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Abstract: The existing researches of hot ring rolling process are mainly based on forged billet. Compared with the existing process, the 
new ring casting-rolling compound forming process has significant advantages in saving materials and energy, reducing emission and 
reducing the production cost. The microstructure evolution of the casting materials during hot deformation is the basis of the research of 
the new process. However, the researches on the casting materials are rare. The metadynamic recrystallization of the as-cast 42CrMo 
steel after normalizing and tempering during the hot compression is investigated. The tests are performed on the Gleeble-1500 
thermal-mechanical simulator. The influence rule of the deformation parameters on the metadynamic recrystallization is obtained by 
analyzing the experimental data. The kinetic model of the metadynamic recrystallization is deduced. The analysis results show that the 
metadynamic recrystallization fraction increases with the increase of the deformation temperature and the strain rate. The metallographic 
experiments are used to investigate the influence rule of the deformation parameters on the grain size of the metadynamic 
recrystallization. The experimental results show that the grain of the metadynamic recrystallization could be refined with the increase of 
the strain rate and the decrease of the deformation temperature during hot compression. The occurrence of the metadynamic 
recrystallization during the hot deformation is more difficult in as-cast 42CrMo steel than in forged 42CrMo steel. The research can 
provide the foundation for the further research of the hot deformation behaviors of the as-cast structure and theoretical support for the 
new ring casting-rolling compound process. 
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1  Introduction∗

 
 

Ring rolling is an advanced technology to produce all 
kinds of ring parts. The existing hot ring rolling process is 
rolled on the forged billets. The ring rolling process 
includes baiting, heating, upsetting, punching, heating, hot 
ring rolling and machining. The whole process is long and 
complicated. The process has some disadvantages, such as 
multi-time heating, materials and energy wasting. In recent 
years, the melting and casting process are developed greatly. 
The quality of cast billet is improved as well. So the 
casting-forging compound forming process is becoming 
possible. Aiming at the above disadvantages of existing 
ring rolling technology, we proposed a new ring rolling 
technology to produce ring parts. The new process is rolled 
directly on the ring casting billet. The new process includes 
casting ring billet, heating, hot ring rolling and machining. 
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The first forging, upsetting and punching process in the 
existing process are reduced. So the new technology has 
many merits, such as reducing heating times, saving 
materials and working hour and increasing productively. 
But in the new technology, the deformation and 
modification of materials must be finished in the ring 
rolling process. So mastering the hot deformation behaviors 
of the materials and controlling its microstructure evolution 
by changing the process parameters during ring rolling 
become the key problems. In this project, as-cast 42CrMo 
steel is chosen as the sample materials. 

LIN, et al[1–8], researched the hot deformation behaviors 
of 42CrMo steel during hot compression that includes 
dynamic recrystallization, metadynamic recrystallization, 
static recrystallization and their grain size, and obtained the 
stress-strain curves of the materials, the kinetic and grain 
size modeling of dynamic, metadynamic and static 
recrystallization. The above researches are all about forged 
42CrMo steel. The researches on hot deformation behaviors 
of as-cast structure are few. CAO, et al[9], researched 
high-temperature flow behavior and microstructural 
evolution of as-cast Ti-46Al-6 alloy. The results showed 
that there was dynamic recrystallization during the hot 
compression. Temperature and strain rate were the two 
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main factors that influenced flow softening behavior and 
microstructure evolution during high temperature 
deformation. MAO, et al[10], researched hot deformation 
behaviors of as-cast austenitic stainless steel by using the 
thermal-mechanical simulation method. Conclusions were 
obtained that the dynamic recrystallization was difficult to 
occur in as-cast structure due to its coarse grain. In the 
previous research, we have researched the hot deformation 
behaviors of as-cast 42CrMo steel and obtained its 
stress-strain curves and the kinetic and grain growth model 
during the hot compression[11–12]. It is generally known that 
the metadynamic recrystallization occurs rapidly because it 
doesn’t need time to form nucleus. It’s difficult to preserve 
the grains of the dynamic recrystallization. So it’s 
important to research the metadynamic recrystallization in 
the hot deformation.  

