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Abstract 

A recently developed high-strength nickel-based corrosion-resistant alloy has attracted 

increasing interest for drilling and production operations in unconventional oil and gas 

fields. Owing to its high resistance to media containing H2S, CO2 and chloride ions, to-

gether with its ultra-high strength and favorable strength–toughness balance, this alloy is 

suitable for demanding service conditions. During hot working, dynamic recrystallization 

(DRX) governs deformation softening, grain refinement and the subsequent microstruc-

tural state, and thus has a direct influence on final properties. In this work, isothermal 

compression experiments were conducted on this ultra-high-strength nickel-based corro-

sion-resistant alloy using a Gleeble thermal simulator at 1000–1150 °C and strain rates of 

0.01–10 s−1. Electron backscatter diffraction (EBSD) was used to quantify grain size, grain-

boundary misorientation, kernel average misorientation (KAM) and the DRX volume 

fraction. The results indicate that higher deformation temperature generally accelerates 

DRX, lowers the KAM value and increases the recrystallized-grain fraction. Under a con-

stant deformation temperature, the DRX volume fraction changes non-monotonically 

with strain rate, showing an initial increase followed by a decrease. Based on the EBSD-

derived DRX fractions, linear and quadratic single-parameter models using the Zener–

Hollomon parameter were examined first, but neither provided satisfactory fitting accu-

racy. A two-variable empirical model was therefore formulated for a fixed true strain of ε 

= 0.92 by considering deformation temperature and strain rate separately. The predicted 

values agree well with the experimental data, giving R2 = 0.91278 and an average relative 

error of 8.53%. The proposed model captures the main variation tendency of the DRX 

volume fraction within the studied processing window and provides a useful basis for 

microstructure control and hot-working parameter design for ultra-high-strength nickel-

based corrosion-resistant alloys. 
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1. Introduction 

Ultra-high-strength nickel-based corrosion-resistant alloys are designed for struc-

tural components that must retain high strength and corrosion resistance in harsh oil and 

gas environments. Their yield strength can exceed 1400 MPa, and their resistance to media 

containing H2S, CO2 and chloride ions makes them suitable for downhole and offshore 

components such as flow-channel converters and steering shafts in rotary steering tools. 

As service requirements for strength, toughness and lifetime continue to increase, under-

standing and controlling microstructural evolution during hot working have become es-

sential for this class of alloys [1–5]. 

During hot deformation, the material response is controlled by the balance between 

strain hardening and thermally activated softening. Dynamic recrystallization (DRX) is a 

key softening process under medium- and high-temperature deformation conditions [6,7]. 

Through the formation and growth of new, relatively strain-free grains, DRX releases 

stored deformation energy and modifies grain morphology, thereby affecting plasticity, 

strength and later service behavior [8,9,10]. A detailed evaluation of DRX under different 

thermal–mechanical parameters is therefore necessary for optimizing the hot-working 

route of ultra-high-strength nickel-based corrosion-resistant alloys. 

Studies on the hot deformation of 1400 MPa-grade corrosion-resistant nickel-based 

alloys have mainly addressed flow-stress behavior, constitutive modeling, processing 

maps and finite-element simulations. For example, Liao et al. [11] investigated this alloy 

family at 900–1060 °C and 0.001–0.5 s−1, proposed a power-law model for DRX grain-size 

prediction, and discussed the competition between continuous and discontinuous DRX as 

well as the effect of δ-phase dissolution on softening behavior. Their analysis, however, 

emphasized recrystallization mechanisms and grain-size prediction rather than a direct 

quantitative description of the DRX volume fraction as a function of hot deformation var-

iables. Elekyabi et al. [12] used experiments and DIGIMU full-field simulations to study 

temperature-path effects on the DRX fraction and grain structure of Inconel 718 during 

non-isothermal forming. These results highlight the importance of transient temperature, 

but systematic work on the evolution and prediction of DRX volume fraction in ultra-

high-strength corrosion-resistant nickel-based alloys remains limited. 

