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Abstract: Isothermal hot compression tests of as-cast high-Cr ultra-super-critical (USC) rotor steel with columnar grains perpendicular to the
compression direction were carried out in the temperature range from 950 to 1250°C at strain rates ranging from 0.001 to 1 s™". The softening
mechanism was dynamic recovery (DRV) at 950°C and the strain rate of 1 s ', whereas it was dynamic recrystallization (DRX) under the
other conditions. A modified constitutive equation based on the Arrhenius model with strain compensation reasonably predicted the flow
stress under various deformation conditions, and the activation energy was calculated to be 643.92 kJ-mol . The critical stresses of dynamic
recrystallization under different conditions were determined from the work-hardening rate (6)—flow stress (¢) and —06/0o—0c curves. The op-
timum processing parameters via analysis of the processing map and the softening mechanism were determined to be a deformation tem-
perature range from 1100 to 1200°C and a strain-rate range from 0.001 to 0.08 s ', with a power dissipation efficiency 7 greater than 31%.
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1. Introduction

Because of its excellent combination of high-temperature
strength, high creep strength, and good resistance to envi-
ronmental damage, high-Cr tempered martensite ferritic
steel has often been used for ultra-super-critical (USC) rotor
components in fossil-fuel-fired power plants [1-2]. The
techniques used to manufacture high-Cr USC rotor steel,
which include smelting, ingot casting, forging, and heat
treatment, are important to its application [3]. Thus far, ex-
tensive attention has been devoted to the refining and cast-
ing technologies, heat treatment, creep resistance, and the
fatigue properties of high-Cr steel, whereas the literature
contains only a few reports related to its hot deformation
behavior [4]. The addition of alloying element Cr should
positively influence the corrosion and oxidation resistance
of the steel, whereas Mo, W, V, and Nb should enhance its
long-term creep strength via precipitation hardening. How-
ever, these various alloying elements adversely affect the
deformation resistance of high-Cr USC rotor steel [5-6].
Thus, extensive efforts should be devoted to improving the
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microstructures after deformation and processing efficiency
of as-cast high-Cr USC rotor steel.

Equiaxed and columnar grains are well-known classical
structures in castings and ingots of real materials, especially
in plain carbon or low-alloy steel. Columnar structures are
always observed in stainless steels and are difficult to
eliminate completely during subsequent homogenization [7].
Investigations of the hot workability and processing pa-
rameters of various stainless steels with equiaxed grains un-
der actual production conditions have been reported. Lii et al.
[8] and Pu et al. [9] studied the hot deformation characteris-
tics and optimized the processing parameters of su-
per-austenitic stainless steels using constitutive equations
and processing maps based on the dynamic materials model
(DMM). Xi et al. [10] and Mirzadeh and Najafizadeh [11]
investigated the critical conditions for dynamic recrystalli-
zation (DRX) of stainless steels on the basis of the inflection
point of work hardening rate (6)—flow stress (o) and
—00/0c—0 curves. In the case of high-Cr steel with equiaxed
structures, Wang et al. [12] calculated the Arrhenius consti-
tutive equation at elevated temperatures and Wang et al. [13]
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established processing maps to predict the process parame-
ters of flow instability. However, no study on the hot de-
formation behavior, dynamic softening mechanisms, and hot
working technology of as-cast high Cr USC rotor steel with
columnar grains has yet been reported.

In this work, we carried out hot compression tests on
as-cast high-Cr USC rotor steel with columnar grains at
elevated temperatures and various strain rates; the compres-
sion direction was perpendicular to the columnar grains. On
the basis of the experimental true stress—strain data, we es-
tablished a modified constitutive equation with compensa-
tion of strain on materials constants and evaluated the reli-
ability of the constitutive model. The critical conditions for
DRX were calculated, and the microstructural evolution was

Int. J. Miner. Metall. Mater., Vol. 23, No. 11, Nov. 2016

investigated. Further, the optimum processing parameters
and the dynamic softening mechanisms under different con-
ditions were analyzed.

2. Experimental

An ingot of high Cr USC rotor steel was fabricated under
an argon atmosphere using an intermediate-frequency vac-
uum induction melting furnace. To obtain the columnar
grains, the superheating temperature was set as 1700°C, the
pouring temperature was 1600°C, and the liquid metal was
cast in a sand mold preheated to 400°C (see Ref. [14] for
details). The chemical composition of the as-cast high-Cr
USC rotor steel is shown in Table 1.