In this paper, the isothermal compression tests are used 
to investigate the metadynamic recrystallization of as-cast 
42CrMo steel after normalizing and tempering during hot 
compression. 

 
2  Experimental Method 

 
Isothermal compression tests are adopted in the research. 

The samples are from the ring sand casting billet. The 
normalizing and tempering are used to improve the 
properties of the materials. The structure of the materials is 
mainly of ferrite and pearlite (Fig. 1). The samples are with 
diameter of 8 mm and the length of 12 mm. The two-pass 
compression experiments are performed on the 
Gleeble-1500 thermal-mechanical simulator. 

   

 
Fig. 1.  Initial microstructure of the materials 

 
To get precise experimental data, the samples must be 

kept in uniaxial compression state during the deformation 
process. The tantalum was let between the pressure head 
and the end of the sample to lubricate in case that the 
sample appears elliptic.  

Fig. 2 illustrates the experiments project. Firstly, the 
samples were heated to deformation temperature at a 
heating speed of 20 ℃s, keeping the temperature 5 min to 
eliminate temperature stress and structural stress in the 
materials and making the structure of sample more uniform. 
Then the temperature was decreased to the deformation 
temperature at the speed of 5 ℃s. Compression tests were 
followed. The two-pass hot compression tests were 

investigated at different temperature (850 ℃ , 950 ℃ ,    
1 050 ℃, 1 150 ℃), different strain rate (0.01 s–1, 0.1 s–1, 
0.5 s–1, 1 s–1), and different pass interval time (3 s, 15 s,    
60 s).  

 

 
Fig. 2.  Experimental project  

 
 

3  Experimental Results 
 

The stress-strain curves of two-pass hot compression at 
deformation temperature 1 050 ℃ and strain rate 0.1 s–1 
are shown in Fig. 3. As seen from Fig. 3, the strain is up to 
the critical strain value, the dynamic crystallization occurs 
in the first compression. So the dynamic crystallization 
occurs in the pass interval. The stress decreases after the 
pass interval, and the materials are softened in the pass 
interval. 

 

 
   Fig. 3.  Stress-strain curve of two-pass compression       

at 1 050 ℃ and 0.1 s–1 
 
The softening fraction of the metadynamic 

recrystallization may be expressed by many methods such 
as back extrapolation method [2], strain-recovery method[13], 
offset-stress method[3], and average stress method[14]. In this 
paper, the offset-stress method is used to express the 
softening fraction, and the expression equation is  

 

m 2
mdrx

m 1
,X σ σ

σ σ



                 (1) 

 
where Xmdrx is the softening fraction of the metadynamic 
recrystallization, σm is the true stress at the end of the first 
deformation, 1σ  and 2σ  are respectively the offset stress 
(0.2%) of the first deformation and the second deformation. 
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3.1  Effect of deformation temperature on the 
softening fraction 

In Fig. 4, abscissa is the deformation temperature and 
ordinate is the softening fraction. The softening fraction 
increases with the increase of the deformation temperature. 
When the deformation temperature is 1 050 ℃ or 1 150 ℃, 
the softening fraction is more than 95% at the stain rate of 
0.1 s–1. But the softening fraction is less than 80% at 950 ℃. 
Because crystallization is a thermally-activated process, the 
rate of the forming nuclear will increase at high-deformation 
temperature. So more grain nucleus could be provided for the 
metadynamic recrystallization at high deformation 
temperature. Moreover, the metadynamic recrystallization is 
a grain- growth process. The rate of grain boundary 
migration is accelerated with the increase of deformation 
temperature, which is helpful for the growth of the grain.  