Although nickel-based alloys have been widely studied during hot deformation, 

available work is still dominated by constitutive equations, flow-stress analysis, pro-

cessing maps, numerical simulations and grain-size models. Compared with these topics, 

predictive modeling of the DRX volume fraction is less mature, particularly for ultra-high-

strength nickel-based corrosion-resistant alloys used in severe oilfield environments. 

The alloy considered here differs from conventional nickel-based superalloys be-

cause it combines a very high-strength level with a complex alloying system containing 

Cr, Nb, Mo, Ti and Al. Solute atoms and residual MC-type carbonitrides can affect dislo-

cation storage, solute drag, boundary mobility and the nucleation and growth of recrys-

tallized grains. As a result, the relative contributions of dynamic recovery, DRX nucleation 

and grain-boundary migration may not follow the same pattern as in more conventional 

nickel-based alloys. A focused investigation of the hot deformation microstructure of this 

alloy is therefore required for reliable process optimization. 

The Zener–Hollomon parameter is often used to combine the effects of temperature 

and strain rate into a single deformation parameter. However, if the DRX volume fraction 

varies non-monotonically with strain rate, such a single-parameter description may ob-

scure the separate and interactive roles of temperature and strain rate. In this study, sin-

gle-Z-parameter descriptions are first tested, and a two-variable empirical formulation is 

then developed. The main contribution is to clarify how deformation temperature and 

strain rate jointly affect the DRX volume fraction and to show the limitation of relying 

only on a conventional Z-based representation for this alloy. 
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Accordingly, hot compression tests combined with EBSD characterization were car-

ried out to examine microstructural changes in the ultra-high-strength nickel-based cor-

rosion-resistant alloy at different deformation temperatures and strain rates. EBSD-de-

rived DRX volume fractions were used to assess the applicability of Zener-Hollomon-

based single-parameter models. A two-variable empirical model using temperature and 

strain rate was then established to describe the measured variation in DRX volume frac-

tion quantitatively. 

2. Experimental Materials and Methods 

2.1. Experimental Materials 

The material investigated in this work was an ultra-high-strength nickel-based cor-

rosion-resistant alloy. Cylindrical compression specimens with a diameter of 8 mm and a 

height of 12 mm were machined from a Φ260 mm homogenized as-cast ingot. Microstruc-

tural observations and statistical measurements were then performed after different hot 

deformation conditions in order to evaluate the influence of temperature and strain rate 

on DRX behavior. Table 1 gives the alloy composition, and Figure 1 presents the starting 

microstructure. 

 

Figure 1. Starting microstructure of the investigated ultra-high-strength nickel-based corrosion-re-

sistant alloy. 

Table 1. Nominal chemical composition of the investigated alloy (mass fraction, %). 

Element Ni Cr Nb Mo Ti Al C Mn Fe 

Content 55 21.5 6 3.1 1 0.7 0.01 0.2 Remainder 

The homogenized Φ260 mm as-cast ingot exhibits a relatively uniform matrix, as 

shown in Figure 1. Typical dendrite arms and interdendritic segregation from casting are 

no longer visible after homogenization. The matrix appears light gray and lacks obvious 

grain-boundary contrast, while the dark particles are mainly incompletely dissolved MC-

type carbonitrides, primarily NbC, with sizes mostly between 1 and 5 μm. These particles 

are blocky, polygonal or locally fragmented, and slight clustering can be observed in some 

regions. Such a homogenized matrix provides a consistent initial state for subsequent iso-

thermal compression, whereas the remaining carbonitrides may restrict abnormal grain 

growth through boundary pinning during hot deformation. 

2.2. Thermal Compression Experimental Equipment 

Thermomechanical compression experiments were performed on a Gleeble 3800-

GTC simulator(Dynamic Systems Inc., Albany, NY, USA). The system permits independ-

ent control of specimen temperature, deformation rate and total strain, making it suitable 
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for reproducing the coupled thermal–mechanical conditions experienced during hot 

working. Isothermal constant-strain rate compression tests were conducted at the selected 

temperatures and strain rates. The complete experimental route is illustrated in Figure 2. 

