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Section S1 Material and thermal compression experiments

The material used in the study was 42CrMo steel, and its chemical composition is
shown in Table S1. It was machined intoa ®10x15 mm specimen and a single-pass hot
compression experiment was performed on a Gleeble 3800 thermal simulation experiment
machine.

Table S1. Chemical composition of experimental steel.

C Si Mn Cr Mo Ni Cu P S Fe
0.39 0.24 0.72 1.12 0.189 0.09 0.01 0.012 0.004 bal

The hot compression process is designed with deformation temperatures of 1223,
1273, 1323, 1373 and 1473 K and strain rates of 0.001, 0.005, 0.01, 0.05 and 0.1 s!. The data
for deformation temperatures of 1273, 1373 and 1473 K and strain rates of 0.001, 0.01 and
0.1 s were used for modelling, while the other data were used for model validation. The
thermal compression process is shown in Figure S1: (1) the specimen was heated to 1473
K at 10 K/s; (2) it was held for 5 min to ensure tissue homogeneity; (3) it was then cooled
to the deformation temperature at a cooling rate of 10 K/s; (4) for 20 s to ensure tempera-
ture uniformity; (5) then a single-pass hot compression experiment was performed at
strain rates of 0.001, 0.01 and 0.1 s, respectively, with a maximum true strain; (6) after
compression was complete, rapid cooling to room temperature was performed.

Us
Figure S1. Thermal compression process route.
In this study, the material parameters used for MPFM are required to be obtained

from the thermocompression stress-strain curves. Figure S2 shows the stress-strain curve
of 42CrMo steel under different process parameters.
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Figure S2. Stress-strain curves at different temperatures: (a) 1473 K; (b) 1373 K; (c) 1323 K; (d) 1273
K; (e) 1223 K.

Section S2 Characteristic stress of experimental steel

To construct a dynamic recrystallization model for low-alloy steel, it is essential to
obtain the characteristic stresses during the metal's hot deformation process: initial stress
(00), critical stress for dynamic recrystallization (oc), peak stress (0p), saturated stress dur-
ing hot working (os), and steady-state stress for dynamic recrystallization (oss). The rela-
tionship between these stresses and the Zener-Hollomon parameter, Z, must also be es-
tablished. To eliminate irregularities and fluctuations in the flow stress curves obtained
from hot compression tests, a 7th-order polynomial fitting was applied to the experi-
mental curves using Matlab software, as shown in Figure S3(a).

To obtain the characteristic stresses during the material's hot deformation process, a
relationship between the work hardening rate (6) and stress (o) was constructed, as shown
in Figure S3(b). According to previous studies [1], the critical stress for dynamic recrystal-
lization corresponds to the point where the second derivative of the work hardening rate
with respect to stress equals zero, that is, when d20/do?=0. The saturated stress is obtained
by drawing a tangent to the 0-0 curve at the point where d0/do=0. The peak stress and
steady-state stress are the stress values where the first and second derivatives of the 0-o
curve equal zero, respectively.
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Figure S3. Diagram of Characteristic Stress Acquisition: (a) 7th-order Polynomial Fitting of Flow
Stress Curve; (b) Stress-Work Hardening Rate Curve.

The relationship between op and Z can be expressed as:

o,=4z (S1)

where A and 7 are the fitted parameters.
The relationship between Z and the strain rate and deformation temperature is:

Z=¢cexp (—Q‘”t j
RT ($2)
where & is the strain rate, Qact is the deformation activation energy, R is the standard gas

constant, T is the deformation temperature.
From Equations S1 and S2, it follows that:

c,= A[s exp (%)j

1n(%)=1n(A)+n(1n(gj+%]

The peak stress and strain rate at different deformation temperatures are brought
into Equation 54, and the average value is calculated by calculating the slope of the curve.
The average value of and is calculated using the above method, as shown in Figure 54.
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Figure S4. Calculation process for parameter n and activation energy of deformation Quact.

