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Materials for parts which are subjected to abrasive wear in service are typically selected on the basis of 
the microstructure type and hardness. Additional characteristics, such as grain size and the size and 
morphology of carbides are considered less frequently, although they may prove very important. This 
article deals with treatment cycles which combine an unconventional forming technique and subsequent 
heat treatment and explores its impact on abrasive wear resistance in X210Cr12 tool steel. Effects of 
microstructure refinement prior to and during forming and during heat treatment are described. The 
forming cycle involved semi-solid processing and was followed by quenching. This sequence refined the 
initial microstructure and altered the morphology of chromium carbides. The semi-finished products 
were then cryogenically treated at - 160°C for 24 hours and in some cases, subsequently tempered at 300°C 
for 2 hours. Their wear resistance was tested by blasting and the relationship between the treatment and 
the weight loss in the test was assessed. 
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 Introduction 

One of the most frequent issues in heavy-duty ma-
chine parts is abrasive wear, particularly on their 
functional surfaces. Abrasive wear shortens the life of 
tools and increases financial costs due to the need for 
replacement or repair of the affected parts.   

Tool steels are one class of materials in which high 
resistance to abrasive wear is required. High resistance 
to abrasive wear is typically seen as related to high 
hardness. Yet, abrasive wear resistance is a complex 
property. There are several microstructural aspects 
which can improve wear resistance. The key ones are 
the morphology, volume fraction and distribution of 
carbides. Wear resistance can also be improved by al-
tering the phases in the matrix, which may involve 
martensite [1]. Some other factors come into play as 
well, such as the grain size and general morphology of 
the microstructure.  

One method of altering the microstructure to im-
prove wear resistance is semi-solid processing which 
involves partial melting of the material. Its primary use 
is for high-alloy hypereutectoid tool steels. [2-4]. This 

technique can eliminate primary sharp-edged chro-
mium carbides, produce very fine microstructures and 
provide high hardness. Ductility can then be improved 
by subsequent tempering or by cryogenic treatment 
and tempering.  

In this paper, the relationship between semi-solid 
process parameters and wear resistance in X210Cr12 
hypereutectoid tool steel is explored. Wear testing was 
carried out with the use of abrasive water jet blasting. 

 Materials and methods 

X210Cr12 tool steel was selected as the material 
for this series of experimental trials. It is a typical 
member of the hypereutectoid steels group with 
sharp-edged chromium carbides. As a cold work tool 
steel, it is used for making punching, shearing and 
press-forming tools, shaping and crushing tooling and 
plastic injection or powder moulds. The material’s 
data sheet [5] recommends heat treatment that con-
sists of austenitizing between 940°C and 970 °C, oil 
quenching and final tempering between 100°C and 
300 °C. Thanks to its chemical composition, its free-
zing range is wide, making it a good candidate for 
semi-solid processing (Table 1) [5].

Tab. 1 Chemical composition of the steel under investigation (wt. %) 

C Cr Mn Si Ni P S 

1.8 12 0.3 0.35 max 0.5 max 0.03 max 0.035 
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The material was supplied in annealed condition. It 
contained large sharp-edged chromium carbides and 
very fine cementite particles in a ferritic matrix (Fig. 
1). Since these carbides are difficult to eliminate, a for-
ming sequence combined with semi-solid processing 
was chosen for this investigation. High heating tem-
peratures are required for this process. They cause pri-
mary chromium carbides to dissolve. For this steel, the 
appropriate temperatures are between 1225 and 
1250°C. When combined with the right forming 
sequence and quenching, this process can lead to a 
very fine microstructure and fine chromium carbides. 
With its carbide morphology and distribution, this 
microstructure could provide high wear resistance.  

 

Fig. 1 As-received condition of X210Cr12 steel, light micro-
graph 

 
Experimental specimens had a 75 mm diameter 

and 100 mm height. The specimens were enclosed in 
a container of SJ355 low-carbon steel to ensure they 

can be handled safely when in the partially melted con-
dition. The melting temperature of this steel is higher 
than that of the tool steel [6-8]. Process cycles 
described in Table 2 were proposed with a view to ex-
plore the impact of the individual process parameters. 
In the first cycle, the material was heated into the 
semi-solid state at 1250°C, held for 60 minutes and 
then quenched in water at ambient temperature.  
In order to reveal the impact of mechanical working, 
additional cycles that involved hydraulic press forming 
were carried out. The specimens were heated to 
1250°C, held for 60 minutes and then quenched in 
water for 35 seconds. After quenching, they were pla-
ced in a furnace at 1080°C and held for 30 minutes to 
allow their temperature to homogenize. According to 
material data sheets, this is the recommended forging 
temperature for X210Cr12. After removal from the 
furnace, ten blows alternating upsetting and drawing 
out were applied to the specimens. After five blows, 
the workpiece was reheated to 1080°C. At the end of 
the forming sequence, the specimen was quenched in 
water. In the final cycles, cryogenic treatment or cryo-
genic treatment followed by tempering were added. 
The purpose was to determine whether these additio-
nal operations can further improve wear resistance. 
The cryogenic temperature was -160°C and the tre-
atment time was 24 hours. Tempering at 300°C was 
performed for 2 hours. For comparison with conven-
tional heat treatment, the as-received (i.e. annealed) 
material and quenched and tempered material were 
tested as well.  

