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Abstract: The deformation conditions of metallic materials constantly change during forming and manufacturing 12 

technology. The thermomechanical processing theory cannot be applied to non-constant deformation conditions. The 13 

hot workability is a manifestation of the deformation conditions that affect the microstructure. This paper proposes a 14 

new prediction method based on artificial intelligence, considering the combined effect of microstructure state and 15 

deformation conditions. The hot deformation experiments under constant and non-constant deformation conditions 16 

validate the proposed method. Dynamic variation in deformation conditions significantly affects the hot workability. 17 

The findings indicate that reasonable control of the dynamic variation in deformation conditions during 18 

thermomechanical processing is conducive to improving the hot workability, providing new ways for equipment 19 

upgrading and process parameter optimization of some thermal processing technologies.  20 

Keywords: hot deformation; hot workability; microstructure evolution; constitutive model; artificial neural network 21 

model; non-constant deformation conditions. 22 

1. Introduction 23 

Thermomechanical processing is a vital forming and manufacturing technology for metallic material. The 24 

material is deformed at a specific strain rate and temperature. Complex microstructure changes, including Work 25 

hardening (WH), dynamic recrystallization (DRX), dynamic recovery (DRV), and grain growth (GG), can be expected 26 

[1]. The microstructure evolution can effectively inhibit the formation of defects during deformation, improve the 27 

original microstructure, and reduce the deformation resistance [2]. However, microstructure changes are susceptible 28 

to deformation conditions [3]. Deformation degree, strain rate, and temperature changes affect the deformation 29 

mechanism and hot workability. Therefore, establishing a quantitative relationship between deformation conditions 30 

and hot workability is critical to manufacturing. 31 

The thermomechanical processing map is a powerful tool to reflect the relationship between deformation 32 

conditions and hot workability. It is based on the superposition of the power dissipation rate 𝜂𝜂  and instability 33 
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parameter 𝜉𝜉. The two essential parameters are functions of strain, strain rate, and deformation temperature under 34 

dynamic material modeling theory. Generally, a high 𝜂𝜂 associated with the dynamic softening process denotes good 35 

hot workability. Long et al. analyzed the 𝜂𝜂 of magnesium alloy ZK61 under different deformation conditions and 36 

determined that the optimal hot workability can be obtained at 0.001-0.01s-1 and 623-673K [7]. Ding et al. investigated 37 

the hot workability of the extruded state magnesium alloy AZ31 under different deformation conditions. By analyzing 38 

the 𝜂𝜂, the optimum hot working process parameters were determined to be 0.005-0.05s-1 and 280-450°C. A higher 39 

DRX fraction was obtained at this process condition [8]. However, some cases with high 𝜂𝜂  can also experience 40 

forming instability, including wedge cracks and pore instability [9]. The 𝜂𝜂  is insufficient to fully reflect hot 41 

workability. Therefore, a comprehensive assessment in combination with the 𝜉𝜉 is required. Wang et al. constructed 42 

hot processing maps of Ni alloys in the regions of 0.001s-1-1s-1 and 980℃-1130℃. They demonstrated that shear 43 

deformation bands and microcracks formation at low temperatures and high strain rates caused deformation instability. 44 

The occurrence of DRX at high temperatures and low strain rates improved the hot workability [10]. Zhao et al. 45 

constructed hot processing maps of Ti-Al alloys under powder metallurgy and cast state in the regions of 700℃-1100℃ 46 

and 0.001s-1-10s-1. They proved that the adiabatic shear bands, microcracks and flow localization caused hot 47 

workability deterioration [11]. Nayan et al. investigated hot processing maps of the Ni-Cu alloys in the regions of 48 

0.01s-1-10s-1 and 900℃-1200℃. The occurrence of stable deformation was associated with sufficient dynamic 49 

softening phenomena [12]. To optimize the forming conditions, Rajput et al. constructed hot processing maps of low 50 

carbon steels at 750℃-1050℃ and 0.01-20 s-1[13]. In summary, hot processing maps have been applied to various 51 

materials and deformation conditions. However, the application is all based on the assumption of constant deformation 52 

conditions, which change in a complex behavior in the actual process. The deformation is constantly undergoing 53 

transient variations, such as rolling, forging, extrusion, or drawing [14]. To combine the theory and the forming and 54 

manufacturing of materials, Kim et al. constructed hot processing maps to control the surface defects after hot bar 55 

rolling. He optimized the rolling process by superimposing deformation condition histories and hot processing maps 56 

while neglecting the effect of deformation conditions variations [15]. Sun et al. established the relationship between 57 

the 𝜂𝜂, 𝜉𝜉, and strain under the assumption of constant conditions by embedding the hot processing maps into a finite 58 

element model (FEM) [16]. Aneta, Lin, and Fuh et al. optimized the forging process by applying the above FEM 59 

method [17–19]. Jeong et al. proposed a method that combines 3D hot processing maps and FEM. The deformation 60 

condition history of each element is extracted and overlaid with the maps to evaluates the hot workability [20]. 61 

However, all the above applications are based on the assumption of constant deformation conditions. This assumption 62 

is inconsistent with the actual conditions and neglects the change in the deformation conditions. 63 
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Macro-level continuous variation in deformation conditions can result in adaptive micro-level microstructure 64 

variations. The hot workability is related to the deformation conditions and the microstructure. The same deformation 65 

conditions acting on different microstructures tend to obtain different forming qualities. Hu et al. compared the hot 66 

workability of 7Mo-0.37N-Re super austenitic stainless steel in a solid solution and pre-deformation state. The 67 

introduction of dislocation in the pre-deformation state improved the hot workability under the same deformation 68 

conditions [21]. Wu et al. compared the hot processing maps of low-density steels with different Al element contents. 69 

The increase in Al content increased the thermal activation energy, inhibited the softening effect of the DRX, and 70 

weakened the hot workability [22]. Pierce et al. found that as-cast materials with coarse grains are more prone to 71 

instability during the forming process. Coarse grains provide fewer DRX nucleation sites, and the dynamic softening 72 

during deformation is inhibited [23]. Nie et al. found that the increase in the initial DRX fraction improved the hot 73 

workability. The microstructure is an explicit function of the final deformation degree, strain rate, and temperature 74 

under constant deformation conditions. Thus, the coupling effect of microstructure and deformation conditions can be 75 

neglected. The hot workability can be calculated from the deformation conditions alone [24]. However, non-constant 76 

deformation conditions induce simultaneous microstructure updating. Chen et al. found that the strain rate transient 77 

increase transforms the DRX mechanism in the Ni-30%Fe alloy [25]. Liu et al. found that the strain rate transient 78 

decrease promoted the DRX effect [26]. Wang et al. found that the strain rate transients changing caused complex 79 

evolution of the texture and the proportion of twin boundaries (TBs) in Ni alloys [27]. Wu et al. found that the strain 80 

rate transients decrease increased the plasticity of Ti alloys [28]. Chen et al. found that the strain rate transient changing 81 

changes the DRX mechanism, the DRX fraction, average grain size (AGS), and hardness after deformation [29]. The 82 

mutual coupling of deformation conditions and microstructural states jointly leads to complex changes in hot 83 

workability. Therefore, it is necessary to illustrate the relationship between transient variation deformation conditions, 84 

microstructure, and hot workability to assess forming quality under non-constant deformation conditions. Samantaray 85 

et al. analyzed the relationship between the dynamic softening and the 𝜂𝜂 of the 316L austenitic stainless steel. The 86 

DRX fraction increase and AGS refinement accompanied the improvement in the 𝜂𝜂 [30]. Li et al. found that the 87 

dynamic softening of 300M steel was suppressed at low temperatures and high strain rates. A continuous deterioration 88 

of hot workability accompanies the accumulation of dislocation [31]. Lu et al. found that the peak of the 𝜂𝜂 coincides 89 

with the saturation of the DRX [32]. However, most existing studies focus only on the qualitative relationship between 90 

deformation conditions, microstructure, and hot workability. Variables such as the temperature, strain rate, DRX 91 

fraction, AGS, and dislocation density are strongly coupled with hot workability. Constructing the relationship between 92 

the above variables and hot workability is quite challenging. 93 
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Artificial intelligence has shown advantages in constructing strongly coupled complex relationships [33]. Chen 94 

et al. designed a back propagation (BP) neural network model and trained it based on the experimental data. The strain, 95 

strain rate, and temperature were used to predict flow stress and thermal activation energy [34]. Kumar et al. trained 96 

several machine learning models with experimental data under constant deformation conditions to predict the hot 97 

workability. The accuracy was verified by comparing the corresponding microstructures [35]. Wen et al constructed a 98 

BP neural network model combining with genetic algorithm (GA). The model provided good predictions of the stress-99 

strain behavior under constant deformation conditions [36]. Wen et al. quantitatively characterized the strong coupling 100 

effects of deformation temperature, strain rate, strain, and precipitates on DRX dynamics by constructing an artificial 101 

neural network based on a GA. The model effectively predicted the DRX kinetics and AGS evolution characteristics 102 

[37]. Wessel et al. characterized the plastic anisotropy of DX56D deep-drawn steel in and out of the yield plane with 103 

high accuracy based on machine learning techniques [38]. Li et al. developed a unified deep-learning-based phase 104 

transformation model to predict the transformation during all feasible loading paths in the hot stamping process [39]. 105 

Therefore, it is feasible to construct a relationship between deformation conditions, microstructure, and hot workability 106 

using artificial intelligence. 107 

In this study, the most central work is developing a model that assesses the hot workability under non-constant 108 

deformation conditions, with which the impact of changing deformation conditions on the hot workability is analyzed. 109 