 

Figure 2. Schematic procedure used for the isothermal constant-strain rate hot compression tests. 

2.3. Hot Compression Parameters and Procedure 

The Φ260 mm as-cast alloy ingot was sectioned by wire cutting into cylindrical sam-

ples of Φ8 mm × 12 mm. The two end faces were carefully ground to obtain flat and par-

allel surfaces, with the parallelism error controlled below 0.02 mm. Four deformation tem-

peratures (1000, 1050, 1100 and 1150 °C) and four strain rates (0.01, 0.1, 1 and 10 s−1) were 

selected. Each specimen was compressed to a height reduction of 60%, corresponding to 

a true strain of ε = 0.92. 

All compression tests were carried out on the Gleeble 3800-GTC system. Samples 

were heated to the target temperature at 10 °C/s and held for 5 min to reduce thermal 

gradients before deformation. Uniaxial compression was then applied at the preset strain 

rate to reach the 60% height reduction. Immediately after compression, the specimens 

were water-quenched to retain the high-temperature deformation microstructure and 

suppress post-deformation static recrystallization or grain growth. Tantalum and graph-

ite sheets were placed between the specimen and anvils to reduce friction. According to 

the instrument specification, the temperature measurement error of the Gleeble 3800-GTC 

is within ±1% of the measured value. Temperature was monitored at the specimen center 

using a spot-welded K-type thermocouple, and the feedback control accuracy during test-

ing was maintained within ±1 °C. 

2.4. EBSD Characterization and Microstructure Statistics 

After deformation, each specimen was cut along the compression axis, and the lon-

gitudinal section was selected for EBSD observation. The surface preparation procedure 

was as follows [13,14]: 

The observation surfaces were mechanically ground using 240#, 400#, 800#, 1200# 

and 2000# SiC papers to remove cutting marks and oxide layers. Electrolytic polishing was 

then performed in a solution of 10 vol.% HClO4 and 90 vol.% C2H5OH at 20 V and −20 °C 

for 30–60 s. This treatment removed the mechanically damaged surface layer and pro-

duced a surface suitable for EBSD indexing. EBSD data were collected using a Zeiss Sigma 

300 field-emission scanning electron microscope(Carl Zeiss AG, Oberkochen, Germany) 

equipped with a NordlysNano EBSD detector(Oxford Instruments, Abingdon, UK). The 

accelerating voltage, working distance and step size were 20 kV, 15 mm and 1.4 μm, re-

spectively. Each mapped region was at least 500 μm × 500 μm and contained more than 

300 grains, improving the statistical representativeness of the microstructural measure-

ments. 

Channel 5 software was used to process the EBSD datasets. Recrystallized and de-

formed grains were identified by grain orientation spread (GOS), and grains with GOS 

values below 2° were classified as recrystallized grains [15]. Grain boundaries were 

grouped by misorientation angle: boundaries above 15° were regarded as high-angle 

grain boundaries (HAGBs), whereas boundaries between 2° and 15° were considered low-
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angle grain boundaries (LAGBs). Kernel average misorientation (KAM) was also calcu-

lated to evaluate local orientation gradients and dislocation accumulation inside grains. 

2.5. DRX Volume Fraction Determination 

The DRX volume fraction was required as the dependent variable for model devel-

opment. Recrystallized regions were identified from EBSD data under each deformation 

condition, and the measured recrystallized area fraction was used to approximate the 

DRX volume fraction. In this way, DRX fractions at different temperatures and strain rates 

were obtained at the fixed final strain of ε = 0.92 and used as the experimental basis for 

the prediction model. 

The value ε = 0.92 was chosen because it is the final strain corresponding to the 60% 

height reduction used in all compression tests. At this deformation level, DRX had been 

activated and had developed to different extents under most of the selected conditions. 

