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Abstract

The ultra-large steam turbine rotor and heavy gas turbine disk are key components of
power stations. They are manufactured from very large ingots, and extremely low strain
rates are used during forging. In this study, a high-strength CrNiMoV steel, 25Cr1Ni4MoV,
was hot-compressed at 10001200 °C and strain rates of 0.01-0.0001 s~!, and the resulting
deformed microstructures were observed. The peak stress ranged from 17 to 72 MPa. The
hot deformation equation was obtained, and the activation energy for deformation was
determined to be 329 kJ /mol, which was lower than that reported in previous studies due
to the extremely low strain rate. The deformation mechanism is dynamic recrystallization
even at a strain rate of 0.0001 s~ 1. The critical strains for complete dynamic recrystallization
were determined. The dynamic recrystallization grain size increased slowly with decreasing
In(Z), where Z is the Zener-Hollomon parameter, within the In(Z) range of 22-27. However,
when In(Z) was below 21, the dynamic recrystallization grain size increased rapidly. This
critical In(Z) value is a new finding. Strategies for controlling grain size in the production of
ultra-large steam turbine rotors and heavy gas turbine disk forgings were provided. Finally,
future research directions were discussed.
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1. Introduction

The steam turbine rotor and heavy gas turbine disk are key components of thermal,
nuclear, and gas power-generation units, and their quality and performance directly affect
the safety and service life of power stations [1-4]. High-strength CrNiMoV steels, such as
30CrNidMoV [5], 30Cr1MolV [6,7], 25Cr2NidMoV [8], and 22CrMoNiWYV [9], exhibit excel-
lent hardenability and outstanding mechanical properties, particularly high-temperature
creep and fatigue performance. They are the primary materials used to manufacture rotors
and turbine disks for power-generation units. By adjusting the chemical composition,
optimizing the heat treatment process, and regulating the microstructure, their service
performance has continued to improve [5-13].

Both the steam turbine rotor and heavy gas turbine disk are produced by open-die
forging. The flow stress and microstructure evolution during hot deformation, particularly
dynamic recrystallization (DRX) behavior, form the basis for microstructure control and
forging process design and have been extensively investigated [8,14-16]. However, with so-
cietal development, the demand for electricity is increasing. To improve power-generation
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capacity and efficiency, reduce welding seams, and replace welded structures with integral
forgings, steam rotor and gas turbine disk forgings are becoming larger. For example, the
low-pressure steam rotor in the CAP1400 nuclear power unit and the disk of the F-class
heavy gas turbine both have diameters of approximately 3 m, and, particularly for low-
pressure rotors, ingots of 600 tons or more are required [17,18]. If a 150 MN hydraulic press
(commonly referred to as a 15,000-ton-force press) is used for upsetting, the pressure is
48 MPa when the steel ingot diameter is 2 m and only 21 MPa when the steel ingot diameter
is 3 m. These very large ingots undergo extremely slow strain rates during upsetting, which
can be as low as 0.0001 s~ ! [18]. This deformation rate is much lower than those used in
the abovementioned studies. The hot deformation behavior of high-strength CrNiMoV
steel at extremely low strain rates remains unclear.

In this study, a high-strength CrNiMoV steel, 25Cr1Ni4MoV, was hot-compressed
at extremely low strain rates to simulate forging. The flow behavior was analyzed, the
deformation activation energy was calculated, and the microstructure was investigated.
The research results are expected to provide a basis for the manufacturing and development
of ultra-large steam turbine rotors and heavy gas turbine disk forgings.

2. Materials and Methods

The 25Cr1Ni4MoV steel was melted in a 50 kg vacuum induction furnace (China Iron
& Steel Research Institute Group Co., Ltd., Beijing, China). The chemical composition was
(wt%) C 0.28, Cr 1.5, Ni 3.8, Mo 0.6, V 0.11, Mn 0.3, Si 0.1, S 0.013, P 0.008, and balance Fe.
The ingot was homogenized at 1200 °C for 6 h, forged into a bar with a diameter of 100 mm,
and then air-cooled.