The outline of this paper is as follows: Section 2 describes the hot compression, the EBSD experiments procedure, and 110 

the basic theory of the constitutive model used in this paper. The hot compression experiments include both constant 111 

and non-constant deformation conditions. The constitutive model, linking the deformation conditions and the 112 

microstructure states, is the crucial foundation of the hot workability prediction method. Section 3 describes the 113 

framework and establishment procedure of the hot workability prediction method. It is a neural network structure 114 

where the deformation conditions and the microstructure states are the input variables, and the hot workability is the 115 

output variable. In Section 4, the model is validated, and the correlation between deformation conditions, 116 

microstructure states, and hot workability is analyzed in conjunction with model calculations and characterization. The 117 

proposed prediction method can provide a new idea for assessing and optimizing hot workability in the manufacturing 118 

process of metallic materials. 119 

2. Experiments and Methods 120 

This section describes the experimental procedure and conditions, including the hot compression and EBSD 121 

characterization experiments. The hot compression experiments are conducted at the constant and non-constant 122 

conditions. The experimental data are used to validate the methodology proposed in this paper. Moreover, the basic 123 
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constitutive model is described to construct the quantitative relationship between deformation conditions and 124 

microstructure states. It is the key foundation of the hot workability prediction method.  125 

2.1 Experiment procedure and conditions 126 

The Gleeble 3800-GTC thermo-mechanical physical simulation system is used to simulate thermomechanical 127 

processing conditions to obtain flow-stress characteristics. A hot rolled 316L austenitic stainless steel plate is superior 128 

selected as the test material. Since it hardly undergoes phase transformation during the cooling process, which makes 129 

it possible to more clearly convenient to characterize the microstructure during high temperature plastic deformation. 130 

The elemental compositions can be found in previous studies [40]. Fig. 1. (a) shows the experimental procedure. The 131 

cylindrical specimens (φ8×12 mm) are used for uniaxial compression tests. The specimens are first heated to 1150℃ 132 

at 10℃/s and maintained for 5 min to ensure temperature homogenization. The temperature is then reduced to the 133 

target deformation temperature at 5°C/s and held for 1 min to minimize the temperature difference. Then the specimens 134 

are deformed to 0.9 true strain at a set strain rate (physically simulate actual deformation speed transient mutations). 135 

After deformation the specimen is rapidly water quenching to maintain the microstructure morphology of high 136 

temperature transient mutations. The tests are categorized into constant and non-constant deformation condition tests. 137 

As shown in Fig. 1. (b), there are nine groups of constant deformation condition tests. The three deformation 138 

temperatures are 1000, 1050, and 1100°C. The three strain rates are 0.01, 0.1, and 1s-1. Fig. 1. (c)-(d) shows the non-139 

constant deformation conditions. First, the material is deformed to 0.4 true strain at constant deformation conditions. 140 

Subsequently, a dynamic change in strain rate occurs, and deformation continues to 0.9 true strain. Table. 1. shows six 141 

sets of experimental conditions. The first three sets undergo an increase in strain rate from 0.01-1s-1 at about 0.4 true 142 

strain. The strain intervals required for strain rate changes are 0 (transient change), 0.2, and 0.5, respectively. In contrast 143 

to the first three, the last three groups undergo a decrease in strain rate from 1-0.01 s-1. As shown in Fig. 1. (c)-(d), the 144 

logarithm strain rate varies linearly over the specified strain interval. 145 

After completing the above tests, the compressed specimens are cut along the axis. The EBSD characterization is 146 

carried out with a Zeiss Sigma 500 SEM (Scanning Electron Microscope) equipped with an Oxford C-Nano detector. 147 

It is applied to characterize the center of the section parallel to the compression direction. The cut surfaces are first 148 

polished. Then, the samples are electropolished with 10% perchloric acid and 90% acetic acid solution at room 149 

temperature. The voltage is 30V, the polishing time is 45-60s, and the corresponding current is 0.2-0.7A. The scanning 150 

step size is 0.6 microns. The characterization images counted the AGS and the DRX fraction. 151 

Table. 1. Six sets of experiments with changing deformation conditions. 152 

Type Temperature (℃) Strain Rate (s-1) Changing Occur at Strain Intervals 
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1 1000 From 0.01 to 1 0.4 true strain 0 

2 1000 From 0.01 to 1 0.4 true strain 0.2 

3 1000 From 0.01 to 1 0.4 true strain 0.5 

4 1000 From 1 to 0.01 0.4 true strain 0 

5 1000 From 1 to 0.01 0.4 true strain 0.2 

6 1000 From 1 to 0.01 0.4 true strain 0.5 

 
Fig. 1. (a) The experimental procedure of hot compression and characterization; (b) The experimental conditions for 153 

steady state deformation; (c) The experimental conditions for the case of strain rate increase; (d) The experimental 154 

conditions for the case of strain rate decrease.  155 

2.2 The constitutive model using in the paper 156 

In order to link the history of deformation conditions with the microstructure, this paper constructs a physically-157 

based constitutive model with internal variables. The model considers the phenomena of the WH, DRV, DRX and GG 158 

during deformation [41]. The model can realize the coupled prediction of flow stress, DRX fraction, dislocation density 159 

and AGS. Eq. (1) are the constitutive model: 160 
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(1) 161 

where 𝜎𝜎𝐸𝐸  is the stress in the elastic stage, and E is the elastic modulus. The plastic stress consists of two 162 

components [42]: thermally activated stress 𝜎𝜎𝑡𝑡ℎ and non-thermal stress 𝜎𝜎𝑎𝑎. The thermally activated stress denotes 163 

the initial slip resistance, which is related to the temperature, strain rate, and alloying elements. 𝜎𝜎0 is yield stress. The 164 

non-thermal stress 𝜎𝜎𝑎𝑎 characterizes the effect of the long-range obstacles on dislocation motion, which is related to 165 

the normalized dislocation density 𝜌̅𝜌 . 𝜌̇̅𝜌  is the normalized dislocation density change rate. 𝑆̇𝑆  is the dynamic 166 

recrystallization rate, which considers the nucleation and growth process of the DRX. 𝜀𝜀𝑐𝑐 is the critical strain used to 167 

determine whether DRX has occurred. It is a function of temperature and strain rate. 𝜒𝜒 is the DRX incubation fraction, 168 

which indicates the incubation period required for the DRX. The AGS evolution considers two parts [43]: 1) the GG 169 

through grain boundary migration under the effect of thermal activation (𝐴𝐴6 �
𝑑𝑑
𝑑𝑑0
�
𝛾𝛾3

) and 2) the grain refinement under 170 

the effect of DRX (𝐴𝐴6 �
𝑑𝑑
𝑑𝑑0
�
𝛾𝛾3

). 𝑑𝑑𝑑𝑑 represents the DRX grain size, which is a function of temperature and strain rate. 171 

𝐴𝐴3, 𝐶𝐶, and 𝐴𝐴5, 𝐴𝐴6, 𝐴𝐴7 values are temperature dependent, as shown in Eq. (2). They consider the temperature effects 172 

on the WH, DRV, DRX and grain boundary migration ability [44]. The other coefficients in the model represent the 173 

material constants, fixed values not dependent on the change in deformation conditions. A specific explanation of the 174 

physical meaning can be found in previous papers [45]. 175 

⎩
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(2) 176 

𝑁𝑁 represents the DRX nucleation rate. It is influenced by the temperature and strain rate: 177 

𝑁𝑁 = 𝑁𝑁0𝜀𝜀̇𝑏𝑏2𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑄𝑄𝑁𝑁
𝑅𝑅𝑅𝑅

� (3) 178 
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3. The Overall Framework and Construction Details 179 

This section describes the overall framework and construction process of the proposed hot workability prediction 180 

method. It considers the effects of the microstructure states and deformation conditions. The dislocation density, DRX 181 

fraction, AGS, temperature, and strain rate are selected as inputs. Power dissipation rate and deformation instability 182 

factor measure the hot workability. The relationship between the input and output values is handled by the BP neural 183 

network model. It is trained based on experimental data under the constant deformation conditions (the hot workability 184 

can be calculated according to a fixed formula). Finally, the trained model can determine the hot workability under the 185 

non-constant deformation conditions based on the microstructure states and deformation conditions. 186 

3.1 The overall framework 187 

This paper proposes a BP neural network prediction method for hot workability. It takes into account the coupled 188 

effects of microstructure states and deformation conditions. The overall framework and construction process is shown 189 

in Fig. 2. The construction process is divided into three parts: 1) the construction of the constitutive model and hot 190 

processing maps; 2) the construction and training of the BP neural network; and 3) the validation and application of 191 

the BP neural network. Firstly, the flow stress, DRX fraction, and AGS changes are obtained based on the compression 192 

experiments and microstructure characterization. The specific parameters of the constitutive model (described in 193 

section 2.2) are solved by the GA. Moreover, the 𝜂𝜂  and 𝜉𝜉  under different deformation conditions are solved 194 

according to the basic theory of the hot processing maps. Secondly, a BP neural network coupling the effects of 195 

microstructure states and deformation conditions on hot workability is constructed and trained. The BP neural network 196 

is constructed by MATLAB software, which contains a three-layer structure: input, hidden, and output layers [36]. 197 

Eighty-one sets of experimental data for all constant deformation conditions are selected as the training set (three 198 

deformation temperatures, three strain rates, nine true strain). The constitutive model calculated the normalized 199 

dislocation density, DRX fraction, and AGS under the above deformation conditions. They are set as the microstructure 200 

state parameters. The deformation condition parameters are the current deformation temperature and strain rate. The 201 

above five parameters are used as input layer neurons and are normalized before input [46]. In addition, since the strain 202 

rate varies significantly, the strain rate is normalized after logarithms [47, 48]. 203 
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Fig. 2. A novel theoretical framework of the hot workability prediction method, including the constitutive 204 

model and hot processing maps establishment and the artificial neural network establishment, training, validation 205 

and application. 206 

The hidden layer has a total of 6 neurons. The number of units in the hidden layer should be manageable to avoid 207 

overfitting or falling into the local optimal solution. There is only one neuron in the output layer. The hidden and output 208 

layer processes the input dislocation density, DRX fraction, AGS, deformation temperature, and strain rate to obtain 209 

the 𝜂𝜂 or 𝜉𝜉. The processing method between different layers in the BP neural network can be found in the literature 210 

[34]. The activation functions between the input layer and the hidden layer and between the hidden layer and the output 211 

layer are chosen to be in Sigmod and Purelin forms, respectively [34]. 212 
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The training process of the neural network is as follows: First, the program self-generates the weights and 213 

deviations between layers. Feedforward calculation is performed based on the parameters input from the training set. 214 