Keeping the final strain constant removes strain as an additional variable, so the separate 

effects of deformation temperature and strain rate on DRX fraction can be compared more 

clearly. Thus, the present model should be interpreted as an empirical description valid 

at ε = 0.92, rather than as a complete kinetic model over the entire strain range. 

3. Results and Discussion 

Grain size, grain-boundary character, KAM value and recrystallized-grain fraction 

were evaluated from the hot compression and EBSD results to clarify how the alloy re-

sponds to different deformation parameters. The following sections discuss the influences 

of temperature and strain rate on DRX from the viewpoint of microstructural evolution. 

These observations also provide the dataset for developing a DRX volume fraction model. 

3.1. Effect of Deformation Temperature on Microstructural Evolution 

Figure 3 presents the EBSD grain maps and average grain size for specimens de-

formed at different temperatures at a constant strain rate of 1 s−1. The average grain size 

increases as the temperature rises. At 1000 °C, grain growth is limited because atomic dif-

fusion and boundary motion are relatively sluggish. Higher temperatures enhance diffu-

sion and promote the growth of newly recrystallized grains, leading to coarser grains. 

When the temperature is sufficiently high, the grain size tends to level off, suggesting that 

DRX nucleation and grain growth approach a dynamic balance. 
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Figure 3. EBSD grain morphology and average grain size after deformation at different tempera-

tures at 1 s−1: (a) 1000 °C; (b) 1050 °C; (c) 1100 °C; (d) 1150 °C; and (e) average grain-size variation. 

Figure 4 summarizes the grain-boundary misorientation distributions for samples 

deformed at 1000–1150 °C and 1 s−1. Boundaries with misorientation angles of 2–15° were 

treated as LAGBs, while those above 15° were classified as HAGBs. A high HAGB fraction 

is present at all temperatures, which indicates substantial microstructural rearrangement 

during compression. The HAGB fraction remains high but slightly decreases at the high-

est temperature, accompanied by a small increase in LAGBs. Therefore, the boundary sta-

tistics alone should not be taken as evidence for a simple monotonic increase in DRX; in-

stead, they indicate concurrent recrystallization, dynamic recovery and substructure evo-

lution at elevated temperature. 

Figure 5 gives the KAM maps and distributions for the same temperature series at 1 

s−1. KAM reflects local lattice curvature and is commonly associated with stored disloca-

tion density. With increasing temperature, the average KAM decreases, showing that in-

tragranular distortion and dislocation accumulation are reduced. This behavior can be at-

tributed to enhanced dislocation annihilation, substructure adjustment and boundary mi-

gration at higher temperatures. Together with the grain-size and boundary analyses, the 

KAM results confirm that temperature promotes both dynamic recovery and DRX. 
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Figure 4. Grain-boundary misorientation statistics after deformation at 1 s−1: (a) 1000 °C; (b) 1050 °C; 

(c) 1100 °C; (d) 1150 °C; and (e) HAGB/LAGB fractions. 

Figure 6 compares the fractions of recrystallized grains, subgrains and deformed 

grains at different temperatures under the strain rate of 1 s−1. In the EBSD classification 

used here, grains with GOS < 2° were considered recrystallized grains, grains with GOS > 

7° were taken as deformed grains and grains with 2° < GOS < 7° were assigned to the 

subgrain category. The recrystallized-grain fraction increases with temperature, whereas 

the fractions of subgrains and deformed grains decrease. These results show that temper-

ature facilitates the formation and growth of recrystallized grains. At the upper end of the 

tested temperature range, the increase in recrystallized fraction becomes less pronounced, 

implying that the DRX process tends toward a stabilized state. 
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Figure 5. KAM maps and local misorientation distributions for samples compressed at 1 s−1: (a,b) 

1000 °C; (c,d) 1050 °C; (e,f) 1100 °C; and (g,h) 1150 °C. 
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Figure 6. Grain-type fractions after deformation at different temperatures and 1 s−1: (a) 1000 °C; (b) 

1050 °C; (c) 1100 °C; (d) 1150 °C; and (e) statistical comparison of recrystallized grains, subgrains 

and deformed grains. 