 

 
Fig. 4.  Softening fraction at different deformation temperature 
 
 

3.2  Effect of strain rate on the softening fraction 
  It’s obvious that the softening fraction increases with the 
increase of strain rate (Fig. 5). With the increase of the 
strain rate, the deformation of the materials becomes more 
inhomogeneous and the dynamic recovery has not enough 
time to occur, which make the dislocation density and the 
drive force of the recrystallization increase so that the 
recrystallization is easier to occur. Moreover, the dynamic 
recrystallization fraction decreases at high strain rate, but 
the rate of nucleation increases[15]. So at high strain rate, 
more grain nucleus can be supplied for the metadynamic 
recrystallization so as to promote the occurrence of the 
metadynamic recrystallization. 
 
3.3  Effect of pass interval time on the softening  

fraction 
The first deformations are completely identical at 

different pass interval time. So the true stress-strain curves 
display intuitively the effect rule of the pass interval time 
on the softening fraction. Fig. 6 shows the stress-strain 
curves at different pass interval time when the deformation 
temperature is 950 ℃ and the strain rate is 0.01 s–1. The 
softening fraction is only 9.8% when the interval pass time 
is 3 s. When the interval pass time is 15 s, the softening 
fraction is 26.75%. When the interval pass time extends to 

60 s, the softening fraction is up to 51.67%. The softening 
fraction increases with the increase of the pass interval time. 
Although the metadynamic recrystallization doesn’t need 
nucleating, the growth of the grain needs necessary time to 
finish. So the softening fraction will increase with the 
prolongation of the interval pass time before it comes to its 
maximum value. It can also be got that the working hard 
will increase with the increase of the interval pass time. The 
peak stress during the second compression is the biggest 
when the pass interval time is 60 s. 

 

 
Fig. 5.  Softening fraction at different strain rate 

 

 
Fig. 6.  Stress-strain curves at different pass interval time 

 
 

3.4  Effect of the initial grain size on the softening 
fraction  

The initial grain size can be obtained by setting different 
heat preservation time (300 s, 200 s, 100 s). Fig. 7 gives the 
stress-strain curves with different initial grain size when 
deformation temperature is 1 050 ℃ and the strain rate is 
0.01 s–1.  

 

 
Fig. 7.  Stress-strain curves at different heat preservation time 
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The softening fraction decreases slightly with the 
increase of the heat preservation time. The softening 
fraction is almost close to 51%. The influence of the initial 
grain size on the softening fraction is very small and 
negligible.  

 
4  Kinetic Model of the Metadynamic 

Recrystallization 
 
4.1  Modeling the kinetic of the metadynamic  

recrystallization 
The metadynamic recrystallization fraction of the as-cast 

steel during the hot compression increases with the increase 
of the deformation temperature, the strain rate and the pass 
interval time. The change rule is in accordance with the 
Avrami equation. So the kinetic equation of the 
metadynamic recrystallization can be expressed as the 
Avrami equation[16–18]: 

 

mdrx
0.5

1 exp 0.693 ,
n

tX
t

                 
        (2) 

 
mdrx

0.5 3 exp ,p Q
t A

RT
ε

    
           (3) 

 
where t is the pass interval time (s), t0.5 is the time needed 
for 50% of the metadynamic recrystallization, A and p are 
coefficients related to materials, Qmdrx is the activation 
energy of the metadynamic recrystallization, ε is strain rate 
and R is the gas constant. 

Eq. (4) can be obtained by taking logarithm to both 
sides of Eq. (2) twice: 

 

0.5
mdrx

1ln ln ln 0.693 ln ln .
1

n t n t
X

              
   (4) 

 
At the right side of Eq. (4), the first and the third items 

are constant for the certain materials and deformation 
parameters. So the value of n can be obtained from the 
relationship between mdrxln( )ln(1/(1 ))X and lnt. As 
shown in Fig. 8, the value of n can be obtained as 0.54 by 
taking the average value of them. 
 