The error is obtained and feedbacked to correct the weights and deviations by comparing the calculated values with 215 

the experimental results. The above process is repeated until the error meets the requirements and retains the trained 216 

neural network structure. Finally, the trained neural network is verified and applied. The steady-state deformation 217 

conditions that are not in the training set are chosen to validate. The hot workability of the non-constant deformation 218 

experiments (described in section 2.1) is predicted. It is compared with the EBSD characterization results for 219 

illustration. 220 

3.2 Parameters solution and validation of the constitutive model 221 

The constitutive model parameters solution is characterized by multi-parameter and strong coupling, which is 222 

difficult to accomplish by direct fitting methods. Here, the solution steps are divided into three parts: 1) establishing 223 

the relationship between 𝜎𝜎0, 𝜀𝜀𝑐𝑐, 𝑑𝑑𝑑𝑑 and deformation conditions through Zener parameters; 2) solving the parameters 224 

related to the WH, DRV, and GG process by GA; and 3) solving the parameters related to the DRX process by GA 225 

[49]. 226 

The yield stress value was chosen as the corresponding stress at 0.02 true strain. The Jonas method determined 227 

the critical strain based on the inflexion point of the θ-σ curve, where the work-hardening rate is the derivative of stress 228 

to strain [50]. The DRX grain size was determined from characterization images. Finally, the Zener model unifies the 229 

relationship between deformation temperature, strain rate and characteristic parameters, as shown in Eq. (4)-(5) [46]. 230 

𝑍𝑍 = 𝜀𝜀̇𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑄𝑄
𝑅𝑅𝑅𝑅

� (4) 231 

�
𝜎𝜎0 = 𝑎𝑎𝜎𝜎0𝑍𝑍

𝑏𝑏𝜎𝜎0

𝜀𝜀𝑐𝑐 = 𝑎𝑎𝜀𝜀𝑐𝑐𝑍𝑍
𝑏𝑏𝜀𝜀𝑐𝑐

𝑑𝑑𝑑𝑑 = 𝑎𝑎𝑑𝑑𝑑𝑑𝑍𝑍
𝑏𝑏𝑑𝑑𝑑𝑑

(5) 232 

Where Q is the thermal activation energy, R is the gas constant, which takes the value of 8.315, and 𝑎𝑎𝜎𝜎0, 𝑏𝑏𝜎𝜎0, 233 

𝑎𝑎𝜀𝜀𝑐𝑐 , 𝑏𝑏𝜀𝜀𝑐𝑐 , 𝑎𝑎𝑑𝑑𝑑𝑑 , and 𝑏𝑏𝑑𝑑𝑑𝑑  are the fitting parameters for the 𝜎𝜎0 , 𝜀𝜀𝑐𝑐 , and 𝑑𝑑𝑑𝑑 . The activation energy can be found in 234 

previous studies [45]. The GA solves other model parameters, and the process is divided into two parts for convenience. 235 

Firstly, the flow stress before critical strain is used to solve the parameters related to the WH, DRV, and GG processes. 236 

Secondly, the flow stress, DRX fraction, and AGS of the whole process are used to solve the parameters related to the 237 

process of DRX. The GA in MATLAB software solved the model coefficients. The minimal residuals between the 238 

predicted and experimental data are the objective function [52]. The details of the solution process can be found in 239 

other literature. Table .2. shows the model coefficients. 240 
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Table. 2. The coefficients of the constitutive model. 241 

Coefficient Value Coefficient Value 

𝑨𝑨𝟏𝟏 3.446893 𝐴𝐴4 5.00132 

𝑨𝑨𝟐𝟐 0.266158 𝛿𝛿3 0.94333 

𝑩𝑩 127.0389 𝑏𝑏1 0.0012 

𝑨𝑨𝟑𝟑𝟑𝟑 9.085×10-7 𝜆𝜆 1.30021 

𝑸𝑸𝑨𝑨𝟑𝟑(𝐊𝐊𝐊𝐊/𝐌𝐌𝐌𝐌𝐌𝐌) 1837.2005 𝑁𝑁0 1739.668 

𝜹𝜹𝟏𝟏 1.476997 𝑏𝑏2 0.0015 

𝑪𝑪𝟎𝟎 10815.11 𝑄𝑄𝑁𝑁(KJ/Mol) -1458.48 

𝑸𝑸𝑪𝑪(𝐊𝐊𝐊𝐊/𝐌𝐌𝐌𝐌𝐌𝐌) -533.8197 𝐴𝐴50 2.35×1012 

𝜹𝜹𝟐𝟐 17.66317 𝑄𝑄𝐴𝐴5(KJ/Mol) -3501.18 

𝑨𝑨𝟔𝟔𝟔𝟔 5.787×107 𝑄𝑄𝐴𝐴6(KJ/Mol) -2439.74 

𝑨𝑨𝟕𝟕𝟕𝟕 268337.3 𝑄𝑄𝐴𝐴7(KJ/Mol) -1264.97 

𝒂𝒂𝝈𝝈𝟎𝟎 0.09889 𝑏𝑏𝜎𝜎0  2.61028 

𝒂𝒂𝜺𝜺𝒄𝒄 0.00007458 𝑏𝑏𝜀𝜀𝑐𝑐 0.22846 

𝒂𝒂𝒅𝒅𝒅𝒅 55615917 𝑏𝑏𝑑𝑑𝑑𝑑  -0.48113 

𝜸𝜸𝟏𝟏 0.00693 𝛾𝛾2 0.00174 

𝜸𝜸𝟑𝟑 -1.8873 𝛾𝛾4 0.5742 

𝜸𝜸𝟓𝟓 0.5801   

Fig. 3. compares the predicted and experimental values of the flow stress, AGS, and DRX fraction for different 242 

strain rates and temperatures. The solid lines are the predicted values, and the dots are the experimental values. Fig. 3. 243 

(a) and(d) shows the flow stress curves at 1000°C with different strain rate and 0.01s-1 with different temperatures. 244 

The flow stresses under different deformation conditions are of two types: DRV (no significant softening stage) and 245 

DRX (significant softening followed by stabilization). The temperature and strain rate control the mechanism of 246 

microstructure evolution, which further determines the variation of flow stress [53, 54]. As shown in Fig. 3. (b) and 247 

(e), the DRX fraction is suppressed at low-temperature and high-strain-rate conditions. As a result, the flow stress is 248 

saturated and stabilized by the WH and DRV. The elevated temperature and reduced strain rate promote DRX behavior. 249 

Therefore, at 0.01 s-1, the flow stress decreases and gradually approaches the steady state. In addition, the DRX has 250 

the effect of grain refinement. As shown in Fig. 3. (c) and (f), the AGS decreases gradually with the occurrence of 251 

DRX, and when the DRX reaches a certain level, the AGS enters a steady state. The effect of DRX on grain refinement 252 
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is more pronounced at low temperatures and high strain rates, although the DRX is inhibited. At 1000°C, the AGS at 253 

0.1s-1 is smaller than that at 0.01s-1 and 0.01s-1. The smallest AGS is achieved at 1000°C compared to 1050°C and 254 

1100°C. Low-temperature, high-strain-rate deformation conditions produced smaller DRX grain sizes. Moreover, the 255 

GG process is suppressed significantly. Notably, significant grain size growth occurred before and after DRX at 256 

1050°C and 1100°C and a strain rate of 0.01 s-1. High temperature and low strain rate give more grain boundary 257 

migration capacity and time to the origin and DRX grains. 258 

 259 

Fig. 3. The comparison of the predicted and experimental values for the flow stress, DRX fraction, and AGS, where 260 

different colors represent different deformation conditions, in (a)-(f), the solid lines are the predicted values and the 261 

solid dots are the experimental values: (a) Flow stress curves at different strain rates and 1000℃; (b) Flow stress 262 

curves at different temperatures and 0.01s-1; (c) DRX fraction curves at different strain rates and 1000℃; (d) DRX 263 

fraction curves at different temperatures and 0.01s-1; (e) AGS curves at different strain rates and 1000℃; (f) AGS 264 
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curves at different temperatures and 0.01s-1; in (g)-(i), the solid lines are the best fit line and the solid dots are values 265 

at all the deformation conditions: (g) The summary comparison of flow stress; (h) The summary comparison of DRX 266 

fraction; (i) The summary comparison of AGS. 267 

The root means square error (RMSE), correlation coefficient (R) and average absolute relative error (AARE) are 268 

used to demonstrate the accuracy, the corresponding formulas can be found in literatures [41,43]. 269 

 Fig. 3. (g)-(i) shows the comparison of the predicted and experimental flow stress, DRX fraction and AGS in all 270 

deformation conditions. The RMSE, R, and AARE are given in Table. 3. The model is accurate in content deformation 271 

conditions. It can calculate the flow stress and microstructure state during deformation. 272 

Table. 3. The RMSE, R, and AARE of different predicted values. 273 

 RMSE R AARE 

Flow Stress 4.2765 0.9894 3.0095% 

DRX Fraction 0.0536 0.9512 6.0716% 

Average Grain Size 3.1446 0.9401 3.0965% 

3.3 Hot processing maps under constant deformation conditions 274 

The 𝜂𝜂 and 𝜉𝜉 are solved for different deformation conditions at 0.1, 0.2, ..., and 0.9 strains. The theory can be 275 

found in literature [46]. Fig. 4. shows the corresponding hot processing maps. The hot processing maps are 276 

superimposed on the 𝜂𝜂 and 𝜉𝜉. The semi-transparent blue region wrapped by the solid line has a negative 𝜉𝜉. The 277 

coloured region split by the black dashed line reflects the 𝜂𝜂. The value on the dashed line represents the 𝜂𝜂 at that 278 

location. The hot processing maps can be divided into three characteristic regions. In the low temperature and high 279 

strain rate region, the 𝜂𝜂 is low and in instability state. This is related to the suppression of softening mechanism [30]. 280 