3.2. Effect of Strain Rate on Microstructural Evolution 

At 1050 °C, changing the strain rate clearly alters grain size and morphology. As 

shown in Figure 7, the average grain size rises from 12.23 to 19.11 μm when the strain rate 

increases from 0.01 to 0.1 s−1. With further increases to 1 and 10 s−1, the grain size drops to 

12.15 and 8.48 μm, respectively. This non-monotonic response suggests that strain rate 

affects not only deformation time, but also stored energy, the driving force for recrystalli-

zation and the time available for boundary migration. At low strain rates, boundaries can 

migrate for a longer time and grains may grow more extensively. At high strain rates, 
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deformation proceeds rapidly, dislocations accumulate within a shorter period and the 

growth of recrystallized grains is restricted, producing a refined microstructure. 

The misorientation statistics in Figure 8 further reveal the strain rate effect at 1050 °C. 

The HAGB fraction increases initially and then decreases as strain rate rises, with a maxi-

mum value of 96.3% at 1 s−1. This trend indicates that an intermediate strain rate favors 

HAGB formation and DRX development. At very high strain rate, the limited deformation 

time restricts boundary migration and recrystallized-grain growth, leaving more sub-

structure-related features in the microstructure. 

 

 

 

https://doi.org/10.3390/cryst16070424


Crystals 2026, 16, 424 11 of 20 
 

https://doi.org/10.3390/cryst16070424 

Figure 7. Grain morphology and average grain size for samples compressed at 1050 °C under dif-

ferent strain rates: (a) 0.01 s−1; (b) 0.1 s−1; (c) 1 s−1; (d) 10 s−1; and (e) grain-size trend. 

 

 

Figure 8. Grain-boundary misorientation statistics after deformation at 1050 °C: (a) 0.01 s−1; (b) 0.1 

s−1; (c) 1 s−1; (d) 10 s−1; and (e) HAGB/LAGB fractions. 

Figure 9 presents the KAM results at 1050 °C for different strain rates. The KAM value 

decreases first and then increases, reaching a minimum at 0.1 s−1. At low to moderate strain 

rates, dislocations have more opportunity to rearrange and annihilate, which reduces the 

local misorientation. When the strain rate becomes high, dislocations are generated and 

retained over a short deformation time, increasing local orientation gradients. Thus, strain 

rate affects both recrystallized-grain formation and the storage and release of deformation 

energy. 
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Figure 9. KAM maps and local misorientation distributions for specimens deformed at 1050 °C: (a,b) 

0.01 s−1; (c,d) 0.1 s−1; (e,f) 1 s−1; and (g,h) 10 s−1. 
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The grain-type statistics in Figure 10 show that the recrystallized fraction increases 

first and then decreases with strain rate. At low and intermediate strain rates, the material 

experiences a combination of sufficient stored energy and adequate time for nucleation 

and growth of recrystallized grains, resulting in a higher DRX fraction. Excessively high 

strain rate shortens the effective deformation time, restricts boundary motion and sup-

presses complete DRX development; consequently, the fractions of subgrains and de-

formed grains increase. 
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Figure 10. Recrystallized, subgrain and deformed-grain fractions at 1050 °C under different strain 

rates: (a) 0.01 s−1; (b) 0.1 s−1; (c) 1 s−1; (d) 10 s−1; and (e) grain-type comparison. 

Overall, the EBSD results demonstrate that the alloy is strongly affected by both tem-

perature and strain rate during hot deformation. Increasing temperature generally coars-

ens grains, decreases KAM and raises the fraction of recrystallized grains, showing en-

hanced DRX and recovery [16,17]. The effect of strain rate is more complex and non-mon-

otonic, reflecting the competition among recrystallization nucleation, grain growth and 

recovery-related release of stored energy. These observations provide the physical basis 

for modeling the DRX volume fraction. 