Table 1. Chemical composition of the as-cast high-Cr USC rotor steel wt%
Fe Cr Mo \Y W Ni Mn Nb C N
86.34 10.50 1.06 0.18 0.98 0.75 0.45 0.055 0.12 0.052

The macrostructure of the ingot, the equilibrium phase
constituents predicted using the JMatPro software, and a
schematic of the deformed sample are shown in Fig. 1. Up
to 85% of the area of the macrostructure is composed of co-
lumnar grains. The size (width) of the columnar grains in the
center region is approximately 2 mm, whereas the columnar
grains on the top and bottom are coarser. Cylinder speci-
mens with a diameter of 10 mm and a height of 15 mm were
machined from the position of the ingot instead of from the
bottom negative segregation and hot top segregation zone,
as shown in Fig. 1(a). The size of the columnar grains in the

Hot top
segregation

Fig. 1.
schematic of a deformed sample.

deformed samples is approximately 2 mm. A schematic
diagram of a deformed sample with the compression direc-
tion perpendicular to the columnar grains is shown in Fig.
I(c). To retain the lubricant composed of graphite mixed
with machine oil during the hot compression tests, convex
depressions with a depth of 0.2 mm were machined on both
ends of the samples. The equilibrium phase diagram for the
chemical compositions of the sample was calculated using
the JMatPro software, as shown in Fig. 1(b). The samples
with austenite should form in the temperature range from
900 to 1300°C, where DRX tends to occur [15].
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(a) Macrostructure of the as-cast high-Cr USC steel ingot; (b) phase diagram calculated using the JMatPro software; (c)
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The thermophysical simulation experiments were per-
formed on a Gleeble-3500 machine at temperatures of 950,
1050, 1150, and 1250°C and at strain rates of 0.001, 0.01,
0.1, and 1 s™'; the total deformation amount was 0.8. To en-
sure a uniform temperature, the samples were heated to the
deformation temperature at 5°C-s ' and maintained at this
temperature for 2 min prior to deformation. After the com-
pression tests, the samples were water quenched to room
temperature to retain the hot deformation microstructures.
The samples were mechanically polished and then etched
with a solution of K,MnO, (2.5 g) + H,O (10 mL) + H,SO,
(90 mL) at 75°C. The microstructures were observed by op-
tical microscopy.

3. Results and discussion

3.1. Flow stress behavior and microstructural charac-
terization

The flow stress (o)-strain (g) curves of the as-cast
high-Cr USC rotor steel with columnar grains under differ-
ent conditions are shown in Fig. 2. At a strain rate of 1 s '
and different temperatures, the flow stress increases until
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reaching a peak value, then attains a steady state, exhibiting
typical dynamic recovery (DRV) behavior [16]. At a tem-
perature of 950°C, the flow stress shows a sharp increase to
a peak stress and enters steady-state flow, as shown in Fig.
2(a). Large-scale deformation bands, broken delta ferrites,
and cracks are clearly observed in the deformed sample (Fig.
3(a)), consistent with the flow stress behavior. Similar be-
havior has been reported during hot deformation of
00Cr23Ni4N duplex stainless steel [17]. The flow stress be-
havior indicates an interaction between the work-hardening
and DRV mechanisms. At a strain rate of 1 s and tem-
peratures greater than 1050°C, the flow stress increases
gradually to a peak value and then attains a steady state
(Figs. 2(b)-2(d)). The curve of the sample at 950°C and 0.1
s 'is abnormal; this test was repeated several times, and the
abnormal results will be investigated in future work. New
equiaxed grains are observed, which indicates the occur-
rence of DRX, as shown in Figs. 3(d) and 3(g). At 1050°C
(Fig. 3(d)), necklace structures are observed along the co-
lumnar grain boundaries, which is a typical structure devel-
oped during discontinuous dynamic
(DDRX) [18].
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Fig. 2. Flow curves of samples deformed at different temperatures and strain rates: (a) 950°C; (b) 1050°C; (c) 1150°C; (d) 1250°C.
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Fig. 3. Microstructures of the high-Cr steel under different deformation conditions and a strain of 0.8: (a) 950°C, 1 s7'; (b) 950°C,
0.01 575 (c) 950°C, 0.001 s™'; (d) 1050°C, 1 575 (e) 1050°C, 0.01 s™'; (f) 1050°C, 0.001 s '; (g) 1150°C, 1 s™'; (h) 1150°C, 0.01 s"; (i)

1150°C, 0.001 s

At strain rates from 0.001 to 0.1 s' and various tempera-
tures, the flow stress reaches a peak at a certain strain and
then decreases to a steady state, as illustrated in Figs.
2(b)-2(d). Figs. 3(b)-3(i) show that DRX grains were
formed in the deformed samples. The flow stress behavior
can be explained on the basis of the dynamic balance be-
tween work hardening and DRX.