In the low temperature and low strain rate region or the high temperature and high strain rate region, the 𝜂𝜂 increases 281 

as the deformation progresses. The enhanced DRX behavior is activated by deformation [55]. In the high temperature 282 

and low strain rate region, the 𝜂𝜂 is high but gradually decreases with deformation. This is attributed to the rapid 283 

ending of the DRX and subsequent GG process [56]. The reason for the evolution will be explained later through 284 

microstructure characterization. 285 
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Fig. 4. The hot processing maps (superposition of the 𝜂𝜂 and 𝜉𝜉) at different true strain, where the colored areas 286 

represent the 𝜂𝜂 and the semi-transparent blue region represent the 𝜉𝜉<0: (a) At 0.1 true strain; (b) At 0.2 true strain; 287 

(c) At 0.3 true strain; (d) At 0.4 true strain; (e) At 0.5 true strain; (f) At 0.6 true strain; (g) At 0.7 true strain; (h) At 0.8 288 

true strain; (i) At 0.9 true strain. 289 

4. The Validation and Application of the Model 290 

This section first validates the prediction accuracy of the hot workability prediction model constructed in section 291 

3. The predicted and experimental values of hot workability under constant deformation conditions are used for 292 

comparison. Further, the variation rules of hot workability with deformation conditions and microstructure state are 293 

analyzed, combined with the prediction model and experimental data. Finally, the effect of dynamic variation in 294 

deformation conditions on the hot workability is determined. 295 

4.1 The hot workability under constant deformation conditions 296 

The 𝜂𝜂 and 𝜉𝜉 at 0.1-0.9 true strain are used to train the model. The 𝜂𝜂 and 𝜉𝜉 at 0.15-0.85 true strain are used to 297 
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validate. In addition, the strain, strain rate, and deformation temperature are used as input values (uncoupled 298 

microstructure) to train the neural network under the same process and compare the prediction accuracy of the two 299 

methods. Fig. 5. (a) and (c) compare the prediction accuracy of the two models for the 𝜂𝜂 . Table. 4. shows the 300 

corresponding RMSE, R, and AARE. Fig. 5. (b) and (d) compare the prediction accuracy of the two models for the 𝜉𝜉. 301 

Table. 5. shows the corresponding RMSE, R, and AARE. The model coupled with microstructure shows more accurate 302 

prediction ability. 303 

Table. 4. The comparison of the prediction ability of 𝜂𝜂. 304 

 RMSE R AARE 

Coupled with microstructure (Train sets) 0.0109 0.9785 3.8144% 

Uncoupled with microstructure (Train sets) 0.0206 0.9237 7.4896% 

Coupled with microstructure (Test sets) 0.0084 0.98569 3.1165% 

Uncoupled with microstructure (Test sets) 0.0186 0.93697 6.6866% 

Table. 5. The comparison of the prediction ability of 𝜉𝜉. 305 

 RMSE R AARE 

Coupled with microstructure (Train sets) 0.0289 0.96681 2.9209% 

Uncoupled with microstructure (Train sets) 0.0756 0.77604 5.8805% 

Coupled with microstructure (Test sets) 0.0251 0.97474 3.3848% 

Uncoupled with microstructure (Test sets) 0.0625 0.84405 7.3496% 
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Fig. 5. The prediction accuracy comparison between models coupled with microstructure state and uncoupled with 306 

microstructure state: (a) The comparison of the train sets for 𝜂𝜂; (b) The comparison of the train sets for 𝜉𝜉; (c) The 307 

comparison of the test sets for 𝜂𝜂; (d) The comparison of the test sets for 𝜉𝜉. 308 

In order to further illustrate the relationship between hot workability and microstructure, three deformation 309 

conditions (1000℃, 1s-1; 1000℃, 0.01s-1; and 1100℃, 0.01s-1) are selected to characterize. The correlation between 310 

the microstructure information and hot workability is investigated. 311 

  

Fig. 6. The comparison of the predicted and experimental values at 1000℃ and 1s-1, where the solid lines are the 312 

predicted values and the solid dots are the experimental values: (a) the 𝜂𝜂 and 𝜉𝜉 evolution, where the red line and 313 

dots represent the 𝜂𝜂 and the blue line and dots represent the 𝜉𝜉; (b) the 𝜌̅𝜌, DRX fraction, and AGS evolution, where 314 

the red line and dots represent the DRX fraction, the blue line and dots represent the AGS and the green line 315 

represents the 𝜌̅𝜌. 316 

Fig. 6. (a) shows the evolution of the 𝜂𝜂 and 𝜉𝜉 at 1000°C and 1s-1. The solid lines are the predicted values, and 317 

the dots are the experimental values. The 𝜂𝜂 under the current deformation conditions is low (less than 0.2), and the 318 

𝜉𝜉 is less than zero, which means that the deformation instability deteriorates the hot workability. Moreover, the 𝜂𝜂 319 

decreases with deformation. Fig. 6. (b) shows the evolution of the normalized dislocation density, DRX fraction, and 320 
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AGS. Only a tiny DRX fraction occurs under the current deformation conditions, leading to a rapid increase and 321 

saturation of dislocation density. The softening process cannot effectively dissipate the energy generated within the 322 

plastic deformation system. 323 

Fig. 7. (a)-(d) shows the superposition of band contrast and grain boundary maps for 0.2, 0.4, 0.6, and 0.9 true 324 

strain at 1000°C and 1s-1. The green solid lines denote the little-angle grain boundaries (LAGBs: 1-2°misorientation 325 

angle), the blue solid lines are the medium-angle grain boundaries (MAGBs: 5°-15°misorientation angle), the black 326 

solid lines are the high-angle grain boundaries (HAGBs: >15°misorientation angle). The red lines are the Σ3 TBs 327 

(statistically obtained according to Brandon's criterion). As deformation proceeds, band substructures characterized by 328 

alternating LAGBs and MAGBs along the shear direction gradually develop within the grain (pointed out by the white 329 

arrows). The low-temperature and high strain rate inhibit the formation of low-energy structures by self-interaction of 330 

dislocations under DRV [57]. It is noteworthy that the band substructures preferentially form near the Σ3 TBs. Under 331 

the interaction between the dislocations and TBs, the original Σ3 TBs gradually deviate from the original special 332 

orientation relationship (circled by the yellow dashed lines). The macro-shear deformation zone is formed at 0.9 true 333 

strain (outlined by the white dashed lines). It is characterized by the clustered of refined DRX grains and substructures, 334 

implying deformation instability. The deformation energy is converted into the thermal energy in local regions. The 335 

adiabatic heating effect causes inhomogeneous plastic flow in the macroscopic shear deformation zones [58]. In 336 

addition, even though a dense cross-arranged dislocation structure is formed, almost no HAGBs are formed. Only a 337 

few DRX grains are arranged as a necklace structure along grain boundaries. The bowing out of the original grain 338 

boundaries to one side is another piece of evidence (circled by the white dashed lines) [59]. The inhibition of the 339 

CDRX may be attributed to the low temperature and high strain rate, which weaken the DRV effect. The substructures 340 

accumulated along the slip direction are difficult to further absorb dislocations and form HAGBs by increasing the 341 

local misorientation. The original grain boundaries bow outward, driven by the dislocation density difference on both 342 

sides. When deformed to a certain degree, the DRX grains form with the assistance of the adiabatic heating effect. In 343 

order to illustrate the substructure features, the misorientation information is further statistics along the L1-L2 lines 344 

(perpendicular to the direction of the band structure) and the L3-L4 lines (parallel to the direction of the band structure). 345 

Fig. 8. (a)-(d) show the local (point to point) and cumulative (point to origin) misorientation angle along the L1-L4 346 

lines shown in Fig. 7. The red line is the cumulative misorientation (statistical from point to origin), and the blue line 347 

is the local misorientation (statistical from point to point). For the misorientation information of the L1 and L2 lines, 348 

the band substructures consist of densely arranged sub-boundaries with a local misorientation between 0.5-5°. The 349 

spacing of the boundaries is about 0.5-3 microns. The cumulative misorientation perpendicular to the deformation 350 
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bands exhibits a recurring phenomenon of localized elevation and decrease. Even though the cumulative misorientation 351 

increases with distance, it can hardly exceed 15°. The band substructures transform into HAGBs with difficulty, so the 352 

CDRX can hardly occur. For the misorientation information of the L3 and L4 lines, the local misorientation angle 353 

parallel to the banded substructures' direction rarely exceeds 2°. The dislocations move along the fixed slip planes and 354 

directions under the limited opening slip system. The cumulative misorientation increases consistently close to 25°, 355 

which may be attributed to the need for coordinated motion between multiple grains under intense plastic deformation. 356 

 

Fig. 7. The superposition of the band contrast and the grain boundary images at 1000℃ and 1s-1 with different 357 

deformation degree, where the green lines represent the LAGBs, the blue lines represent the MAGBs, the black lines 358 

represent the HAGBs and the red lines represent the TBs: (a) The image at 0.2 true strain; (b) The image at 0.4 true 359 

strain; (c) The image at 0.6 true strain; (d) The image at 0.9 true strain.  360 

Fig. 8. (e)-(f) statistic all types of boundaries at 0.2, 0.4, 0.6, and 0.9 true strain. The proportion of the LAGBs 361 

and MAGBs increases significantly. The proportion of the HAGBs firstly decreases and finally increases slightly. and 362 

the proportion of the Σ3 TBs decreases significantly. The dislocation motion at the beginning of the deformation results 363 
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in the formation of sub-grain boundaries. Moreover, with the deformation, the local misorientation gradually increased. 364 

The initial annealing TBs inside the grain distorts and loses the original orientation relationship. They are gradually 365 

transformed into HAGBs. 366 

 

Fig. 8. The statistical information of the local (point to point) and cumulative (point to origin) misorientation angle 367 

along the L1-L4 lines shown in Fig. 7 and the frequency of the boundaries with different misorientation angle at 368 

1000℃, 1s-1, and different deformation degree: (a) Along the L1 line; (b)Along the L2 line; (c) Along the L3 line; (d) 369 