The non-monotonic variation in grain size and DRX fraction with strain rate can be 

explained by the interplay of dislocation storage, dynamic recovery, DRX nucleation and 

boundary migration. At 0.01 s−1, the long deformation time promotes recovery and dislo-

cation rearrangement. However, excessive recovery can reduce stored energy and weaken 

the driving force for DRX nucleation, so the recrystallized fraction does not reach its max-

imum despite the availability of time for boundary migration. 

At intermediate strain rates, such as 0.1–1 s−1, stored energy accumulation and ther-

mally activated boundary motion are more favorably balanced. A sufficient dislocation 

density provides the driving force for nucleation, while the deformation time remains 

long enough for recrystallized grains to grow. This combination explains the relatively 

high recrystallized fraction observed in this range. 

At 10 s−1, dislocation storage increases rapidly, but boundary migration and recrys-

tallized-grain growth are limited by the short deformation time. Rapid loading can also 

intensify local strain heterogeneity. As a result, DRX development is incomplete, the mi-

crostructure becomes finer and the recrystallized fraction decreases. 

Therefore, the strain rate effect cannot be interpreted simply as a deformation-time 

effect. It reflects the combined action of stored energy, recovery, nucleation kinetics and 

grain-boundary mobility. This competition accounts for the maximum DRX fraction at 

intermediate strain rates rather than a monotonic strain rate response. 

These microstructural features form the experimental foundation for the DRX vol-

ume fraction model developed below. 

4. Development of DRX Volume Fraction Prediction Model 

The microstructural analysis above shows that DRX in this alloy depends on defor-

mation temperature and strain rate in a coupled and nonlinear manner. To describe this 

behavior quantitatively, a prediction model for DRX volume fraction was developed. The 

Zener–Hollomon parameter [18–21] was first examined as a conventional single de-

scriptor of the combined temperature–strain rate effect. Because the present DRX fractions 

were measured at a fixed final strain of ε = 0.92, the dataset is not intended for constructing 

a full strain-dependent kinetic model. Instead, temperature and strain rate were used as 

independent variables to build an empirical model at fixed strain, and the prediction ac-

curacy was assessed by comparing calculated and measured DRX fractions. 

4.1. Modeling Approach and Variable Selection 

During hot deformation, strain hardening occurs together with thermally activated 

softening. DRX is one of the most important softening mechanisms because it creates new 

grains and consumes part of the stored deformation energy. The resulting changes in 

grain structure affect microstructural homogeneity and the balance between strength and 

toughness. For this reason, the DRX volume fraction is a useful state variable for evaluat-

ing hot-working conditions and optimizing process parameters. 
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4.1.1. Introduction of Zener–Hollomon Parameter 

Temperature and strain rate jointly control hot deformation and the associated mi-

crostructural changes. For nickel-based superalloys, this combined influence is often ex-

pressed through the Zener–Hollomon parameter or through Sellars-type relations, which 

have been applied to recrystallization and grain-evolution analyses [22–24]. In this work, 

Z was introduced as: 

Z=ε̇exp (
Q

RT
)  (1) 

where 𝜀̇ is the strain rate, Q is the activation energy for hot deformation, R is the gas 

constant and T is absolute temperature. 

The hot deformation activation energy used here was taken from a previous Arrhe-

nius-type constitutive analysis of the same alloy and was set to Q = 540.33 kJ/mol. 

Because Z varies over several orders of magnitude, direct fitting using Z is inconven-

ient. The natural logarithm of Z was therefore used to simplify trend identification and 

model fitting. Taking the logarithm of Equation (1) gives: 

ln𝑍 = ln𝜀̇ +
𝑄

𝑅𝑇
  (2) 

4.1.2. Applicability Analysis of Single-Z-Parameter Model 

Equation (2) shows that ln Z contains both the strain rate term and the temperature-

dependent term Q/RT. Thus, ln Z can partially represent the coupled temperature–strain 

rate effect during hot deformation. The relationship between DRX volume fraction (XDRX) 

and ln Z at ε = 0.92 was first analyzed to determine whether a single-Z-parameter descrip-

tion was adequate for the present dataset. 