Fig. 2 shows that the flow stress decreases with increas-
ing deformation temperature, which is attributed to en-
hancement of DRV, dislocation motion and grain-boundary
diffusion, and the decrease of grain-boundary shear resis-
tance at high temperatures. In addition, the flow stress in-
creases with increasing strain rate, which is ascribed to the
impediment of local dislocation tangles from dislocation
accumulation [19]. Obviously, the peak stress o, and peak
strain &, decrease with increasing deformation temperature
or decreasing strain rate. At a strain rate of 0.01 s ' and de-
formation temperatures from 950 to 1150°C, the DRX
grains grow with increasing deformation temperature (Figs.

3(b), 3(e), and 3(h)). The columnar grains were completely
replaced by DRX grains at 1050°C. At 950°C and strain
rates from 0.001 to 1 s !, DRX grains appear and increase in
number with decreasing strain rate, as shown in Figs.
3(a)-3(c). As the temperature is further increased to 1150°C,
larger DRX grains are formed with decreasing strain rate
(Figs. 3(g)-3(i)). At higher temperatures and lower strain
rates, more movable dislocations and multiple slip systems
are present in the high-Cr USC rotor steel, which can result
in lower stresses and more or larger equiaxed grains. This
observation is consistent with the analysis of the flow stress
behavior of other steels with equiaxed grains [20-21].

The fraction and size of DRX grains increase with in-
creasing temperature or decreasing strain rate. The deforma-
tion conditions, such as temperature, strain rate, and strain,
strongly influence the flow stress behavior and microstruc-
tures of the as-cast high-Cr USC rotor steel with columnar
grains. The relationship between flow stress and deforma-
tion parameters can be expressed by a constitutive model.
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3.2. Constitutive relation and verification

The relationship among the flow stress (), deformation
temperature (7), and the strain rate (£ ) is expressed by the
classical hyperbolic sine function, and the Zener—Hollomon
parameter (Z) is introduced [22-23]:

Iné = InA—Q/RT + nlno , ao < 0.8 )
Iné = Ind-Q/RT + fio , ao> 122 )
Iné = In4 + nn[sinh(ao)]- Q/RT , for all ao 3)
Z =éexp(~Q/RT) “)

where 4 and £ are material constants, Q is the activation en-
ergy (J-mol "), R is the gas constant (R = 8.314 J-mol K ™),
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and T is the deformation temperature (K). The value of n(n
=5.05) and S (B = 0.093) can be obtained from the relative
curves of flow stress and strain rate shown in Figs. 4(a) and
4(b). Because a = f/n, the value of a was calculated as
0.01841. From the In[sinh(ac)]-1Ing plots and the
In[sinh(ac)]-1000/T plots (Figs. 4(c) and 4(d)), the activa-
tion energy Q was calculated as 643.92 kJ-mol ', which is
larger than the value for the high-Cr steel with equiaxed grains
calculated by Wang et al. [13]. Compared to the samples
with equiaxed grains after homogenization, the as-cast sam-
ples with columnar grains exhibit less consistent grain boun-
daries, fewer slip bands, and a higher level of composition

(b
0F =950°C v N
* 1050°C
A 1150°C
2t v1250°C /
76 .
v .
-8 1 1 1 1
2 3 4 5
In(s / MPa)
45 o
(d) v
3.0
= 15F
S
=
=
= 00
-15 F
1 1 1 1
0.64 0.68 0.72 0.76 0.80 0.84
(1000/7) /K

Fig. 4. The relationships between strain
rates and peak stresses: (a) o—Iné ; (b)
Ino -Iné ; (¢) In[sinh(ac)]-Iné ; (d)
In[sinh(a6)]-1000/T; (¢) InZ — In[sinh(ao)].
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segregation; all of these factors make deformation more dif-
ficult. According to the In[sinh(ao)]-InZ curve (Fig. 4(e)),
the hot deformation constitutive equation of the as-cast
high-Cr USC rotor steel with a columnar structure was de-
termined as

&=¢"""[sinh(0.01840)]** exp(—643920/8.314T)  (5)

Given the effect of strain on the deformation behavior,
the Arrhenius-type constitutive model should be modified
by compensation of strain. In this paper, we calculated the a,
n, A, and Q values with various strains at an interval of
0.025 and fitted these material parameters versus strain us-
ing a fifth-order polynomial (Eq. (6)):

a=B,+Be+B,e’ +Be’ +B,e* + B’
0=C,+Ce+Ce* +Cie’ +C,e* + Ci&’
In4d=D,+De+D,&" + Dy’ +D,e* + D&’

n=E,+Ec+E& +E& +E&*+E;&

(6)

The fitting curves are shown in Fig. 5, and the relevant
constants calculated from the curves are shown in Table 2.
The results indicate that a fifth-order polynomial fits the re-
lationship between the material parameters and strains with
a very good correlation (R* > 0.993).