Specimens with a diameter of 10 mm and a height of 15 mm were machined from the
forged rod. Hot compression tests were performed using a Gleeble3800 (Dynamic Systems
Inc., Poestenkill, NY, USA)simulator. Tantalum foil and molybdenum disulfide were used
as lubricants between the specimens and the compression dies. The specimens were heated
to 1200 °C at 5 °C/s, held at 1200 °C for 10 min, and then cooled to the deformation
temperatures at 5 °C/s. The deformation temperatures were 1000, 1100, and 1200 °C, and
the strain rates were 0.01, 0.001, and 0.0001 s~!, respectively. After compression to a true
strain of 0.9, the specimens were automatically water-cooled within 2 s.

The compressed specimens were cut along the axis. The cutting surfaces were ground
with 2000-grit SiC sandpaper and then mechanically polished with 1 um diamond. The
parent austenite grain boundaries were etched using a solution of picric acid, nitric acid,
and alcohol at 60 °C for 2 min. The grain morphology was observed using an Axio Observer
A1 m optical microscope (ZEISS Group, Oberkochen, Germany). The DRX grain sizes were
measured using the intercept method according to the ASTM E112-25 standard [19].

3. Results
3.1. Flow Behavior and Hot Deformation Equation

The flow curves of 25Cr1Ni4MoV steel compressed at 1000-1200 °C and strain rates
of 0.01-0.0001 s~! are shown in Figure 1. The peak stresses ranged from 17 to 72 MPa.
In the initial stage of deformation at 1000 °C and a strain rate of 0.01 s~!, the flow stress
increased with increasing strain, reached a peak at a strain of approximately 0.3, and then
slowly decreased (Figure 1a). This decrease was attributed to the softening effect of DRX
being greater than the work-hardening effect. When the strain reached 0.7, a steady-state
stress plateau appeared. This indicates that complete DRX occurred and that the softening
effects of DRX and work hardening reached equilibrium. At a strain rate of 0.001 s 1
the peak strain was less than 0.2, and the beginning of the stress plateau was only ~0.3.
At the lowest strain rate of 0.0001 s~!, the flow curve exhibited fluctuations after the
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peak (Figure 1a). As the deformation temperature increased, the deformation resistance
decreased, and complete DRX occurred earlier (Figure 1b,c). The flow curves of 0.000 s ! in
Figure la—c and 0.001 s~! in Figure 1c can be characterized as multi-peak curves, in which
a strengthening process followed by a softening process is repeated. It is generally believed
that these fluctuations are caused by grain growth [20].
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Figure 1. Flow curves of 25Cr1Ni4MoV steel compressed at temperatures of (a) 1000 °C, (b) 1100 °C,
and (c) 1200 °C.

The relationship between stress, strain rate, and temperature during the hot deforma-
tion of metals can be described as follows [21]:
¢ = Alsinh(ac)]"exp(—Q/RT) (1)
where ¢ is the strain rate (s~ 1), Q is the activation energy for deformation (J/mol), R is the
gas constant, T is the temperature (K), and ¢ is the stress (MPa). A, &, and 7 are constants.
Based on references [21,22], the In(c) — In(¢) and o — In(¢) relationships were obtained
(Figure 2a,b). Linear fitting was applied to the data points, and the reciprocals of the
slopes were averaged to obtain the values of 8 = 0.184 MPa~! and n = 6.027. Therefore,
a = B/n =0.0305, which are higher values than those reported in previous studies [14-16].
The In[sinh(xo)] — In(¢) and In[sinh(xo)] — 1/T relationships are shown in Figure 2¢,d.
The average values of n and Q were 4.45 and 329 kJ/mol, respectively. The activation
energy for deformation was lower than that reported in previous studies [14-16]. Besides
compositional differences, this was mainly caused by the lower testing strain rate, which
promoted the softening effect during deformation. In Figure 2, the correlation coefficients
(R?) of all linear fittings are higher than 0.96, and the fitted results are reliable. The hot
deformation equation of 25Cr1Ni4MoV steel compressed at 1000-1200 °C and strain rates
of 0.01-0.0001 s is as follows:

& = 1.29 x 10°[sinh(0.0305 - o')]**exp(—329,000/RT) )

3.2. Z Parameter and Critical Strain for Complete DRX

The Zener—-Hollomon [23] (Z) parameter was used to characterize the combined effects
of temperature and strain rate on deformation behavior. The Z values (s~ 1) were calculated
using Equation (3), and the results are shown in Table 1:

Z = éexp(Q/RT) (3)
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Figure 2. Relationships between (a) In(o) and In(g), (b) o and In(e), (c) In[sinh(xo)] and In(e), and
(d) In[sinh(xo)] and 1/T. Dashed lines are the results of linear fitting.