Linear Model 

The dependence of XDRX on ln Z was first described with a linear expression, y = ax + 

b. The coefficient of determination, R2, was used to assess the fitting result; a value ap-

proaching 1 indicates that the regression captures most of the data variation, whereas a 

value close to 0 indicates weak explanatory capability. 

The linear fitting result is presented in Figure 11. Here, ln Z is plotted on the horizon-

tal axis and XDRX on the vertical axis. The data points show pronounced scatter, and the R2 

value is only 0.02638. This result demonstrates that a linear function of ln Z alone is unable 

to describe the DRX volume fraction under the tested conditions. 

 

Figure 11. Linear fitting of XDRX as a function of ln Z. 
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Quadratic Model 

A quadratic function, y = ax2 + bx + c, was then used to fit the relationship between 

XDRX and ln Z. The resulting equation was XDRX = −1597.5 + 71.6872 ln Z − 0.7698(ln Z)2, as 

shown in Figure 12. Although the quadratic expression slightly improves the trend de-

scription relative to the linear function, the R2 value remains low at 0.2717. Therefore, a 

single ln Z parameter is still insufficient for quantitative prediction of XDRX at the fixed 

strain used in this work. 

 

Figure 12. Quadratic model. 

The poor performance of both lnZ-based fittings indicates that temperature and 

strain rate cannot be compressed into a single parameter without losing important infor-

mation on DRX evolution. In particular, the non-monotonic strain rate response of XDRX is 

not reproduced by ln Z alone. The subsequent model therefore retains temperature and 

strain rate as separate variables, allowing their individual and interactive contributions to 

be considered. 

4.2. Establishment of a Two-Variable Empirical Prediction Model 

The measured DRX volume fraction displays a distinct non-monotonic trend, so the 

single-Z-parameter approach does not capture its evolution adequately. Considering the 

nonlinear effects of temperature and strain rate, a quadratic response-surface type expres-

sion was selected to predict the DRX volume fraction at ε = 0.92. The model was written 

as follows: 

θ=
T - 1075

50
η=log

10
ε̇, (3) 

XDRX = 88.1018 + 14.2784θ - 15.0911η - 7.2200θ2 - 0.0621θη - 

19.0369η2 + 0.7768θη3 + 4.9048θ2η + 4.6349θ2η2 - 1.8567θ3  
(4) 

In the equations, XDRX is the DRX volume fraction (%), T is deformation temperature 

(°C) and 𝜀̇ is strain rate (s−1). The normalized variables θ and η represent temperature 

and strain rate, respectively. By including temperature, strain rate, interaction and higher-

order terms, the model can describe the nonlinear DRX response at the selected fixed 

strain. 

Figure 13 compares the fitted response surface with the experimental DRX data. The 

surface corresponds to the model prediction, while the red markers represent measured 

values. The distance between a marker and the surface provides a visual indication of the 

local prediction error and allows the overall fitting performance to be evaluated. 
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Figure 13. Response surface of the two-variable empirical model for DRX volume fraction. 

As seen in Figure 13, the two-variable empirical model follows the main variation in 

DRX volume fraction with temperature and strain rate, despite some local deviations. The 

improvement relative to the single-Z-parameter models shows that retaining temperature 

and strain rate separately is more appropriate for representing the present data. The 

model therefore provides a practical tool for estimating DRX fraction within the investi-

gated processing window. 

4.3. Model Verification and Error Analysis 

4.3.1. Comparison of Experimental and Predicted Values 

Table 2 compares the measured and calculated DRX volume fractions, and Figure 14 

presents the corresponding correlation plot. In Figure 14, XDRX,exp denotes the EBSD-meas-

ured value and XDRX,pre denotes the model prediction. Most points cluster close to the ideal 

prediction line, and the coefficient of determination is R2 = 0.91278, confirming a strong 

correlation between experiment and prediction. Small deviations at individual conditions 

may arise from experimental scatter, local microstructural heterogeneity and the nonlin-

ear influence of strain rate. 
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Figure 14. Correlation between measured and predicted DRX volume fractions. Shaded regions 

show the 95% confidence band and prediction band of the regression model. 