 

Fig. 8.  Relationship between ln(ln(1(1Xmdrx))) and lnt 

Eq. (5) can be obtained by taking logarithm to both sides 
of Eq. (3): 

 
mdrx

0.5ln ln ln .
Q

t A p
RT

ε            (5) 

 
Substituting the experimental data into Eq. (2), the value 

of t0.5 at different pass interval time can be solved. The 
value of p can be solved according to the relation between 
lnt0.5 and lnε  (as shown in Fig. 9). From the figure, it is 
easily to evaluate the value of p as 0.879 8. 

 

 
Fig. 9.  Relationship between lnt0.5 and lnε  

  
In the same way, the value of the Qmdrx can be solved 

according to the relation between 0.5ln t  and 1 000 / T (as 
shown in Fig. 10). From Fig. 10, the value of the Qmdrx can 
be obtained as 194.994 kJmol. The value of A can be 
obtained as 6.95210–9 by instituting the value of the 
coefficients related to materials Qmdrx and p into Eq. (5). 

 

 
Fig. 10.  Relation between lnt0.5 and 1 000T 

 
Instituting the above values into Eq. (1) and Eq. (2), the 

metadynamic recrystallization kinetic equation of as-cast 
42CrMo steel can be represented as the following 
equations: 

 

mdrx

0.54

0.5
1 exp 0.693 ,tX

t

                
         (6) 

 
9 0.879 8

0.5
194 9946.952 10 exp .t

RT
ε       

      (7) 

 
As seen from above equations, 0.5t of the metadynamic 
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recrystallization decreases with the increase of strain rate 
and deformation temperature. Namely high strain rate and 
deformation temperature can accelerate the occurrence of 
the metadynamic recrystallization. 

 
4.2  Verifying the kinetic model 

For verifying the correctness of the above kinetic model, 
the calculated results were compared with the experimental 
results. Partly comparison results are as shown in Table 1. 
Where E is the error of the calculated results, and  

 
cal exp

exp
100%.

X X
E

X


            (8) 

 
Table 1.  Comparison between calculated results          

and experimental results 

Deformation 
temperature 

T℃ 

Strain 
rate 
ε s–1 

Holding 
time 
ts 

Metadynamic 
recrystallization 

fraction 
Error 
E% 

Xcal Xexp 
1 050 0.1 3 0.524 77 0.610 0 13.97 
1 050 0.1 15 0.830 37 0.827 9 0.299 
1 050 0.1 60 0.976 50 0.950 0 2.79 
1 150 0.1 3 0.767 20 0.739 0 3.80 
1 150 0.1 15 0.969 07 0.909 0 6.61 
1 150 0.1 60 0.999 30 1 0.06 
950 0.01 3 0.107 70 0.098 0 9.866 
950 0.01 15 0.237 90 0.267 5 11.07 
950 0.01 60 0.436 90 0.506 7 –13.77 

 
As known from Table 1, the value of E is less than 14%.  

So the model is reliable. The model can supply the reliable 
materials date for the further research on the hot 
deformation behaviors of the as-cast 42CrMo steel and the 
numerical simulation of ring rolling process.  
 
4.3  Comparison of the metadynamic recrystallization 

as-cast 42CrMo steel and forged 42CrMo steel 
Eqs. (9) and (10) are used for the metadynamic 

recrystallization of the forged 42CrMo steel [1]: 
 

0.65

0.5
1 exp 0.693 ,tX

t

                 
           (9) 

 
9 0.575 07

0.5
182 2887.128 7 10 exp .t

RT
ε       

     (10) 

 
Comparing Eq. (7) with Eq. (10), the conclusion can be 

obtained that t0.5 of as-cast 42CrMo steel is obviously 
bigger than that of forged steel with the same deformation 
parameters. Namely that the time needed for 50% 
metadynamic recrystallization fraction of as-cast 42CrMo 
steel is longer than that of forged 42CrMo steel. Qmdrx in Eq. 
(7) is bigger than that in Eq. (10). This shows that the 
occurrences of recrystallization in as-cast structure need 
more activity energy. On the one hand, the coarse grain of 
the as-cast structure is not helpful for the occurrence of 

recrystallization. On the other hand, the occurrence of the 
metadynamic is directly related to the dynamic 
recrystallization. Only the dynamic recrystallization occurs 
in the first compression can the metadynamic recrystall- 
ization occur at pass interval. According to the previous 
research, the dynamic recrystallization fraction of as-cast 
42CrMo steel is smaller than that of the forged 42CrMo 
steel.  
 