Along the L4 line; (e) The frequency of the LAGBs, MAGBs, and HAGBs at 0.2, 0.4, 0.6 and 0.9 true strain; (f) The 370 

frequency of the Σ3 TBs at 0.2, 0.4, 0.6 and 0.9 true strain. 371 

Fig. 9. (a)-(d) shows the local average misorientation images for 0.2, 0.4, 0.6, and 0.9 true strain at 1000°C, 1s-1 372 

deformation conditions. The accumulation of local misorientation denotes the dislocation and storage energy [60]. The 373 

storage energy at the beginning of deformation accumulates mainly at grain boundaries, especially at triple grain 374 

boundaries (circled by the white dashed lines) for the requirement of coordinated deformation among multiple grains. 375 

The deep-colored bands (pointed by the white arrows) have formed across the interior of the grains. This is consistent 376 

with the observed microscopic deformation bands. As the deformation proceeds, it gradually extends into the grain 377 

interior. The local misorientation continues to increase in most regions. A cell-like low dislocation density structure 378 

wrapped by a high local misorientation boundary (pointed out by the yellow arrows) is formed in only a tiny portion. 379 

The matching relationship between grain orientation and loading direction leads to preferential slip deformation within 380 
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some grains [61]. As the deformation proceeds further, it is gradually homogenized. The area and number of cellular 381 

low dislocation density regions decrease. In addition, a few tiny low dislocation density grains are formed along the 382 

grain boundaries because of the weak DRX behavior.  383 

 

Fig. 9. The local average misorientation images at 1000℃ and 1s-1 with different deformation degree, where the 384 

black lines represent the HAGBs and the color from blue to red represent the values of the local average 385 

misorientation: (a) The image at 0.2 true strain; (b) The image at 0.4 true strain; (c) The image at 0.6 true strain; (d) 386 

The image at 0.9 true strain. 387 

Fig. 10. (a)-(b) show the Schmidt factor images of the {1 1 0} <1 1 1> slip system concerning the loading direction 388 

at 0.2 and 0.4 true strain under 1000℃ and 1s-1. The Schmidt factor reflects the relationship between crystal orientation 389 

and loading direction for a given slip system [62]. The Schmidt factor reflects the difficulty of grain deformation. A 390 

high Schmidt factor represents that the current crystal orientation favors the preferential opening of dislocations along 391 

the slip system. After deformation at a 1s-1 strain rate, the grains with a high Schmidt factor preferentially form a band 392 

structure (pointed out by the white arrows) inside the grains. In contrast, only a few LAGBs and MAGBs develop 393 
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within the grains with low Schmidt factors (circled by the white dashed lines). As a result, microbands preferentially 394 

form in grains whose orientation favors deformation. The preferential opening of fixed slip systems leads to the 395 

development of band substructures. In contrast, grains with low Schmidt factors only play a role in coordinating 396 

deformation with surrounding grains during initial deformation. As the deformation proceeds, it is gradually 397 

homogenized. Eventually, microbands form inside nearly all grains. 398 

 
Fig. 10. The Schmidt factor images of the {1 1 0} <1 1 1> slip system concerning the loading direction, where the 399 

black lines represent the HAGBs, the gray lines represent the sub-boundaries ( 0.5°-2°misorientation angle ) and the 400 

color from blue to red represent the values of Schmidt factor: (a) The image at 0.2 true strain under 1000℃ and 1s-1; 401 

(b) The image at 0.4 true strain under 1000℃ and 1s-1. 402 

Overall, the DRV and DRX softening behavior is suppressed at low temperatures and high strain rates, which is 403 

manifested by the accumulated dislocation density and a small amount of DRX fraction. Many macro-micro 404 

deformation bands are formed, limiting the ability to continue deforming. This results in poor hot workability. 405 

Fig. 11. (a) shows the evolution of the 𝜂𝜂 and 𝜉𝜉 at 1000°C and 0.01s-1. The solid lines are the predicted values, 406 

and the dots are the experimental values. The 𝜂𝜂 is 0.25-0.35, increasing with deformation. This means that the DRV 407 

and DRX occur in concert. Moreover, the 𝜉𝜉 is more significant than zero. This means that the deformation proceeds 408 

stably. The energy generated by the deformation is effectively dissipated through microstructure evolution. Fig. 11. (b) 409 

shows the evolution of the normalized dislocation density, DRX fraction, and AGS. Under the current deformation 410 

conditions, the DRX (close to 60%) occurs. The dislocation density is effectively consumed. In addition, the grain size 411 

is significantly refined. The occurrence of DRX effectively improves the hot workability. 412 
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Fig. 11. The comparison of the predicted and experimental values at 1000℃ and 0.01s-1, where solid lines are 413 

predicted values and solid dots are experimental values: (a) the 𝜂𝜂 and 𝜉𝜉 evolution, where the red line and dots 414 

represent the 𝜂𝜂 and the blue line and dots represent the 𝜉𝜉; (b) the 𝜌̅𝜌, DRX fraction, and AGS evolution, where the 415 

red line and dots represent the DRX fraction, the blue line and dots represent the AGS and the green line represents 416 

the 𝜌̅𝜌. 417 

Fig. 12. (a)-(d) shows the superposition of the band contrast and the grain boundary images for 0.2, 0.4, 0.6, and 418 

0.9 true strain at 1000°C and 0.01s-1. The microstructure features significantly differed from those of the 1s-1. Very few 419 

banded substructures are produced. Discontinuous LAGBs and MAGBs form at the deformation's beginning along the 420 

original grain boundaries and Σ3 TBs, which leads to the gradual deviation of the Σ3 TBs from the original special 421 

orientation relationship (circled by the yellow dashed lines). Some grain boundaries bow outward, driven by the 422 

dislocation density gradient on both sides. They are closed by the LAGBs and MAGBs formed near the grain 423 

boundaries (circled by the white dashed lines). This indicates the nucleation of DDRX grains under a strain-induced 424 

grain boundary migration mechanism. As the deformation proceeds, the substructure network of the LAGBs and 425 

MAGBs develops further. The LAGBs and MAGBs are randomly arranged, without exhibiting directional features, 426 

and self-confine into tiny cell-like structures similar to the grain morphology (pointed out by pink arrows). A 427 

continuous transition from LAGBs to MAGBs and HAGBs shows CDRX characteristics. When deformed to 0.9 true 428 

strain, the microstructure consists of DRX and deformed grains. The DRX grains contain two different types. The first 429 

type contains the Σ3 TBs (boxed by the white dashed lines), which implies that the formation of DRX grains is 430 

accompanied by the long-range migration of grain boundaries, a typical feature of DDRX [63]. Another type does not 431 

contain the Σ3 TBs, and are clustered inside the deformed grains (pointed out by the pink lines). Such DRX grains 432 

may have developed from substructural networks of the LAGBs and MAGBs [64]. The sub-grains continuously absorb 433 

dislocations during deformation and increase the misorientation angle by self-rotation, resulting in DRX grains. This 434 

is a typical feature of CDRX. Fig. 13. (a)-(d) show the local (point to point) and cumulative (point to origin) 435 
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misorientation angle along the L1-L4 lines shown in Fig. 12. The red line is the cumulative misorientation (statistical 436 

from point to origin), and the blue line is the local misorientation (statistical from point to point). Fig. 13. (a)-(b) show 437 

the misorientation information of the L1 and L2 lines at 0.6 true strain. The cumulative misorientation changes show 438 

prominent step-like characteristics. The LAGBs and MAGBs separate the deformed grains. In addition, many locations 439 

have more than 5° local misorientation. Many LAGBs and MAGBs interact to form a substructure network containing 440 

multiple sub-grains. Fig. 13. (c)-(d) show the misorientation information of the L3 and L4 lines at 0.9 true strain. The 441 

cumulative and local misorientation show similar characteristics as at 0.6 strain. The local misorientation further 442 

increases. Many positions with local misorientation exceeding 10° or even 15° occur. As the deformation proceeds, 443 

the LAGBs and MAGBs further develop to form HAGBs. Therefore, the DDRX and CDRX act in concert to reduce 444 

the internal dislocation density. The high fraction of DRX is consistent with the prediction. 445 

 

Fig. 12. The superposition of the band contrast and the grain boundary images at 1000℃ and 0.01s-1 with different 446 

deformation degree, where the green lines represent the LAGBs, the blue lines represent the MAGBs, the black lines 447 

represent the HAGBs and the red lines represent the TBs: (a) The image at 0.2 true strain; (b) The image at 0.4 true 448 
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strain; (c) The image at 0.6 true strain; (d) The image at 0.9 true strain.  449 

Fig. 13. (e)-(f) statistic all types of boundaries at 0.2, 0.4, 0.6, and 0.9 true strain. The proportion of LABGs 450 

increases firstly and then decreases finally. The proportion of MAGBs increases gradually with deformation. The 451 

proportion of HAGBs decreases firstly and then increases finally. This is attributed to the continuous increase in the 452 

misorientation angle of the substructure under the CDRX. The proportion of the Σ3 TBs decreases firstly and then 453 

increases slightly when deformed to 0.9 true strain. The decrease is attributed to the distortion of the initial TBs. They 454 

lose the original orientation relationship and gradually transform into HAGBs. The subsequent increase is attributed 455 

to the migration of the DRX grain boundaries. The Σ3 TBs form within the corresponding grains. The change in 456 

boundary characteristics also demonstrates the coupling effect of CDRX and DDRX. 457 

 

Fig. 13. The statistical information of the local (point to point) and cumulative (point to origin) misorientation angle 458 

along the L1-L4 lines shown in Fig. 12 and the frequency of the boundaries with different misorientation angle at 459 

1000℃, 0.01s-1, and different deformation degree: (a) Along the L1 line; (b)Along the L2 line; (c) Along the L3 line; 460 

(d) Along the L4 line; (e) The frequency of the LAGBs, MAGBs, and HAGBs at 0.2, 0.4, 0.6 and 0.9 true strain; (f) 461 

The frequency of the Σ3 TBs at 0.2, 0.4, 0.6 and 0.9 true strain. 462 

Boundaries’ local misorientation angle statistics at 1000℃ and 0.01s-1: (a) 0-5°; (b) 5-60°.  463 

Fig. 14. (a)-(d) shows the local average misorientation images for 0.2, 0.4, 0.6, and 0.9 true strain at 1000°C, 464 

