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High-temperature diffusion is an important process for manufacture of 30Cr1Mo1V rotor steel to alleviate
the dendritic segregation and improve the hot workability of the steel ingots. However, the functions and
significances of high-temperature diffusion in heavy forging production are still academically controversial.
This paper investigated the influences of high-temperature diffusion on the homogenization of dendritic
segregation and dendritic structure of 30Cr1Mo1V. After the samples being treated under different high-
temperature diffusion process, hot stretch experiments have been performed to study the influences of high-
temperature diffusion on the flow stress and the fracture behavior. The results reveal that after being held
at high temperature for a long period of time, the segregation ratios of Mo element were greatly reduced
and no dendritic structure can be observed by optical microscopy. The percent reduction in the area and the
fracture limit increases as temperature increases. Moreover, high-temperature diffusion has less influences
on the flow stress while, at different temperature ranges, the influences on fracture limit differ considerably.

Keywords 30Cr1Mo1V steel, fracture behavior, high-temperature
diffusion, high-temperature tensile

1. Introduction

Based on 30Cr2MoV steel, 30Cr1Mo1V steel is achieved
by lowering the Cr weight percentage while increasing that of
Mo. It has excellent high-temperature mechanical performance
(Ref 1, 2) and is widely used in manufacturing high and
intermediate pressure rotors for the large fossil-fuel power units
(Ref 3). However, it is relatively difficult to make 30Cr1Mo1V
rotor forgings for the manufacture process is complicated.

Recently, much attention has been paid on 30Cr1Mo1V
steel�s performance in service. Seok and Kim (Ref 4) studied
the mechanical properties of 30Cr1Mo1V steel in service. In
their study, samples were taken from four thermally aged areas
to carry out the ultrasonic tests, tensile tests, toughness tests,
and hardness tests. Comparison and analysis of the results
showed that the ultrasonic tests were able to evaluate the
mechanical properties of 30Cr1Mo1V more accurately. Wil-
shire and Scharning (Ref 5) found that the crystalline fracture
modes and the micro-structural evolution of the tempered
Bainite changed in the creep experiments, and an effective
method has also been developed to predict and collect creep
data of 30Cr1Mo1V steel, which can accurately predict its

service life. Shekhter et al. (Ref 6) measured the fracture
toughness of 30Cr1Mo1V steel using three different impact
toughness tests (Charpy V-Notch test, small punch test and full
size KIC test) and investigated the remaining fatigue life, finally
drew the conclusion that small punch test can get better results.
Kulvir and Kamaraj (Ref 7) conducted high-temperature tests
on the 30Cr1Mo1V forgings and castings. They comparatively
analyzed the third stage of the creep deformations and the creep
ductility of its forgings and castings. Evans (Ref 8) normalized
the Wilshire-Scharning model predicting long-term creep life.
The normalized model not only increased the success rate of the
creep life predicting experiments of 30Cr1Mo1V steel, but also
can be applied to any other materials. However, the hot
workability of 30Cr1Mo1V steel has been rarely studied.

High-temperature diffusion is an important procedure for
manufacturing 30Cr1Mo1Vrotor forgings, by which the dendritic
segregation of the ingot can be reduced (Ref 9) and the hot
workability can be improved. Although high-temperature diffu-
sion has been used on producing the heavy forging for a long time,
many controversies still exist. Many researchers have studied
the high-temperature diffusion process on various materials
(Ref 10-14), however, to the best of our knowledge, the influences
of high-temperature diffusion on 30Cr1Mo1V steel and its hot
workability have never been investigated systematically.

2. Experimental Materials and Method

A 3-ton 30Cr1Mo1V ingot poured in natural atmosphere is
used in this study. Analysis shows the chemical composition of
the ingot is (wt.%): C = 0.30, Mn = 0.79, Si = 0.22, Cr = 1.13,
Mo = 1.17, V = 0.26, P = 0.005, and S = 0.002.