5  Grain Size of the Metadynamic 

Recrystallization 
 

For getting the influence rules of process parameters on 
grain size of the metadynamic recrystallization, the samples 
after compression were insolated some time so that the 
occurrence of metadynamic recrystallization could be 
enough. Water quench was used to reserve its high 
temperature structure. Then the sample was cut axially. The 
cutting planes of these samples were eroded by using picnic 
acid and polished. Their microstructures were observed 
with metalloscope. 

 
5.1  Effect of the strain rate on the size of the  

recrystallized grains 
Fig. 11 shows the optical microstructures at different 

strain rate (0.01–0.5 s–1) and deformation temperature of  
1 050 ℃. 

 

 

Fig. 11.  Optical microstructures of the materials at different 
strain rate and deformation temperature of 1 050 ℃ 
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The change tendency of the recrystallized grain size is 
contrary to that of the strain rate. When the strain rate is 0.5 
s–1, the grain will be very fine and homogeneous. However, 
the grain is coarse and inhomogeneous at the strain rate of 
0.01 s–1. The former is 33 µm, the latter is 54 µm. So the 
high strain rate is helpful for refining grain and 
homogenizing the microstructure. 

 

5.2  Effect of the deformation temperature on the size 
of recrystallized grains. 

Fig. 12 is the optical microstructures after hot 
compression at different temperature (950–1 150 ℃) and 
strain rate of 0.01 s–1. Different from the strain rate, the 
change tendency of the deformation temperature is 
accordance with that of the grain size. The grain size of the 
metadynamic recrystallization increases obviously with the 
increase of the deformation temperature. The metadynamic 
recrystallization is a grain-growth process. The grain 
growth is realized by grain boundary migration. The rate of 
grain boundary presents exponential increase with the 
deformation temperature. 

 

 

Fig. 12.  Optical microstructures of the materials at different 
deformation temperature and strain rate of 0.01 s–1 

 
As shown in Fig. 12, the average value of recrystallized 

grain size is 63.11 µm at 1 150 ℃. When the deformation 

temperature is 950 ℃, the average grain size is only 35.61 
µm. The low deformation temperature is helpful for 
refining grain, but the low deformation temperature will 
increase the resistance of the material and the deformation 
force, which decreases the material’s workability, 
especially for as-cast structure. 

 
6  Conclusions 

 
(1) The deformation temperature and the strain rate are 

two important influencing factors of the metadynamic 
recrystallization. The influences of the initial grain size on 
the softening fraction are very small and negligible. 

(2) The softening fraction of the metadynamic 
recrystallization increases with the increase of the 
deformation temperature and the strain rate. The softening 
fraction will increase with the prolongation of the interval 
pass time before it comes to its maximum value.  

(3) The metadynamic recrystallization kinetic model of 
as-cast 42CrMo steel during hot compression was built.  
The softening fraction of metadynamic recrystallization 
was expressed as the function of the deformation 
temperature, strain rate and delay time. It can be concluded 
from the kinetic model that high strain rate and deformation 
temperature could accelerate the occurrence of the 
metadynamic recrystallization. 

(4) Compared to the forged 42CrMo steel, the time for 
50% metadynamic recrystallization is longer. The 
occurrence of the metadynamic recrystallization in as-cast 
42CrMo steel is more difficult than in forged 42CrMo steel.  

(5) The grain size of the metadynamic recrystallization 
can be refined by increasing the strain rate and decreasing 
the deformation temperature.  

The above research results will provide theoretical 
support for the further research on the hot deformation 
behaviors of as-cast 42CrMo steel and the new 
casting-rolling compound process. 
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