0.01s-1 deformation conditions. Unlike the 1000 °C, 1s-1 deformation condition, many cell-like low dislocation density 465 
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structures wrapped by high local misorientation angle boundaries are formed. The dislocations have sufficient time to 466 

form substructures by climbing and cross-slip under the DRV. In addition, some of the original grain boundaries bow 467 

outward and are closed by the HAGBs. The dislocation density gradient induces the further migration of the grain 468 

boundaries [65]. When deformed to the 0.9 true strain, many equiaxed grains appear because of the coupling effect of 469 

the CDRX and DDRX.  470 

 

Fig. 14. The local average misorientation images at 1000℃ and 0.01s-1 with different deformation degree, where the 471 

black lines represent the HAGBs and the color from blue to red represent the values of the local average 472 

misorientation: (a) The image at 0.2 true strain; (b) The image at 0.4 true strain; (c) The image at 0.6 true strain; (d) 473 

The image at 0.9 true strain. 474 

Overall, under these deformation conditions, the DRX ability is not strong. At the beginning of the deformation, 475 

the primary softening mechanism is dislocation rearrangement under the DRV. This is manifested as the continuous 476 

network substructures within the grain, resulting in the initial low 𝜂𝜂. However, as the deformation proceeds, DRX 477 

continues, consistently reducing the dislocation density, increasing the DRX fraction, and refining the grain size. This 478 
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is manifested by the gradual replacement of the original deformed grains by many DRX grains. The hot workability 479 

gradually improves as the deformation energy is efficiently dissipated. 480 

Fig. 15. (a) shows the evolution of the 𝜂𝜂 and 𝜉𝜉 at the 1100°C and 0.01s-1. The overall 𝜂𝜂 is in the range of 0.3-481 

0.4, implying a significant DRX. The 𝜉𝜉 is greater than zero. Notably, as the deformation progresses, the 𝜂𝜂 increases 482 

to a peak and then decreases gradually. The significant grain growth deteriorates the hot workability after the rapid 483 

saturation of the DRX. Fig. 15. (b) shows the evolution of the normalized dislocation density, DRX fraction, and AGS. 484 

As the deformation proceeds, the pronounced DRX occurs (close to 80%). The high temperature and low strain rate 485 

provided sufficient time and driving force to consume the dislocation density. In addition, the AGS decreases rapidly 486 

in the early deformation stage. However, it exhibits a slow increase in the later stages of deformation because of the 487 

competitive process between the DRX and GG. 488 

  

Fig. 15. The comparison of the predicted and experimental values at 1100℃ and 0.01s-1, where the solid lines are the 489 

predicted values and the solid dots are the experimental values: (a) the 𝜂𝜂 and 𝜉𝜉 evolution, where the red line and 490 

dots represent the 𝜂𝜂 and the blue line and dots represent the 𝜉𝜉; (b) the 𝜌̅𝜌, DRX fraction, and AGS evolution, where 491 

the red line and dots represent the DRX fraction, the blue line and dots represent the AGS and the green line 492 

represents the 𝜌̅𝜌. 493 

Fig. 16. (a)-(d) shows the superposition of the band contrast and grain boundary images for 0.2, 0.4, 0.6, and 0.9 494 

true strain at 1100°C and 0.01s-1. The original grain boundaries bow out significantly. The number and size of bow-495 

out grain boundaries are increased, which are closed through the LAGBs and MAGBs (circled by the white dashed 496 

lines). This is consistent with the DDRX nucleation, characterized by the strain-induced grain boundary migration. As 497 

the deformation proceeds, more Σ3 TBs are generated. The Σ3 TBs are formed mainly in the low dislocation density 498 

grains (pointed out by the blue arrows), accompanied by the grain boundary migration. In addition, at the beginning 499 

of deformation, the original Σ3 TBs are the main substructure formation region (circled by the yellow dashed lines). 500 

However, as the deformation proceeds, the substructure network is not fully developed. The substructure network 501 
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gradually disintegrates (pointed out by the pink arrows). The formation of the Σ3 TBs and the bowing-out grain 502 

boundary indicates that the DDRX mechanism dominates the current DRX process [65]. Fig. 17. (a)-(d) statistic the 503 

local (point to point) and cumulative (point to origin) misorientation angle along the L1-L4 lines shown in Fig. 16. 504 

The red line is the cumulative misorientation (statistical from point to origin), and the blue line is the local 505 

misorientation (statistical from point to point). Fig. 17. (a) shows the misorientation information of the L1 line at 0.4 506 

true strain. The local misorientation angle partially reaches 2-5° or even more than 5°, which implies forming a certain 507 

number of LAGBs and MAGBs. The cumulative misorientation angle exhibits a noticeable step-like feature, 508 

suggesting the formation of a cell-like substructure network [66]. However, the step length, which denotes the sub-509 

grain size, is much larger than that of the 1000 °C, 0.01 s-1 deformation condition. Fig. 17. (b) shows the misorientation 510 

information of the L2 line at 0.6 true strain. The proportion of LAGBs and MAGBs is reduced compared to the 0.4 511 

strain condition. Fig. 17. (c)-(d) show the misorientation information of the L3 and L4 lines at 0.9 true strain. Only a 512 

small number of locations have local misorientation angles exceeding 5°. The cumulative misorientation angle also 513 

decreases compared with that at 0.4 and 0.6 strain, suggesting that the substructure undergoes self-disintegration 514 

through the interactions between dislocations. Notably, none of the cumulative misorientation angles exceed 15°, 515 

implying the difficulty of forming HAGBs within the deformed grains. The above phenomenon also indicates that the 516 

DDRX dominates the DRX process. 517 
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Fig. 16. The superposition of the band contrast and grain boundary images at 1100℃ and 0.01s-1 with different 518 

deformation degree, where the green lines represent the LAGBs, the blue lines represent the MAGBs, the black lines 519 

represent the HAGBs and the red lines represent the TBs: (a) The image at 0.2 true strain; (b) The image at 0.4 true 520 

strain; (c) The image at 0.6 true strain; (d) The image at 0.9 true strain.  521 

Fig. 17. (e)-(f) statistic all types of boundaries at 0.2, 0.4, 0.6, and 0.9 true strain. The proportion of the LAGBs 522 

and MAGBs decreases, and the proportion of the HAGBs increases with deformation. In particular, the proportion of 523 

the Σ3 TBs increases significantly with strain. This again indicates a drastic DDRX phenomenon. First, the 524 

substructures within the grain are effectively consumed during the nucleation and growth process of the DDRX grains. 525 

In addition, a certain number of Σ3 TBs are generated, accompanied by the long-range migration of the grain 526 

boundaries. 527 
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Fig. 17. The statistical information of the local (point to point) and cumulative (point to origin) misorientation angle 528 

along L1-L4 lines shown in Fig. 16 and the frequency of the boundaries with different misorientation angle at 529 

1100℃, 0.01s-1, and different deformation degree: (a) Along the L1 line; (b)Along the L2 line; (c) Along the L3 line; 530 

(d) Along the L4 line; (e) The frequency of the LAGBs, MAGBs, and HAGBs at 0.2, 0.4, 0.6 and 0.9 true strain; (f) 531 

The frequency of the Σ3 TBs at 0.2, 0.4, 0.6 and 0.9 true strain. 532 

Fig. 18. (a)-(d) shows the local average misorientation images at 0.2, 0.4, 0.6, and 0.9 true strain for 1100°C, 533 

0.01s-1 deformation conditions. Many blue DRX grains with low dislocation density replace the original deformed 534 

grains. The substructure network formed at the early deformation stage gradually decomposes or is subsumed.  535 

Overall, the current deformation conditions of high deformation temperature and low strain rate bring enough 536 

thermal activation energy and action time [66, 67]. DDRX continues to occur, resulting in a high overall 𝜂𝜂. However, 537 

at the later stage of deformation, DRX rapidly reaches saturation. The dislocation is consumed by long-range grain 538 

boundary migration. The grains grow significantly. This leads to a gradual decrease in the 𝜂𝜂. 539 
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Fig. 18. The local average misorientation images at 1100℃ and 0.01s-1 with different deformation degree, where the 540 

black lines represent the HAGBs and the color from blue to red represent the values of the local average 541 

misorientation: (a) The image at 0.2 true strain; (b) The image at 0.4 true strain; (c) The image at 0.6 true strain; (d) 542 

The image at 0.9 true strain. 543 

4.2 The Hot workability prediction under non-constant deformation conditions 544 

4.2.1 Under the strain rate continuous increase deformation conditions 545 

Fig. 19. (a)-(d) shows the flow stress, DRX fraction, normalized dislocation density, and AGS curves under the 546 

deformation state of strain rate continuous increase. The black dashed lines show the results under steady-state 547 

deformation conditions. The colored solid lines are the predicted results. The dots are the corresponding experimental 548 

values. The deformation temperature is 1000 °C. Firstly, the sample is deformed to 0.4 true strain at 0.01 s-1, followed 549 

by a increase of the strain rate to 1 s-1 during successive deformations. Table. 1. demonstrates the experimental 550 

conditions. In the type 1 condition, the strain rate undergoes a transient increase. In the type 2 condition, the strain rate 551 

completes the increase at 0.6 true strain. In the type 3 condition, the strain rate completes the increase at 0.9 true strain. 552 
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Along with the increase of strain rate, the flow stress firstly rises rapidly and gradually tends to saturation. The 553 

elevation of flow stress is attributed to two aspects. One is that the change of deformation conditions directly affects 554 

the initial resistance of dislocation slip [68, 69]. The other is that the change induces the corresponding change of 555 

microstructure, such as dislocation density and grain size, which affects the short-range obstacle of dislocation motion 556 

[70, 71]. The dislocation density shows a similar trend to the flow stress. The DRX curves show that the continuous 557 

increase of strain rate suppresses the DRX effect. However, the grain size refinement is not inhibited. Both the DRX 558 

fraction and DRX grain size affect the grain refinement [72, 73]. A continuous increase in strain rate reduces the DRX 559 

fraction and the DRX grain size. Thus, type 3 exhibits a more pronounced grain refinement than 1000 °C, 0.01 s-1. Fig. 560 