For all these cycles, the resulting microstructures 
were studied and the hardness of the material was me-
asured. The microstructures were observed under 
Olympus light microscope. Vickers hardness was me-
asured using 10 kg load. Wear resistance was tested by 
a water jet with abrasive particles. 

Tab. 2 Parameters of processing cycles 

T [°C]/ 
t [min.] 

Quenching 
medium/ 
t [s] 

Tforming 

[°C]/ 
t [min.] 

Deformation 
Cooling/ 
medium 

Tcryo. /  
t [hr.] 

Ttempering 
[°C]/t [hr.] 

HV10 
[-] 

Initial condition of X210Cr12 216 

960/40 Oil (80°C) - - - - 250°C /2 716 

1250/60 Water 

 No def. - - - 349 

1080°C/30 10-step def. Water 

- - 770 

-160/24 - 905 

-160/24 300/2 844 
 
The blasting test was conducted in a water jet 

cutting machine (WJ2030-2Z-Cobra-PJ60° from the 
company PTV, spol. s.r.o.). The jet combined the use 
of a water nozzle and an abrasive-material nozzle. The 
abrasive particles were ClassicCut 80 garnet-GMA. 
Each test was performed with 20 grams of abrasive 

material, for 200 seconds, at a nozzle distance of 100 
mm and using a pressure of 4130 MPa (Fig. 2). The 
blasting parameters were identical in all the tests. They 
are listed in Table 3. Materials treated in this fashion 
are used for parts in which enhanced wear resistance 
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is required, such as crusher plates. Therefore, the inci-
dence angle of the abrasive matter should be taken 
into account. Blasting was therefore performed in a 
direction perpendicular to the surface under test and 
at an angle of 30° to the normal of the surface. Speci-
mens with dimensions of 35 × 40 mm were used. 

Their weight was from 105g to 218g. Prior to blasting, 
the surface was ground to a roughness of 0.8 Ra. Two 
specimens were used for each blasting direction. 
Weight losses were determined using laboratory 
scales. 

 

Fig. 2 Blasting process: a) input specimen, b) nozzle setup and blasting, c) specimens after blasting 

Tab. 3 Blasting test parameters to determine abrasive wear resistance  

Nozzle diameter [mm] 
Distance 

[mm] 

Amount of 
abrasive ma-

terial [g] 

Pressure 
[MPa] 

Crater radius 
[mm] 

Time [s] Angle [°] 

0.1 water 0.9 abr. 100 20 4130 2.5 200 90 

0.1 water 0.9 abr. 100 20 4130 2.5 200 30 

 Results and discussion 

 

Fig, 3 Quenched and tempered material, light micrograph 
 
The as-received material was in the annealed con-

dition. The microstructure contained large sharp-ed-
ged chromium carbides and very fine cementite em-
bedded in a ferritic matrix (Fig. 1). The hardness was 
216 HV10. Perpendicular blasting caused a weight 

loss of 1.73 g. Blasting at 30° to the normal led to a 
loss of 1.69 g.  

After conventional quenching and tempering, the 
microstructure consisted of tempered martensite with 
a fine dispersion of chromium carbides (Fig. 3). In ad-
dition, the primary chromium carbides remained pre-
sent but they were less sharp-edged and were smaller. 
Since the matrix was not ferritic but martensitic, hard-
ness was much higher: 716 HV10. However, this high 
hardness failed to translate into abrasive wear re-
sistance. The weight loss after perpendicular blasting 
was 1.78 g. After blasting at 30° to the normal, it was 
1.61 g. 

The 1250°C semi-solid processing cycle with a so-
aking time of 60 minutes, no post-process mechanical 
working and with subsequent quenching produced a 
microstructure of polyhedral austenite grains embed-
ded in a ledeburite network. The austenite volume 
fraction was close to 90%. The network itself was a 
mixture of austenite and carbides. The material had a 
hardness of 349 HV 10 (Fig. 4a). In this case, the 
weight loss was relatively higher due to the large 
amount of austenite. With the perpendicular nozzle, it 
was 1.82 g. At 30° angle to the normal, it was 1.76 g.  