To verify the accuracy of the developed constitutive model
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with the compensation of strain, we calculated the predicted
flow stresses under different deformation conditions at strains
ranging from 0.05 to 0.7 in intervals of 0.025 using Eq. (7):

- ln{(Z/A)% +[(Z/A)% +1T/2} /a )

A comparison between the predicted and experimental
values is shown in Fig. 6, which reveals that the predicted
and experimental values are closely correlated. To further
verify the accuracy of the compensated constitutive equation,
we calculated the correlation coefficient (R), the root-mean
-square error (RSME), and the average absolute relative er-
ror (AARE) using Eq. (8):

R=3(5-B)(e-F)/ S5 -2 ()

RMSE = ZN:(Ei -P) /N ®)

i=1

AARE(%) = f](E[ —P,.)/EI.|><100/N

where N is the total number of data points, E; is the experi-
mental stress, P; is the calculated stress, and E and P are
the mean values of E; and P; , respectively.
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Fig.5. Curves of a, n, A, and Q versus strain: (a) a—¢; (b) n—¢; (¢) A—¢; and (d) Q—¢.
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Table 2. Coefficients of polynomial of as-cast high Cr USC rotor steel for a, n, 4, and Q
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a (0] In4 n
By=0.0285 Co=1099.99599 Dy=289.71071 Ey=4.73183
By =-0.1341 C; =-5626.33408 D, =-465.95609 E;=-5.055%4
B,=0.66523 C,=25751.44791 D,=2121.13575 E,=421167
B;=-1.61697 C3=-62942.39829 Dy =-5167.07345 E;=1.52156
B4=1.90249 C,=76048.44879 D,=6235.57979 E;=1.61512
Bs;=-0.86715 Cs=-35496.93986 D5 =-2909.7525 Es=-4.34303
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Fig. 6. Comparison between predicted and experimental flow stresses under different conditions: (a) 950°C; (b) 1050°C; (c) 1150°C;

and (d) 1250°C.

The comprehensive correlations between calculated and
experimental values and the error distribution are illus-
trated in Fig. 7. From Fig. 7(a), the value of R is 0.9984,
which indicates a good linear relationship between calcu-
lated and experimental flow stresses but cannot verify the
accuracy of the constitutive equation. The RSME and
AARE values, which are unbiased statistical parameters,
were calculated to be as low as 2.845 MPa and 4.637%,
respectively. As shown in Fig. 7(b), most of errors are in
the range from —2.5 to 2.5 and the frequency of error fol-

lows a Gaussian distribution. The mean ( z ) and standard
deviation (r) for the as-cast high-Cr USC rotor steel are
0.3067 and 6.572, respectively. In general, the compen-
sated Arrhenius-type constitutive equation accurately de-
scribes the flow stresses of the as-cast high-Cr USC rotor
steel with columnar grains.

3.3. Critical conditions of DRX

According to the approaches of Poliak and Jonas [24]
and Ryan and McQueen [25], the critical stresses for ini-
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tiation of DRX can be determined from the inflection
points in the 8—¢ plots or from the minima in the —06/0c—c
curves. Figs. 8(a)-8(c) display the work-hardening-rate
curves of the as-cast high-Cr USC rotor steel with colum-
nar grains under various deformation conditions. The 6
decreases abruptly at the initial stage of DRX, which is at-
tributed to an increase in dislocation density. Subsequently,
the 6 gradually decreases to inflection points and finally
reaches zero with the softening of DRX, which indicates
that the flow stress is the peak value. The relationship be-
tween 6 and o was fitted using a third-order polynomial
equation [26]:

0=A0" +A,0° + Ao+ 4, ©)]