Table 2. Experimental Values and Predicted Values. 

Temperature (°C) Strain Rate (s−1) 
Experimental Value 

XDRX,exp 

Predicted Value 

XDRX,pre 
Fractional Error (%) 

1000 0.01 43.896 39.518 9.97 

1000 0.10 48.398 53.225 9.97 

1000 1.00 62.987 56.706 9.97 

1000 10.00 39.237 42.970 9.51 

1050 0.01 35.147 38.652 9.97 

1050 0.10 84.123 75.734 9.97 

1050 1.00 76.386 79.390 3.93 

1050 10.00 43.001 47.289 9.97 

1100 0.01 51.513 46.376 9.97 

1100 0.10 84.796 88.833 4.76 

1100 1.00 84.752 93.204 9.97 

1100 10.00 68.666 61.818 9.97 

1150 0.01 46.875 51.550 9.97 

1150 0.10 90.398 81.383 9.97 

1150 1.00 84.989 87.008 2.38 

1150 10.00 70.989 75.417 6.24 

average error 8.53 

To further examine model reliability, 95% confidence and prediction intervals were 

calculated for the regression relationship, as illustrated in Figure 14. The confidence band 

represents uncertainty in the fitted mean response, whereas the prediction band estimates 

the range in which future observations are expected to fall. Since most experimental points 

lie within the prediction interval, the model provides a statistically reasonable description 

of DRX fraction in the studied deformation range. The relatively narrow confidence band 

also supports the stability of the fitted relationship. 

4.3.2. Error Analysis 

As summarized in Table 2 and Figure 14, the relative errors of all data points are 

below 10%, and the mean relative error is 8.53%. Together with the confidence and pre-

diction interval analysis, these results indicate that the two-variable model has satisfactory 

prediction capability and statistical reliability for the investigated deformation conditions. 

The relatively larger errors at several points may be associated with microstructural het-

erogeneity and the strong nonlinear dependence of DRX fraction on strain rate. 

Based on the observed microstructural evolution, a fixed-strain prediction model for 

the DRX volume fraction of the alloy was established. The Zener–Hollomon parameter 

was first assessed as a combined representation of temperature and strain rate, but the 

linear and quadratic ln Z models produced low R2 values. This indicates that the non-

monotonic strain rate effect cannot be captured adequately by ln Z alone. By contrast, the 

two-variable model treats temperature and strain rate as independent inputs and includes 

interaction and nonlinear terms, which results in better agreement with the measured 

DRX fractions. 
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5. Conclusions 

Hot compression tests and EBSD characterization were used to investigate DRX be-

havior and microstructural evolution in an ultra-high-strength nickel-based corrosion-re-

sistant alloy at deformation temperatures of 1000–1150 °C and strain rates of 0.01–10 s−1. 

The main conclusions are as follows: 

At a constant strain rate, increasing the deformation temperature from 1000 to 

1150 °C promotes DRX development. The recrystallized-grain fraction rises and the KAM 

value decreases as temperature increases, indicating enhanced diffusion, boundary mi-

gration, dislocation rearrangement and microstructural softening. 

At 1050 °C, the DRX volume fraction varies non-monotonically with strain rate, in-

creasing first and then decreasing. Low and intermediate strain rates provide more favor-

able conditions for dislocation storage, recovery and recrystallized-grain growth, whereas 

excessive strain rate shortens the available time for boundary migration and suppresses 

full DRX development. 

For the fixed true strain of ε = 0.92, a two-variable empirical model was developed 

using deformation temperature and strain rate as independent variables. The model in-

corporates temperature, strain rate, interaction and nonlinear terms and describes the 

DRX fraction more effectively than single-Z-parameter models. The correlation coefficient 

R2 = 0.91278 and mean relative error of 8.53% demonstrate acceptable predictive accuracy 

within the tested processing range. 
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