Table 1. Z values under different deformation conditions.

Deformation Condition 0.01s1 0.001s1 0.0001 51
1000 °C 3.18 x 1011 3.18 x 1010 3.18 x 10°
1100 °C 3.37 x 1010 3.37 x 10° 3.37 x 108
1200 °C 4.66 x 107 4.66 x 108 4.66 x 107

In the flow curves, the beginning of the steady-state stress plateau and the end of the
first peak can be considered the critical strains for complete DRX. Based on the strain-stress
data, the critical strains for complete DRX were obtained, and their dependence on In(Z)
is shown in Figure 3. The points represent the measured data, and the dashed line repre-
sents the fitted result. A cubic polynomial relationship was observed, with a correlation
coefficient (R?) of 0.99:

eprx = 0.0023(InZ) — 0.1411(InZ)? + 2.8968InZ — 19.7274 (4)

where epryx is the critical strain for complete DRX.

3.3. Microstructure

The microstructure of 25Cr1Ni4MoV steel after compression at 1000 °C to a strain of
0.9 is shown in Figure 4. At a strain rate of 0.01 s~!, complete DRX occurred, and the grains
were fine (Figure 4a,d). The grain size increased with decreasing strain rate (Figure 4c—f).
At a strain rate of 0.0001 s~!, the grain sizes were nonuniform, mainly ranging from 50 to
150 um (Figure 4c,f). Most grains were not equiaxed, particularly the larger grains. This
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resulted from the nonuniform migration rate of grain boundaries. Based on the flow curves
in Figure 1a, it can be concluded that all grains in Figure 4 are DRX grains.
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Figure 3. Relationship between the critical strain of complete DRX and In(Z).
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Figure 4. Microstructures of 25CrINi4MoV steel compressed at 1000 °C and strain rates of

(a,d) 0.01s7L, (b,e) 0.001 s, (c,f) 0.0001 s~ 1.
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The microstructure of 25Cr1Ni4MoV steel after compression at 1100 °C is shown in
Figure 5. Considering the DRX microstructure after compression at 1000 °C (Figure 4), the
tested steel was sensitive to compression temperature. Under a specific strain-rate condition,
the DRX grain size increased by more than two times as the deformation temperature
increased from 1000 to 1100 °C. In Figure 5e f, the local grain boundaries are discontinuous.
The undisplayed grain boundary sections may be low-angle grain boundaries or low-X.
boundaries, which have high resistance to corrosive agents.
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Figure 5. Microstructures of 25Cr1Ni4MoV steel compressed at 1100 °C under different strain rates:
(a,d) 0.01s7L, (b,e) 0.001 s~ 1, and (c,£) 0.0001 s~ L.

The microstructure of 25Cr1Ni4MoV steel after compression at 1200 °C is shown in
Figure 6. Due to the high temperature, the grain size was large even when the steel was
deformed at 0.01 s~ 1. In Figure 6¢,f (0.0001 s~ !), the grains are very large, and one field of
view only covers several grains.

The DRX grain sizes were measured, and the statistical analysis results are shown in
Figure 7. The points represent the measured values. The DRX grain size increased slowly
with decreasing In(Z) in the In(Z) range of 22-27. However, when In(Z) < 21, the grain
size increased rapidly. The dashed line represents the fitted result (R? = 0.99). A cubic
polynomial relationship was observed between the DRX grain size (D, um) and In(Z):

D = —1.66(InZ)* + 132.04(InZ)* — 3485.83InZ + 30, 656.59
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Figure 6. Microstructures of 25Cr1Ni4MoV steel compressed at 1200 °C and under different strain
rates: (a,d) 0.01s71, (b,e) 0.001 s~ 1, (c,f) 0.0001 s~ 1.
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Figure 7. Relationship between DRX grain size and In(Z).