Several 15 mm9 15 mm9 5 mm specimens were taken from
the columnar crystal region of the ingot. The specimens were
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grinded, polished, and finally etched in the heated supersaturated
picric acid solution, and then their dendritic structures were
observed by scanning electron microscopy (SEM). Both the
dendrite arm and the interdendritic regions can be clearly identified.
After being heated, the as-cast dendrites are very difficult to be
observed in themetallographs. The specimen surface was carefully
polished before electron probe microanalyzer (EPMA) test to find
the dendrites. The dendrites were marked after specimens etching
using the microhardness point method, and the distance of
microhardness point goes across two secondary dendrite arms.

The specimens were heated inside a vacuumed quartz tube.
Before the tube was sealed, the inner wall of the tube was
cleaned by HF solution. The surface of the specimen was
cleaned by HF solution as well before the compositions of the
specimen were analyzed. When the specimen was ready,
EPMA-1720 was used to carry out the composition analysis.
For every specimen, 20 different lines (each line across two
secondary dendrite arms) were scanned for further analyses.

The specimens were treated under three different conditions:
one was the as-cast specimen without further heat treatment; the
other two were heated to 1200 �C and then held for 20 h and
40 h, respectively, and finally air cooled down to room temper-
ature. The processed specimens were turned into cylinders with
the height of 110 mm, as shown in Fig. 1. The l1 section is
threaded with a length of 10 mm, with which the specimen fits
with a nut of M10. The 30 mm l2 section fits with a dedicated
Gleeble-3500 fixture block. The l3 is a free span of 30 mm long.

The tensile tests were carried out on a Gleeble-3500 thermo-
mechanical simulator. The procedure was: the specimen was
first heated to the deformation temperature at a heating rate of
20 �C/s and held for 15 s; then it was elongated at a stroke
speed of 50 mm/s until it was broken. The tensile deformation
temperatures were 850, 950, 1050, 1150, and 1250 �C,
respectively. Through the built-in data collecting system on
the Gleeble thermo-mechanical simulator, the load, displace-
ment, and temperature etc. were recorded during the deforma-
tion process. Finally, the true stress-strain curves of the
30Cr1Mo1V steel at different conditions were acquired. The
fracture surfaces were characterized by SEM.

3. Experimental Results and Analysis

3.1 Homogenization of Alloy Elements

Figure 2 shows the as-cast dendritic structures of the
specimens. It can be seen that there are obvious dendritic

structures existing in the tested materials. The primary dendritic
arms, secondary dendritic arms, and the interdendritic regions
are clearly observed, indicating that the average spacing (l)
between the adjacent secondary dendrite arms is 83 lm
(0.0083 cm).

Figure 3 shows a typical element distribution curve of Cr,
Mo, and V measured using EPMA line scanning on the as-cast
30Cr1Mo1V, which is perpendicular to secondary dendrite arm.
In order to exhibit the obtained data clearly, a baseline has been
subtracted from each distribution curve, making the minimum
values in three curves overlapped. It can be seen that the
concentration distribution of the alloy elements periodically
changes along the secondary dendrite arm, and the concentra-
tions of Cr, Mo, and V in the interdendritic regions are
apparently higher than those in the dendrite arm. The segre-
gation ratio (SR) representing the inhomogeneity degree of
composition distribution is defined as

SR ¼ cmax

cmin
ðEq 1Þ

where cmax is the maximum concentration of the alloy ele-
ments in the interdendritic regions and cmin is the correspond-
ing minimum concentration. The Interdendritic and dendrite
arm regions of the specimens are scanned by EMPA in the
point mode. 20 different lines (each line across two dendrite
arms) were scanned and used to calculate the corresponding
SR, and then the average value was obtained. The averaged
SR of Cr element in the as-cast 30Cr1Mo1V is 1.048, Mo
element is 1.344 and V element is 1.223. Therefore, the SR
of Cr element is lower than those of Mo and V.

After high-temperature diffusion at 1200 �C for 10 h, the
element concentration of the alloy in the interdendritic regions
decreases, and Mo element shows the biggest change. The SR
of Cr, Mo, and V elements is reduced to 1.041, 1.119, and
1.208, respectively. In the as-cast 30Cr1Mo1V, the degree of
segregation of Cr element is relatively low, therefore, the SR of
Cr element shows only a slight decrease after high-temperature
diffusion. Meanwhile, the SR of V element also decreases
slightly, only about 1%.

