystallized grains. These features
are consistent with the EBSD observations at high strain rates, which clearly indicate in-
complete recrystallization and heterogeneous grain structures. The stable regions in the
processing map are located within the range of lower strain rates (<0.37 s~!) and higher
temperatures (1160-1200 °C), showing relatively high dissipation efficiency (1 > 0.3). This
indicates that deformation in these regions is dominated by dynamic recrystallization. Un-
der these conditions, sufficient thermal activation and deformation time promote uniform
nucleation and growth of recrystallized grains, effectively inhibiting strain localization and
ensuring uniform microstructural evolution. Therefore, these conditions are recommended
as the optimal hot processing window for industrial forging operations.

@
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Figure 10. Hot processing map at a true strain of 0.5.
From a practical perspective, deformation within the unstable region is not desirable

for industrial forging of large 25Cr2Ni2MoV steel. Microstructural heterogeneity may
increase the risk of surface cracking and internal defects, which would reduce the me-
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chanical reliability of large forgings. In addition, such defects are difficult to completely
eliminate through subsequent heat treatment, thus raising production risks and costs. It is
worth noting that the hot processing map in this study was established under isothermal
conditions at a true strain of 0.5, while actual industrial forging involves non-isothermal,
multi-pass deformation. A true strain of 0.5 represents the cumulative equivalent strain
within multiple passes in industrial production. In addition, considering the unavoidable
temperature drop during actual forging, it is beneficial to start the deformation from the
peak temperature in the stable zone to keep the subsequent deformation within the temper-
ature range of recrystallization Therefore, although the proposed deformation window is
derived from isothermal experiments, it can still provide effective guidance for practical
industrial production.

4. Conclusions

(1) After the application of friction and adiabatic temperature rise corrections, the
influences of friction and heat accumulation on flow stress were eliminated. The corrected
curves all exhibit single-peak characteristics, indicating that dynamic recrystallization
(DRX) serves as the main softening mechanism within the investigated temperature and
strain rate ranges. The flow stress demonstrates negative temperature sensitivity and
positive strain rate sensitivity.

(2) Based on the corrected peak stress data, a hyperbolic sine Arrhenius-type consti-
tutive equation was established. The calculated activation energy for hot deformation is
371.319 kJ-mol !, which is higher than that of some cast steels. The model based on the
Zener-Hollomon parameter predicts peak stress with an error of less than 5%, indicating
that this constitutive model possesses high predictive accuracy.

(3) EBSD analysis reveals that the recrystallization mechanism exhibits significant
strain rate dependence. Under low-strain-rate conditions (0.01-0.1 s~!), the material has
sufficient dynamic recrystallization, resulting in a microstructure with relatively good
grain homogeneity. Conversely, at high strain rates (>1s~!), recrystallization is inhibited,
leading to a heterogeneous microstructure characterized by the coexistence of fine and
coarse grains.

(4) The hot processing map indicates that, at a true strain of 0.5, flow-unstable regions
are primarily distributed within the ranges of relatively low temperatures (1120-1160 °C)
and high strain rates (0.37-10 s~!). Under conditions of high temperatures (1160-1200 °C)
and low strain rates (<0.37 s~1), a stable microstructure could be obtained. Considering
the characteristics of industrial multi-pass, non-isothermal forging processes, it is recom-
mended that this stable region be adopted as the preferred hot working window for large
25Cr2Ni2MoV rotor forgings.
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