4. Discussion

The morphologies of the coarse grains observed at low magnification are shown in
Figure 8. These grains are formed through DRX rather than static recrystallization or abnor-
mal grain growth after hot deformation. At an extremely low strain rate (0.0001 s~1), the
grains are not only very large but also irregularly shaped. This grain morphology differs
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from that of annealed grains, which are typically equiaxed. In Figure 8, representative
grains are highlighted in different colors. The grain boundaries locally protrude with large
curvature, indicating a high migration ability at these locations. During slow deformation,
the deformation energy near grain boundaries drives their migration. Additionally, defor-
mation promotes grain rotation, and when a grain rotates into an orientation favorable
for merging, its growth is accelerated. This explains why some grains appear particularly
prominent at specific locations. DRX involves two stages: nucleation and subsequent grain
growth. At a strain rate of 0.0001 s~!, the grain growth rate is very fast, resulting in a
large DRX grain size. A characteristic feature of annealing twins is their straight bound-
aries [24]. The annealing twins in parent austenite are marked in Figure 8b. Twinning
results from growth faults occurring during high-angle grain boundary migration [25]. The
length of the twins reflects the extent of high-angle grain boundary migration. Clearly, the
grains continue to grow during the deformation process. When the material undergoes
dynamic recovery, high-angle grain boundaries will not migrate over long distances. There-
fore, these annealing twins indicate that the deformation mechanism is DRX rather than
dynamic recovery.

b
Annealing twins in parent austenite
v
300um 300um

Figure 8. Grain morphologies after compression at a strain rate of 0.0001 s~ and temperatures of
(a) 1100 °C and (b) 1200 °C. Representative grains are highlighted in different colors.

High-strength CrNiMoV steels are prone to microstructure inheritance, making grain
refinement through normalizing difficult. Therefore, controlling grain size during hot
deformation is very important. Based on the results of this study, the following strategies
can be adopted in actual production:

(1) The In(Z) value during forging should be no less than 21, which requires reducing the
deformation temperature and increasing the strain rate.

(2) Because a high In(Z) parameter increases deformation resistance, large-tonnage presses
should be used. In the future, manufacturing low-pressure steam rotors for next-
generation CAP1700 nuclear power units will require ingots weighing over 800 tons.
Therefore, it is necessary to develop larger-tonnage presses, such as those exceeding
1000 MN.

(3) During the upsetting process, a narrow die can be selected to increase the pressure
intensity and achieve a high deformation rate. The ingot undergoes deformation
during rotation, replacing the conventional upsetting process.

For actual steam turbine rotors and heavy gas turbine disks, the following topics
should be investigated in the future:

(1) Validation of the proposed constitutive equations under industrial forging conditions.
(2) Coupling of the constitutive model with finite-element simulations.
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(3) Investigation of microstructure evolution under more complex deformation paths.

(4) Elucidation of DRX mechanisms, which are complex and depend on chemical compo-
sition, stacking fault energy, and strain rate [26,27].

(5) Establishment of hot processing maps at different strains and explanations of the
efficiency of dissipation and possible flow instability.

Due to the martensitic transformation caused by water cooling, the high-temperature
deformation structure of 25Cr1Ni4MoV steel cannot be preserved. This differs from the
case of austenitic stainless steels. Therefore, the parent-phase reconstruction technique in
electron backscatter diffraction can be used to study DRX and deformation mechanisms. In
addition, because thermochemical processing can affect the final mechanical properties of a
component [28], the influence of grain size on mechanical properties, including strength,
toughness, fatigue performance, and creep resistance, should also be investigated.

5. Conclusions

In this study, 25Cr1Ni4MoV steel was hot-compressed at 1000-1200 °C and strain
rates of 0.01-0.0001 s~ 1, and the resulting deformed microstructures were observed. The
following conclusions can be drawn based on the findings of this study:

(1) The peak stress ranged from 17 to 72 MPa. The hot deformation equation was obtained
as follows: ¢ = 1.29 x 10%[sinf(0.0305 - )] **exp(—329,000/ RT). The activation en-
ergy for deformation was 329 kJ/mol, which was lower than that reported in previous
studies due to the extremely low strain rate.

(2) The critical strains for complete DRX were obtained. The relationship between the criti-
cal strains and In(Z) was eprx = 0.0023(InZ)> — 0.1411(InZ)* +2.8968InZ — 19.7274.

(3) The DRX grain size increased slowly with decreasing In(Z) in the In(Z) range of 22-27.
However, when In(Z) < 21, the grain size increased rapidly. This critical In(Z) value
is a new finding. The relationship between the DRX grain size (D) and In(Z) was
D = —1.66(InZ)% +132.04(InZ)* — 3485.83InZ + 30, 656.59.

(4) The grain growth has been discussed, and strategies for controlling the DRX grain
size during production of ultra-large steam turbine rotors and heavy gas turbine disk
forgings are provided.
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