After cooling to 1080° C, ten deformation steps 
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caused significant microstructure refinement. The 

grain size was approximately 5 µm. Since the material 
was quenched after cooling, its matrix consisted of 
martensite and a small amount of untransformed aus-
tenite with a fine dispersion of chromium carbides. Se-
condary chromium carbides smaller than 1 µm were 
uniformly redistributed. This led to a relatively higher 
hardness value of 770 HV10 (Fig. 4b). Weight losses 
were smaller than in the as-received material, the que-
nched and tempered material, as well as the semi-so-
lid-processed material with no post-process deforma-
tion. Blasting in the perpendicular direction led to a 
loss of 1.40 g, whereas the inclined blasting test at 
30°C resulted in a weight loss of 1.48 g. 

 

 

Fig. 4 Microstructures produced by semi-solid processing: a) 
with no post-process mechanical working, b) with subsequent 

ten-step deformation; light micrographs 
 
The semi-solid processing cycle with cryogenic tre-

atment led to a higher hardness of 905 HV10. Cryo-
genic treatment was expected to eliminate some reta-
ined austenite by cooling below the Ms and to stabilize 

martensite in the microstructure which would be ac-
companied by precipitation of fine and uniform car-
bides during tempering. The resulting microstructure 
consisted of fine martensite, uniformly-dispersed 
chromium carbides and a small amount of retained 
austenite (Fig. 5a). The weight loss was even less than 
in the previous cycles. With perpendicular blasting it 
was 1.33 g; and at 30° to the normal, it reached 1.42 g. 

The last cycle involved semi-solid processing, ten-
step deformation, cryogenic treatment and subsequent 
tempering at 300°C for 2 hours. The resulting 
microstructure showed no substantial differences to 
the previous cycle which had involved no tempering. 
However, it was finer and the carbide precipitation in-
duced by tempering was more intensive (Fig 5b). Tem-
pering led to a lower hardness: 844 HV10. Weight loss 
was higher than after the cycle without tempering. For 
the perpendicular direction, it was 1.61 g. With the 
nozzle at 30°C to the normal, it was 1.48 g. 

 

 

Fig. 5 Microstructures produced by semi-solid processing and 
mechanical working: a) with subsequent cryogenic treatment, b) 

with subsequent cryogenic treatment and tempering at 
300°C/2hours; light micrographs 
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Tab. 4 Blasting test parameters to determine abrasive wear resistance 

90° 

weight loss [g] 

30° 

weight loss [g] treatment 

1.73 1.69 initial state 
1.78 1.61 tempered 
1.82 1.76 without deformation 
1.40 1.48 10 def. 
1.33 1.42 10 def. - cryogenic  
1.61 1.48 10 def. - cryo. and temp. 

 
Wear testing clearly showed that the weight loss is 

directly related to hardness. The highest weight loss 
(1.8 g) (Table 4) occurred after the cycle which invol-
ved heating at 1250°C/60 minutes and quenching in 
water. In this case, the microstructure consisted of 
globular austenite and lamellar ledeburite network 
with a hardness of 349 HV10. Similar values were ob-
tained in the as-received material and the quenched 
and tempered material, where the weight loss was ap-
proximately 1.75 g (Table 4). They were lower due to 
larger carbides and the presence of martensite. Greater 
differences were found in the semi-solid processed 
and mechanically worked material which had a much 

finer microstructure with a martensitic matrix and fine 
chromium carbides. The smallest weight loss was 
found after semi-solid processing, ten-step deforma-
tion and cryogenic treatment: 1.33 g(Table 4). It was 
due to stronger precipitation promoted by cryogenic 
treatment and due to less retained austenite (RA) in 
the structure.  

Larger weight loss was caused by perpendicular 
blasting than by blasting at 30° to the normal (Fig. 6). 
That having been said, the weight losses for both di-
rections showed the same trends for the different pro-
cessing cycles. 

 

Fig. 6 Weight loss caused by blasting vs. nozzle angle

 Conclusion 

Experimental investigation was carried out to ex-
plore the wear resistance of X210Cr12 tool steels tre-
ated by various cycles. The tests involved blasting with 
abrasive material. Primary chromium carbides were 
eliminated from the microstructure by treatment 

cycles which involved bringing the material into the 
semi-solid state and combinations with cryogenic tre-
atment and tempering. 

Semi-solid processing followed by forming in a 
hydraulic press led to fine martensitic microstructures 
with a uniform carbide dispersion which were free 
from sharp-edged chromium carbides. Their hardness 
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was 770 HV10. The cycle with cryogenic treatment led 
to an even higher hardness: 907 HV10. 

Microstructural changes were reflected strongly in 
the blasting test. The largest weight loss, 1.82 g was 
found for microstructures with polyhedral austenite 
grain in lamellar carbide-based networks which had 
been produced by semi-solid processing without post-
process mechanical working. The cycle with mechani-
cal working led to considerable grain refinement to a 
size of approx. 5 um, as well as to transformation of 
austenite to martensite and precipitation of very fine 
carbides, which resulting in a lower weight loss: 1.4 g. 
This tendency was then strengthened by an additional 
cryogenic treatment operation. The cycle led to the 
lowest weight loss: 1.33 g. 
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