As the decrease of the SR of Mo element is more remarkable
than those of other elements, here we further discuss the
composition homogenization of Mo element. The unsteady
state diffusion can be expressed by Fick-2 Law

Fig. 1 Sketch of a specimen for the tensile test Fig. 2 As-cast dendritic structures in 30Cr1Mo1V
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@C

@t
¼ D

@2C

@x2
ðEq 2Þ

where D is the diffusion coefficient, C is the solute concen-
tration, t is the holding time, and x is the distance. There are
many different solutions for Eq 2. When dealing with the
homogenization of compositions of the casting alloys in hot
working processes, Shewmon (Ref 15) expressed the solu-
tions of diffusion problems in a cosine form

C x; tð Þ ¼ c0 þ cm cos
px
l
exp � p2Dt

l2

� �
: ðEq 3Þ

This expression not only conforms to the Fick-2 law
equation, but also reflects the periodic distribution of the
secondary dendrite arm of the alloy elements in the dendritic
segregation. Hence, this model has been widely used. However,
the concentrations of the alloy elements in the dendrite not only
show a periodic distribution, but the concentration gradient of
the area near the maximum value is much larger than the area
near the minimum value. This characteristic agrees with the
calculated results from the model for the solute redistribution of
the alloys (Ref 16), as well as the experimental results reported
by Hone et al. (Ref 17). To solve this problem, Zhang (Ref 18)
developed a dendritic segregation model based on Gauss
solution, in which the concentration of the alloy elements in the
dendrite can be expressed as

C x; tð Þ ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p � 4Dt
p �

Xn
i¼0

exp
� x� ilð Þ2

4Dt
; ðEq 4Þ

where l is the spacing between the adjacent secondary dendrite
arms. When t = 0, Eq 4 describes the alloy elements gathering
at the points of x = 0, ±l, ±2l,…, ±nl, and the total of the
element atoms at every point atom is S. Obviously, at the
beginning of high-temperature diffusion, the concentration dis-
tribution of the alloy elements is different from that described
by Eq 4 at t = 0. However, there must be a t (t = t¢), at which
the equation fits the curve of the concentration as shown in
Fig. 3. Then, the concentration at the diffusion time t¢ can be
considered as the initial concentration of the homogenization
of dendritic segregation. It can be described as

C x; 0ð Þ ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
p4Dt0
p �

Xn
i¼0

exp
� x� ilð Þ2

4Dt0
ðEq 5Þ

After the diffusion time t¢, the function follows the expression

C x; tð Þ ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p4Dðt þ t0Þ

p �
Xn
i¼0

exp
� x� ilð Þ2

4Dðt þ t0Þ ðEq 6Þ

when n fi ¥, Eq 6 reaches the maximum value with x = 0,
±l, ±2l,…, and reaches the minimum value with
x ¼ �12l; �32l; � � �. Thus, the SR is

SR ¼ cmax

cmin
¼ Cð0; tÞ

Cð12l; tÞ
¼

Pn
i¼0

exp �ð�ilÞ
2

4Dðtþt0Þ

Pn
i¼0

exp
�ð12l�ilÞ

2

4Dðtþt0Þ

ðEq 7Þ

We approximately consider that the maximum concentration
cmax at x = 0 is related to the diffusion process of the original
accumulation of atoms at x = 0 and x =± l. Due to the long
distance of other diffusion sources, their contribution can be
ignored. The similar process can also be used for obtaining
cmin. When n = 1, Eq 7 can be expressed as (Ref 19)