The final relationship between peak stress and Z is:
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The relationship between peak stress and other characteristic stresses is shown in
Figure S5.
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Figure S5. Relationship between peak stress and other characteristic stresses: (a) initial stress and
steady-state stress; (b) critical stress and saturation stress.

As can be seen in the Figure S5, there is a linear relationship between the peak stress
and the other characteristic stresses.The relationship between the peak stress and other
characteristic stresses obtained by fitting is:

0,=0.520, (56)
o,=09%0, (57
o.=0.840, (58
0., =119, (59

Section S3 Dislocation evolution model

During thermal deformation, the dislocation density is controlled by two processes:
work hardening and dynamic recovery. In this study, the KM model established by Kocks
and Mecking [2-4] was used to describe these two processes. The evolution of the disloca-
tion density within the grain during thermal deformation can be expressed as:

d
e kl\/;_kzp
de (S10)

where kiis a constant related to work hardening, k2is the softening parameter associated
with the dynamic recovery.
Integrating Equation S10 gives:

Jo =+ oo oo 4

(S11)

where p, is the dislocation density of the matrix at saturation stress, p, is the disloca-
tion density of the matrix at the initial stress. According to the relationship between dis-
location density and stress:



o =aubyp (12)

it can be obtained that:

o=o0,+(o, —o-s)exp(hgj
2 (513)

Differentiating both sides of Equation S13 with respect to the variable yields:

do _k _k

de 22 ° (514)

From equation S14, it can be seen that the value of k2 is related to the slope of the
work hardening rate-stress curve, m, as shown in Figure S2(b), k2= 2m, and the value of m
can be obtained from the work hardening rate-stress curve. It is also known that at the
saturation stress, the increment of dislocation density with strain is 0:

blp, ~hp, =0 (S15)

The relationship between ki and k: is:

k =k\p, (516)

Section S4 Nucleation rate

Studies have shown that the nucleation rate of dynamic recrystallisation is related to
the strain rate and deformation temperature. Therefore, the nucleation rate calculation
formula used in this study is[5, 6]:

Nppy = Ce exp(— I%J (517)

where C is the fitting constant, m is a constant related to the strain rate, and Qa is the
nucleation activation energy.

The volume fraction of dynamic recrystallisation can be obtained from the nucleation
rate and average size of dynamic recrystallisation:

X,

drx,exp

where ¢ is time, ra is the average size of the recrystallized grains.

The volume fraction of recrystallisation and the average grain size can be obtained
from the stress-strain curve and Equations S18 and S19:
_ O-drv -0

exp

X

drx,exp -
OO

(519

where oar is the stress during the thermal deformation process when only work harden-
ing and dynamic recovery occur, which can be obtained by substituting the work harden-
ing index obtained above into Equations S13; oex is the stress obtained from the experi-
ment.

The schematic diagram for calculating the volume fraction of dynamic recrystallisa-
tion is shown in Figure S6.
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Figure S6. Schematic diagram for calculating the volume fraction of dynamic recrystallisation.

The relationship between the average dynamic recrystallisation grain size and stress
is shown below [7, 8]:

0_[2_j _k
HA\b (520)

In this formula, the value of the index n is 2/3, and K is a constant with a value of 10.

Using Equations S18 and S19 and the experimentally obtained stress-strain curves,
the curve of the nucleation rate as a function of deformation temperature and strain rate
can be obtained, as shown in Figure S7. By curve fitting, the parameters in equation S17
can be obtained.
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Figure S7. Variation of nucleation rate with temperature and strain rate: (a) temperature; (b) strain
rate.

Section S5 Statistical methods for the results of multi-phase field simulations

During the dynamic recrystallisation simulation, the stress, average grain size, and
dynamic recrystallisation volume fraction at each time step need to be calculated. The

stress can be calculated using Equation S12, while the average grain size, ¢, and dynamic

X
recrystallisation volume fraction, = “*, are calculated using the following equations:

‘7 — 2 STotal

Nz (S21)

— O-drv _O-cal
rx,cal

O™ (822)

Xy



where Stotl is the total area of the simulation domain, N is the total number of grains in

the simulation domain at the current time step, o is the stress calculated by the phase
field model.
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