@

R=0.9984
RMSE = 2.845 MPa
150 - AARE =4.637%

200
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where A, Ay, A3, and A4 are constants for a given set of de-
formation conditions. Because 8°6/6°c equals zero, the criti-
cal stress for initiation of DRX can be expressed as
0’0/°c=0=0,=-4,/34, (10)
The curves of —06/0o versus o are shown in Figs.
8(d)-8(f). Minimum points are observed in the —06/0o—0c
curves; these points represent the critical stresses under
various deformation conditions. In addition, the critical
stress decreases with increasing deformation temperature
or decreasing strain rate, which indicates that the occur-
rence of DRX would be easier at higher temperatures or
lower strain rates, consistent with the results reported by
Han et al. [27].
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Fig. 9 shows the optical micrographs of the samples de-
formed at 1050°C, the strain rate 0.01 s, and various strains.
O-Ferrite is observed between lath martensites in the as-cast
sample, as shown in Fig. 9(a). At a strain of 0.15, the 5-ferrite
is broken and the DRX grain appears adjacent to the d-ferrite
(Fig. 9(b)). The stress at the strain of 0.15 is larger than the

(2) oot T

SOum

1050°C, 0.01 s™*

50 um

critical stress obtained from Eq. (10). The occurrence of DRX
confirms the analysis of the critical conditions of DRX for the
as-cast high-Cr USC rotor steel with columnar grains. With
increasing strain, more DRX grains would be formed. At a
strain of 0.8, the columnar grains were completely replaced
by the DRX grains (Figs. 9(c) and 9(d)).

1050°C, 0.01 s

1050°C, 0.01 s™*

Fig. 9. Microstructures of the high-Cr USC rotor steel at 1050°C and 0.01 s~ with different strains.

3.4. Application of processing map

On the basis of the dynamic material model (DMM), the
processing map can be obtained by superimposing an insta-
bility map over a power dissipation map. To evaluate the
power dissipation during microstructural evolution, the effi-
ciency of power dissipation (7) is calculated by [28]

17 =2m/(m+1) (11)
where m is a strain-rate sensitivity parameter. To identify the

regime of flow instability, the instability criterion is ex-
pressed by [29]

&(¢)=om[m/(m+1)]/olné+m<0 (12)

where 5(8) is a dimensionless instability parameter. The
negative instability parameter & represents the material be-
ing located in the flow instability region. Fig. 10(a) shows
the processing map for the as-cast high-Cr USC rotor steel
with columnar grains in the temperature range from 950 to
1250°C and for the strain-rate range from 0.001 to 1 s ' ata
strain of 0.6. The counter-plot values indicate the percent ef-
ficiency of power dissipation, and the white and gray re-

gions represent flow stability and flow instability areas, re-
spectively. Fig. 10(a) shows that the power dissipation effi-
ciency values increase with increasing deformation tem-
perature. The high value of 7 corresponds to the occurrence
of DRX [15]. Two instability regions are observed in the re-
gions with low temperatures and/or high strain rates; these
regions should be avoided during processing.

A schematic of the microstructure evolution mechanism
of the as-cast high-Cr USC rotor steel with columnar grains
during hot compression deformation was constructed on the
basis of the flow stress, microstructures, and processing map,
as shown in Fig. 10(b). The DRV, partial DRX, DRX,
grain-growth, and instability regions are displayed. Gener-
ally, the microstructure preferred in the hot working process
is characterized by fine and equiaxed DRX grains, which
results in high power dissipation efficiency, stable flow, and
good workability [30].
working parameters are obtained in the deformation tem-
perature range from 1100 to 1200°C and in the strain-rate
range from 0.001 to 0.08 s, with a power dissipation effi-
ciency 7> 31%.

Consequently, the optimum hot
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Fig. 10. (a) Processing map for the as-cast high-Cr USC rotor steel with columnar grains at a strain of 0.6; (b) schematic of the mi-
crostructure evolution mechanism of the steel during hot deformation.

4. Conclusions

The hot deformation behavior of as-cast high-Cr USC
rotor steel with compression direction perpendicular to co-
lumnar grains was investigated. The flow stress behavior
and microstructures of specimens deformed under various
conditions were studied, and a constitutive equation with
compensation of strain was deduced and verified. The criti-
cal conditions of DRX were determined, and the optimum
processing window for the material was obtained. We drew
the following conclusions:

(1) The flow stress and microstructural evolution are de-
pendent on the deformation temperature, strain rate, and
strain. The softening mechanism is DRV at 950°C and 15,
whereas it is DRX under other conditions.

(2) The modified Arrhenius-type constitutive equation
with the compensation of strain reasonably predicts the flow
stresses at different temperatures and various strain rates.
The comprehensive correlations and error distribution be-
tween the predicted and experimental values were analyzed.

(3) The critical stresses of DRX under various deforma-
tion conditions are determined from the 6~¢ and —06/0o—oc
curves.

(4) The optimum hot working conditions are obtained in
the temperature range from 1100 to 1200°C and the strain

rate range from 0.001 to 0.08 s
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