SR ¼
1þ 2 � exp �l2

4Dðtþt0Þ

2 � exp �1
4l
2

4Dðtþt0Þ þ exp
�9

4l
2

4Dðtþt0Þ

ðEq 8Þ

Fig. 3 Element distribution curves of the as-cast 30Cr1Mo1V

Fig. 4 SEM metallographs after different holding times of diffusion
at 1200 �C. (a) 20 h, (b) 40 h
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Based on the testing results, when t = 0, the SR of Mo
element is 1.344. After the diffusion process at 1200 �C for
10 h, the SR of Mo element reduces to 1.119. By substituting
the obtained value of l = 0.0083 cm into Eq 8, we can obtain
the diffusion coefficient of Mo element at 1200 �C:
D = 4.749 10�11 cm2/s and t¢ = 96200 s. Therefore, the

change of the SR of Mo during the holding time in
30Cr1Mo1V at 1200 �C can be expressed as

SR ¼
1þ 2 � exp �1:45�106tþ96200

2 � exp �3:63�105tþ96200 þ exp �3:27�10
6

tþ96200
: ðEq 9Þ

The calculated SR of Mo element reduces to 1.049 and
1.027 after high-temperature diffusion at 1200 �C for 20 and
40 h, respectively. In this case, the segregation of the alloy
elements in the dendritic structures of 30Cr1Mo1V decreased
greatly, so that it is difficult to observe the dendrite morphology
in the etched specimen, as shown in Fig. 4.

3.2 Thermoplasticity

Figure 5 shows the percent reduction in the area
(W)-deformation temperature curves at different holding times.
It indicates that W increases as the deformation increases, no
matter whether high-temperature diffusion is done for the
30Cr1Mo1V steel or not. Within the temperature range of 850-
1250 �C, for the as-cast specimens and those after diffusion for
20 and 40 h, the percent reductions in the area (W) increase
from 77.34, 74.70, and 75.99 to 98.94, 98.90, and 99.54%,
respectively.

The tensile tests performed at 850-1050 �C demonstrate that
the percent reductions in the area of the specimens without
further treatment are higher than those of the specimens after
high-temperature diffusion for both 20 and 40 h. While at
1150-1250 �C, all the processed specimens have basically same

Fig. 5 Relationship between percent reduction in area and deforma-
tion temperature

Fig. 6 Fracture surfaces at different temperatures. (a) 850 �C; (b) 850 �C; (c) 1050 �C; and (d) 1050 �C
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W. This is to say, at lower temperatures (850-1050 �C), the
high-temperature diffusion process does not exhibit positive
effect on the thermoplasticity of 30Cr1Mo1V steel, this is
because the grain size has an important influence on the
reduction of the area, and the grain size in the specimens after
the high-temperature diffusion treatment is larger than that in
as-cast specimen. While at higher testing temperatures (1150-
1250 �C), the high-temperature diffusion process, to a certain
degree, improves the thermoplasticity of 30Cr1Mo1V steel
owing to the decreasing of the segregation degree, because the
high-temperature diffusion process has a significant effect on
the reduction of the area.

Figure 6 shows SEM metallographs of the fracture surfaces
at different testing temperatures. Cup-shaped macro-fracture
has been observed in the fracture surfaces of 30Cr1Mo1V at
850 �C (Fig. 6a and b) and 1050 �C (Fig. 6c and d) after
holding for 20 h. But at the testing temperature higher than
1050 �C, the densely and evenly distributed dimples with good
plasticity can be clearly observed.

3.3 High-Temperature Tensile Stress Curve
and Fracture Limit

As shown in Fig. 7, at the same deformation temperature,
the stress increases rapidly as the strain increases. When the
stress exceeds the yield strength, homogeneous plastic defor-
mation occurs first. The stress increases to its maximum at a
certain strain, and then begin to decrease when the strain
continues to increase. The specimen is subject to the inhomo-
geneous plastic deformation and the necking takes place. With
more and more crack developed, the specimen is finally
fractured. At 1050 �C, the peak stress of the specimen holding
for 40 h is 10.79 MPa lower than that of the as-cast specimen
(Fig. 7a). While at 1250 �C, as shown in Fig. 7(b), the peak
stress of specimens after holding for 40 h and 20 h is 5.41 and
4.76 MPa, respectively, higher than that of the as-cast speci-
men, respectively.