19. (e)-(f) shows the changes of the 𝜂𝜂  and 𝜉𝜉  under the above deformation conditions. When the strain rate 561 

continuously increases, the 𝜂𝜂  undergoes a corresponding decrease. However, they are all higher than the power 562 

dissipation rate for the 1000 °C, 1 s-1 deformation condition. This shows that even if the final deformation conditions 563 

are the same, changes in the history of the deformation conditions can also affect the hot workability. A certain degree 564 

of low strain rate deformation before high strain rate deformation is beneficial for improving the hot workability. The 565 

change in the 𝜉𝜉 also proves it. 566 

 

Fig. 19. The predicted flow stress, DRX fraction, normalized dislocation density, AGS, hot workability, and the 567 

corresponding experimental data at 1000℃ and a continuous increase in strain rate from 0.01s-1 to 1s-1, where the 568 

solid lines are the predicted values, the solid dots are the experimental values and the colors represent different 569 
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conditions of strain rate changing shown in Table. 1: (a) The flow stress evolution; (b) The DRX fraction evolution; 570 

(c) The Normalized dislocation density evolution; (d) The AGS evolution; (e) The 𝜂𝜂 evolution; (f) The 𝜉𝜉 evolution. 571 

Fig. 20. (a)-(f) shows the superposition of the band contrast and the grain boundary images for 0.6 and 0.9 true 572 

strain at the conditions mentioned in Table. 1. (type 1, 2, and 3). Notably, in all cases, no microbands form inside the 573 

deformed grains. Instead, many substructure networks consisting of a mixture of the LAGBs and MAGBs (pointed out 574 

by the pink arrows) are formed. Moreover, with deformation up to 0.9 true strain, some discontinuous HAGBs are 575 

formed inside some grains. Some DRX grains surrounded by the HAGBs even form inside some grains (indicated by 576 

the pink dashed circles). This differs entirely from the microstructure formed under the 1s-1 constant deformation 577 

condition. In addition, some DRX grains containing substructures inside are formed at the deformed grains boundaries 578 

(circled by the white dashed lines). The above phenomena indicate that the substructure and DRX structure formed 579 

during the initial low strain rate deformation process significantly affects their evolution after the strain rate increases. 580 

As shown in Fig. 12. (b), a substructure network consisting of LAGBs and MAGBs is formed when deformed to 0.4 581 

true strain at 0.01s-1. Fig. 21. (a)-(b) show the Schmidt factor maps of the {1 1 0} <1 1 1> slip system concerning the 582 

loading direction when deformed to 0.2 and 0.4 true strains at a strain rate of 0.01s-1. Complex substructures are formed 583 

inside grains with high Schmidt factors. After the strain rate increases, the partial slip system preferentially opens. 584 

Dislocations increase and start to move in a fixed direction. However, the fixed-direction dislocation motion is impeded 585 

by the substructure networks. Other slip systems are activated sequentially to coordinate the polycrystalline 586 

deformation. The initial substructure networks absorb the dislocations and further develops. Some HAGBs are formed 587 

with the increase of the misorientation angle. In addition, the DDRX grains are formed by strain-induced grain 588 

boundary migration at low strain rates. The DRX grains coordinate the deformation of the surrounding grains during 589 

the subsequent high strain rate deformation. As a result, some refined grains with internal substructures are formed 590 

along the grain boundary locations. Finally, a mixture of substructure-containing and non-substructure-containing 591 

refined grains is exhibited. In summary, the initial substructures and DRX grains formed at low strain rates significantly 592 

alleviate the deformation concentration phenomenon and improve the hot workability after the strain rate increases. 593 

The 𝜂𝜂 and 𝜉𝜉 show an increasing trend compared to the constant deformation process at 1s-1. Fig. 22. (a)-(d) statistic 594 

the local (point to point) and cumulative (point to origin) misorientation angle along the L1-L4 lines shown in Fig. 20. 595 

The misorientation information is different from that in the 1s-1 constant deformation condition. Many locations with 596 

local misorientation angles exceeding 5° or even 15° appear. This again indicates the formation of abundant MAGBs 597 

and HAGBs within the grain. 598 



 

33 

 

Fig. 20. The superposition of the band contrast and the grain boundary images at 1000℃ and a continuous increase 599 

in strain rate from 0.01s-1 to 1s-1 with different changing conditions and deformation degree, where the green lines 600 

represent the LAGBs, the blue lines represent the MAGBs, the black lines represent the HAGBs and the red lines 601 

represent the TBs: (a) The image for the type 1 changing condition at 0.6 true strain; (b) The image for the type 1 602 

changing condition at 0.9 true strain; (c) The image for the type 2 changing condition at 0.6 true strain; (d) The 603 
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image for the type 2 changing condition at 0.9 true strain; (e) The image for the type 3 changing condition at 0.6 true 604 

strain; (f) The image for the type 3 changing condition at 0.9 true strain. 605 

 
Fig. 21. The Schmidt factor images of the {1 1 0} <1 1 1> slip system concerning the loading direction, where the 606 

black lines represent the HAGBs, the gray lines represent the sub-boundaries ( 0.5°-2°misorientation angle ) and the 607 

color from blue to red represent the values of Schmidt factor: (a) The image at 0.2 true strain under 1000℃ and 608 

0.01s-1; (b) The image at 0.4 true strain under 1000℃ and 0.01s-1. 609 

 

Fig. 22. The statistical information of the local (point to point) and cumulative (point to origin) misorientation angle 610 
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along the L1-L4 lines shown in Fig. 20 and the frequency of the boundaries with different misorientation angle at 611 

1000℃ and a continuous increase in strain rate from 0.01s-1 to 1s-1 with different changing conditions: (a) Along the 612 

L1 line; (b)Along the L2 line; (c) Along the L3 line; (d) Along the L4 line; (e) The frequency of the LAGBs, 613 

MAGBs, and HAGBs at 0.9 true strain; (f) The frequency of the Σ3 TBs at 0.9 true strain. 614 

Fig. 22. (e) shows the proportions of the LAGBs, MAGBs, and HAGBs for 0.9 true strain at different deformation 615 

conditions. The proportion of the LAGBs, MAGBs, and HAGBs in the continuous strain rate increase cases is between 616 

the constant 0.01s-1 and 1 s-1 strain rate deformation condition. Fig. 22. (f) statistics on the proportion of the Σ3 TBs. 617 

The constant 0.01s-1 strain rate deformation condition has the highest proportion. The three cases with continuously 618 

increasing strain rates have a slightly higher proportion of the Σ3 TBs than the constant 1s-1 deformation condition.  619 

The formation of the DRX grains at low strain rates increases the proportion of the HAGBs and Σ3 TBs and decreases 620 

the proportion of the LAGBs and MAGBs. At high strain rates, there is almost no DRX grain formation, and the 621 

substructure is preserved [74,75]. The substructure is susceptible to transition to the HAGBs, and the DRX occurs. 622 

The variation in the proportions of the different type boundaries under the above deformation conditions is 623 

accompanied by the evolution of substructures and DRX structures. 624 

Fig. 23. (a)-(f) shows the local average misorientation images for 0.6 and 0.9 true strain at the conditions 625 

mentioned above (type 1, 2, and 3). Some green refined grains can be seen distributed along the grain boundaries 626 

(circled by the white dashed lines). This is consistent with the formation of substructures within the DRX grains in Fig. 627 

20. As the deformation proceeds to 0.9 true strain, the blue DRX grains are formed along the grain boundaries (circled 628 

by the yellow dashed lines). This is attributed to the reoccurrence of DRX phenomena. In addition, many low 629 

dislocation density regions wrapped by highly local misorientation boundaries (pointed out by the yellow arrows) are 630 

formed within the grains. Moreover, there are almost no microbands in deformed grains. 631 

Overall, a certain degree of low strain rate deformation prior to high strain rate deformation is beneficial in 632 

improving hot workability. The low strain rate deformation results in the formation of substructural networks within 633 

the grains and a small number of DRX grains distributed along grain boundaries. These microstructures significantly 634 

improve the deformation mechanism at high strain rates. The substructural networks act as a trap for dislocations, 635 

which prevents dislocations from slipping in a fixed direction at high strain rates and improves the deformation ability. 636 

Moreover, the small amount of DRX grains distributed along the grain boundaries can coordinate deformation. It also 637 

serves as the location of nucleation to promote the DRX effect. The deformation energy is effectively consumed under 638 

the joint action, which improves the hot workability. 639 
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Fig. 23. The local average misorientation images at 1000℃ and a continuous increase in strain rate from 0.01s-1 to 640 

1s-1 with different changing conditions and deformation degree, where the black lines represent the HAGBs and the 641 

color from blue to red represent the values of the local average misorientation: (a) The image for the type 1 changing 642 

condition at 0.6 true strain; (b) The image for the type 1 changing condition at 0.9 true strain; (c) The image for the 643 

type 2 changing condition at 0.6 true strain; (d) The image for the type 2 changing condition at 0.9 true strain; (e) 644 
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The image for the type 3 changing condition at 0.6 true strain; (f) The image for the type 3 changing condition at 0.9 645 

true strain. 646 

4.2.2 Under the strain rate continuous decrease deformation conditions 647 

Fig. 24. (a)-(d) shows the flow stress, DRX fraction, normalized dislocation density, and AGS curves under the 648 

deformation state of strain rate continuous decrease. The black dashed lines show the results under steady-state 649 

deformation conditions. The colored solid lines are the predicted results. The dots are the corresponding experimental 650 

values. The deformation temperature is 1000 °C. Firstly, the sample is deformed to 0.4 true strain at 1 s-1, followed by 651 

a decrease of the strain rate to 0.01 s-1 during successive deformations. Table. 1. demonstrates the experimental 652 

conditions. In the type 4 condition, the strain rate undergoes a transient decrease. In the type 5 condition, the strain 653 

rate completes the decrease at 0.6 true strain. In the type 6 condition, the strain rate completes the decrease at 0.9 true 654 

strain. Accompanied by the decrease in strain rate, the flow stress decreases rapidly and gradually approaches a steady 655 

state. The decrease in flow stress is attributed to the direct effect of the change in deformation conditions and the 656 

promoted dynamic softening [76, 77]. In Fig. 24. (c), the dislocation density decreases rapidly under the effect of DRV 657 

and DRX [78, 79]. Accompanied by rapidly occurring DRX, the grains are refined. Fig. 24. (e)-(f) shows the changes 658 

of 𝜂𝜂  and 𝜉𝜉 . When a continuous decrease in strain rate occurs, the 𝜂𝜂  increases significantly, and the 𝜉𝜉  becomes 659 

positive. The continuous reduction of strain rate during deformation is favourable to improving the hot workability 660 

