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Abstract. Based on semi-solid forming theory, a novel energy-efficient route which termed soft-core forging under 

ultra-high temperature was proposed in open die forging process. To verify its feasibility for industry manufacturing , 

a series of pilot tests (weight 450kg) were carried out in the heavy plant. Here, the effects of parameters such as 

temperature, solid-liquid fraction, deformation rate and reduction on the microstructure, macrosegregation of 

Cr-Mo-V steel were studied experimentally. A macrosegregation band is found in the interface of liquid-solid when 

the liquid fraction is higher than 70%. The formation mechanism of the macrosegregation band is then investigated. 

1 Introduction  

High alloys steels, which are widely employed in die and 

tool or even structure applications, require extremely high 

hardness, high toughness and high strength. Thus in 

conventional high alloys steels manufacturing, multipass 

forging and rolling process have been employed in the 

past to obtain the refinement of grains [1]. Additionally, 

subsequent heat treatments complete the phase 

transformation and enhance precipitation hardening [2]. 

Also, a long soaking time before hot rolling is required to 

reduce the segregation of hard precipitates. However, this 

conventional route consumes large amounts of energy 
and time. Therefore, an innovative route that required 

lower energy consumption and less processing time and 

can replace the conventional process. 

Semisolid processing of metallic alloys and 

composites utilises the thixotropic behaviour of materials 

with non-dendritic microstructure in the semisolid state 

[3]. The family of innovative manufacturing methods 

based on this behaviour has been developing over the last 

40 years or so and originated from scientific work at MIT 

in the early 1970s [4].  

The spherical microstructure and flexible forming 

property of metals in the semi-solid state suggest that 
semi-solid forming technology may potentially replace 

energy-intensive multipass rolling or hot forging to 

complete the deformation for the product and refine the 

microstructure. Due to the high working temperature and 

the oxidation and complicated microstructural evolution 

of the ferrous alloys during semi-solid forming, until now 
the research and application of ferrous alloy semi-solid 

forming are limited in comparison with those of metals 

such as Al alloys and Mg alloys [3, 4]. Based on 

semi-solid forming theory, a novel energy-efficient route 

which termed soft-core forging under ultra-high 

temperature was proposed in open die forging process. To 

verify its feasibility for industry manufacturing , a series 

of pilot tests (weight 450kg) were carried out in the heavy 

plant. Here, the effects of parameters such as temperature, 

solid-liquid fraction, deformation rate and reduction on 

the microstructure, macrosegregation of Cr-Mo-V steel 
were studied experimentally.  

 

2 Experiment  

A series of pilot tests (approximately 

300mm*300mm*600mm, weight 450kg) were carried out 

in the heavy plant. The molten 12Cr1MoV steel is poured 

from ladle into a metal box, which is welded together by 

30mm thick steel plate. It is worth raising that the 

high-alloyed steel 12Cr1MoV is widely used in pressure 

vessels, which is also an ideal material for studying the 

microstructure and segregation in the soft-core forging. 

The pilot is cooled in the air for a period of time and then 
transferred to the press. The forging process is stretching 

along the direction of 600mm with 50% reduction (see fig. 

1).
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Figure 1. Experiment process in industry (a-e). 
 

   The effects of solid-liquid fraction on the 

microstructure and segregation of Cr-Mo-V steel were 

here in studied experimentally. The solid-liquid fraction 

is modeled using PROCAST (see fig 2). The forging 

process is carried out after cooling the pilot for 10 

minutes, when the liquid fraction is higher than 70%. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  The solid fraction after pouring in 10 minutes and 
20 minutes respectively. 
 

3 Result and Discussion 

The forging is cut along the stretching direction, then 
corroded by 20% nitric acid solution to obtain the macro 

metallography. Here we can see some interesting 

phenomena. The overall shape of the section is like an 

"egg", which includes the egg white and egg yolk. We 

can also see the steel box outside. In order to illustrate 

this phenomenon, we divide the entire area into three 

regions( I, II, III). Here region I is the bright area in the 

core of the forging and region II is the grey area. The 

black circle-like interface of region I and region II is 

defined as region III (see fig 3).  

Figure3.  Macro metallography of forging's longitudinal 
section. 

The microstructure and segregation of the three 

regions are characterized by optical microscope and 

electro-probe micro mapping analysis respectively. Based 

on the analysis, the forging has a dense microstructure 
which is no shrinkage, cavity or crack defects. We can 

observe microstructure with very fine grain size ( 

20-30μm) and uniform element distribution in region I 

and II (see fig 4a,b). Region I which is mainly constitutes 

of low-alloyed ferrite is considered as the deformed 

mushy zone. Moreover, region II which has a higher 

pearlite fraction is supposed to be the microstructure 

deformed after complete solidification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The microstructure and segregation in region I (a) and 
region II (b) and the macrosegregation band in the interface of 
mush zone and solid (c). 

   A macrosegregation band (mainly contains C, Cr, 
Mo, V) is found in the interface of mush zone and solid 

zone(see fig.4c). It is worth mentioning that unlike the 

normal solidification (the centre of the ingot has the 

highest concentration of solute), the soft core forging 

exhibits different phenomena. The formation mechanism 

of the macrosegregation band is then investigated below.  
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   The formation mechanism of the macrosegregation 
band can be discussed in the schematic diagram below 

(see Fig 5).  

Figure 5. Schematic diagram of formation mechanism of the 
macrosegreation band in this study. 

 1. The initial dendrites grow during the solidification 

and continuing discharge solute to the melt. 

 2. Under the external deformation, the tip of the 

dendrites dissociate and dendrite branches are broken. 
 3. The dissociated tip and parts of the broken dendrite 

branches transfer to the central residual melt. As the 

nucleation particles, they nucleate and grow. 

 4. Under the external force, the high-solute liquid is 

squeezed out from center mush zone （like a "sponge") to 

the interface of the mush zone and solid zone. 

 5. Due to constitutional undercooling, region I and II is 

solidified earlier than region III which has a higher solute 

concentration. Finally a high concentration segregation is 

formed in the interface of mush zone and solid. 

This phenomena will occur in the soft-core forging 

when the liquid fraction in the mush zone is higher. 

Supposing that the liquid fraction is controlled  lower 
when forging, we certainly can avoid this kind of squeeze 

phenomenon and reduce the segregation. Thus obtaining 

qualified products. 
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