Figure 8 indicates at high temperatures, the peak stress
decreases quickly as the deformation temperature increases. But
at the same temperature, there are a few differences from the
peak stress of the specimens treated by different high-temper-
ature diffusion processes, which means high-temperature
diffusion have slight influences on the peak stress.

High-temperature fracture limit of metals, C, is an
important physical quantity to evaluate the hot formability
and the brittle failure resistance of metals. Normalized
Cockcroft and Latham fracture criterion considers the fracture
at constant deformation temperature and strain rate, and the
metal fractures when the tensile stress-strain energy reaches a
critical damage value (Ref 20). The fracture limit can be
expressed asZ ef

0

r�

�r
d�e ¼ C; ðEq 10Þ

where r* is the maximum tension stress when the metal frac-
tures, which is equal to the maximum principal stress; ef is
the fracture strain. Because during the hot stretch process,
cracks mainly result from the strains in the stretching direc-
tion, the true stress e1 can be used as �e and the metal�s ulti-
mate tensile strength, as �r. Therefore,

Fig. 7 True tensile stress-strain curves at different deformation tem-
peratures. (a) 1050 �C (b) 1250 �C

Fig. 8 Relationship between peak stress and deformation temperature
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Z ef

0

r1

rUTS
de1 ¼ C ðEq 11Þ

In Eq 11, the maximum principal r1, the material�s ultimate
tensile stress rUTS, and the true tensile strain e1, can be cal-
culated from the stress-strain curves. Then, we have

C ¼
Z ef

0

r1

rUTS
de1 ¼

rlimit

rUTS

� �
� elimit; ðEq 12Þ

where rlimit is the ultimate tensile stress, and elimit is the ulti-
mate tensile strain.

Figure 9 shows curves depicting the change of the fracture
limit with deformation temperature. It indicates that a higher
deformation temperature is beneficial to increasing the fracture
limit, C, of the 30Cr1Mo1V steel. Take the specimen with the
holding time of 20 h as an example, the fracture limit is 0.42 at
850 �C while increases to 0.71 at 1250 �C. The higher fracture
limit means a greatly improved forgeability. Therefore, increas-
ing forging temperature allows much bigger deformations of
the first several heatings of the 30Cr1Mo1V rotor steel forgings.

If the specimen is as-cast, after the deformation temperature
reaches 1050 �C, the fracture limit hardly increases as the
deformation temperature further increases. Whereas, the spec-
imens with the holding time of 20 and 40 h, within the ranges
of experiment parameters, their fracture limits continue to
increase with the increase of the deformation temperature even
higher than 1050 �C.

In addition, at lower temperatures ( £ 1050 �C), high-
temperature diffusion cannot improve the fracture limit. At
950 and 1050 �C, the specimens treated by high-temperature
diffusion display much smaller fracture limits than those
without being treated, and this phenomenon can be attributed to
the higher ductility of the as-cast specimen. At higher
temperatures ( ‡ 1150 �C), the fracture limit of the specimens
after high-temperature diffusion increases obviously, and this
phenomenon is related to the peak stress of the specimens after
high-temperature diffusion. Therefore, high-temperature diffu-
sion before forging can greatly improve the forgability and the
production efficiency of the 30Cr1Mo1V rotor steel�s at high
temperatures.

4. Conclusion

1. High-temperature diffusion greatly relieves the degree of
segregation of the alloy elements in the 30Cr1Mo1V ingot.

2. High-temperature diffusion has quite small influence on
the flow stress of the as-cast 30Cr1Mo1V at high temper-
ature.

3. A high deformation temperature is beneficial to increas-
ing the high-temperature plasticity and the fracture limit
of the 30Cr1Mo1V steel. At lower deformation tempera-
tures (T £ 1050 �C), high-temperature diffusion only has
a small influence on the high-temperature plasticity of
30Cr1Mo1V steel. While at high deformation tempera-
tures (T ‡ 1150 �C), high-temperature diffusion can im-
prove the high-temperature plasticity and the fracture
limit of 30Cr1Mo1V steel.
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