[80, 81]. 661 
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Fig. 24. The predicted flow stress, DRX fraction, normalized dislocation density, AGS, hot workability, and the 662 

corresponding experimental data at 1000℃ and a continuous decrease in strain rate from 1s-1 to 0.01s-1, where the 663 

solid lines are the predicted values, the solid dots are the experimental values and the colors represent different 664 

conditions of strain rate changing shown in Table. 1: (a) The flow stress evolution; (b) The DRX fraction evolution; 665 

(c) The Normalized dislocation density evolution; (d) The AGS evolution; (e) The 𝜂𝜂 evolution; (f) The 𝜉𝜉 evolution. 666 

Fig. 25. (a)-(f) shows the superposition of the band contrast and the grain boundary images for 0.6 and 0.9 true 667 

strain at the conditions mentioned above (type 4, 5, and 6). Microbands remain inside the grains (pointed out by the 668 

white arrows). Moreover, the substructure networks are developed from the microbands (pointed out by the pink 669 

arrows). As the deformation proceeds, many DRX grains with the Σ3 TBs are formed, indicating the grain boundaries' 670 

long-range migration. The deformation with a high strain rate generates a large amount of dislocation. The reduced 671 

strain rate provides sufficient time for the grain boundary migration, promoting the DRX process [82, 83]. In addition, 672 

the microbands undergo further interactions at low strain rates. This leads to the decomposition of the band substructure 673 

and the formation of the substructure networks. Fig. 26. (a)-(d) show the local (point to point) and cumulative (point 674 

to origin) misorientation angle along the L1-L4 lines in Fig. 25. Fig. 26. (a)-(b) show the misorientation information 675 

of the substructure networks formed within the deformed grains. Some locations with local misorientation angles 676 

between 5° and 15° appear, indicating that the misorientation angle of the LAGBs and MABGs further increased. The 677 

cumulative misorientation gradually accumulates. In particular, the cumulative misorientation in the L1 direction even 678 

approaches 60°, indicating the significant development of the substructure. Fig. 26. (c)-(d) show the misorientation 679 

information of retained microbands. Repeated fluctuations in the cumulative misorientation are a typical microband 680 

structure feature. There are only a few locations where the local misorientation exceeds 5°, indicating disintegration 681 

of the microbands at low strain rates. 682 
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Fig. 25. The superposition of the band contrast and the grain boundary images at 1000℃ and a continuous decrease 683 

in strain rate from 1s-1 to 0.01s-1 with different changing conditions and deformation degree, where the green lines 684 

represent the LAGBs, the blue lines represent the MAGBs, the black lines represent the HAGBs and the red lines 685 

represent the TBs: (a) The image for the type 1 changing condition at 0.6 true strain; (b) The image for the type 1 686 

changing condition at 0.9 true strain; (c) The image for the type 2 changing condition at 0.6 true strain; (d) The 687 
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image for the type 2 changing condition at 0.9 true strain; (e) The image for the type 3 changing condition at 0.6 true 688 

strain; (f) The image for the type 3 changing condition at 0.9 true strain. 689 

 

Fig. 26. The statistical information of the local and cumulative misorientation angle along the L1-L4 lines in Fig. 25 690 

and the frequency of the boundaries with different misorientation angles at 1000℃ and a continuous decrease in 691 

strain rate from 1s-1 to 0.01s-1 with different changing conditions: (a) Along the L1 line; (b)Along the L2 line; (c) 692 

Along the L3 line; (d) Along the L4 line; (e) The frequency of the LAGBs, MAGBs, and HAGBs at 0.9 true strain; 693 

(f) The frequency of the Σ3 TBs at 0.9 true strain. 694 

Fig. 26. (e) shows the proportions of the LAGBs, MAGBs, and HAGBs for 0.9 true strain at deformation 695 

conditions. The continuous decrease of strain rate reduces the proportion of the LAGBs and MAGBs and increases the 696 

proportion of the HAGBs. Fig. 26. (f) statistics on the proportion of the Σ3 TBs. The continuous decrease in strain rate 697 

significantly increases the proportion of the Σ3 TBs. A large amount of dislocation density accumulated at a high strain 698 

rate enhances the grain boundaries migration ability [84, 85]. Fig. 27. (a)-(f) shows the local average misorientation 699 

images for 0.6 and 0.9 true strain at the conditions mentioned above (type 4, 5, and 6). The equiaxed grains with low 700 

dislocation density replace the deformed grains. Together, the above phenomena prove that DRX is promoted. 701 
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Fig. 27. The local average misorientation images at 1000℃ and a continuous decrease in strain rate from 1s-1 to 702 

0.01s-1 with different changing conditions and deformation degree, where the black lines represent the HAGBs and 703 

the color from blue to red represent the values of local average misorientation: (a) The image for the type 4 changing 704 

condition at 0.6 true strain; (b) The image for the type 4 changing condition at 0.9 true strain; (c) The image for the 705 

type 5 changing condition at 0.6 true strain; (d) The image for the type 5 changing condition at 0.9 true strain; (e) 706 
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The image for the type 6 changing condition at 0.6 true strain; (f) The image for the type 6 changing condition at 0.9 707 

true strain. 708 

Overall, reducing the strain rate during deformation with a high strain rate improves hot workability. The low 709 

strain rate provides sufficient time to consume the deformation energy. Under DRV, the deformation bands are 710 

disintegrated and reorganized, forming a network substructure. The formation of excessive DRX grains consumes 711 

many dislocations. The significant softening effect improves the hot workability. 712 

4.2.3 Summary of hot workability and corresponding microstructure evolution mechanisms 713 

As shown in Fig. 28. (a), the hot workability under constant deformation conditions is divided into three regions. 714 

The microbands and macro shear deformation zones are formed under the high 𝜀𝜀̇  and low T. The deformation 715 

localization leads to a low 𝜂𝜂 and negative 𝜉𝜉. Due to the suppression of dynamic softening, the efficiency of plastic 716 

deformation energy dissipation decreases continuously, deteriorating the hot workability [86,87]. Multiple DRX 717 

mechanisms co-occur at low 𝜀𝜀̇ and T and high 𝜀𝜀̇ and T. This region has a relatively high 𝜂𝜂 and a positive 𝜉𝜉. DRX 718 

occurs quickly and saturates at high T and low 𝜀𝜀̇, leading to high 𝜂𝜂. However, the subsequent grain growth reduces 719 

the 𝜂𝜂. Excessive deformation should not be carried out at this condition to avoid the coarse grains. 720 

Fig. 28. (b) shows the hot workability under non-constant deformation conditions. The initial low 𝜀𝜀̇ deformation 721 

forms a cell-like substructure network, and DDRX grains in the deformation state continuously increase the 𝜀𝜀̇. The 722 

cell-like substructure hinders the microband development after the 𝜀𝜀̇ continuously increases. The DDRX grains also 723 

share part of the deformation, forming internal LAGBs and MAGBs. This alleviates the deformation localization. Thus, 724 

the hot workability is improved compared to the high 𝜀𝜀̇ in constant deformation conditions. In the deformation state 725 

with the 𝜀𝜀̇  continuously decreasing, the initial high 𝜀𝜀̇  deformation leads to many dislocation densities and 726 

microbands with uneven distribution between grains. The subsequent decreasing 𝜀𝜀̇ deformation brings sufficient time 727 

to consume the initially accumulated deformation energy. The microbands decompose inside the grain. And some 728 

microbands form substructure networks. In addition, the inhomogeneity of the deformation energy storage between 729 

grains promotes the DDRX. Many DRX grains containing TBs appeared, effectively improving the hot workability. 730 
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Fig. 28. Hot workability and corresponding microstructure evolution mechanism under: (a) different constant 731 

deformation conditions (temperature: 1000-1100℃ and strain rate: 0.01-1 s-1); (b) non-constant deformation 732 

conditions (temperature: 1000℃ and strain rate continuous increase from 0.01 to 1 s-1 and decrease from 1 to 0.01 s-733 

1). 734 

5.Conclusions 735 

The main work of this paper is to establish a hot workability assessment method applicable to non-constant 736 
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deformation conditions. The prediction method constructs a neural network model that takes the microstructure state 737 

and deformation conditions as input variables to obtain the power dissipation rate and deformation instability factor. 738 

Experimental data under constant deformation conditions train the relationship between input and output variables. 739 

The proposed method successfully predicts hot workability for constant and non-constant deformation conditions. 740 

Moreover, combined with the model and characterization, the relationship between hot workability, 741 

microstructure states and deformation conditions under constant deformation conditions is analyzed. Hot workability 742 

is relevant to the mechanisms of microstructure evolution under the influence of deformation conditions. DRX is 743 

suppressed at high strain rates and low temperatures, and the dislocation density saturates rapidly. The formation of 744 

macro- and micro-deformation bands deteriorates the hot workability. The synergistic effect of DRX and DRV at low 745 

temperatures and strain rates continues improving hot workability. The rapid onset of DRX and subsequent grain 746 

growth at high temperatures and low strain rates limits hot workability. 747 

Finally, the hot workability evolution mechanism under dynamic variation of deformation conditions is 748 

investigated. Appropriate deformation with a low strain rate prior to deformation with a high strain rate can improve 749 

hot workability. DRX behavior is promoted, and the deformation bands are suppressed. Reducing the strain rate during 750 

deformation with a high strain rate also improves hot workability. Sufficient DRX and DRV consume a large amount 751 

of accumulated deformation energy. 752 
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