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Materials

Abstract
Purpose: The paper addresses the problem of determining the influence of an increased nitrogen content in the 
range 0.03-0.09% on the structure and selected functional properties of melts made of X155CrMoV12-1 and 
X40CrMoV5-1 tool steels and HS6-5-2 high-speed steel.
Design/methodology/approach: The tests consisted of an assessment of structure and determination of selected 
characteristics of as-annealed, quenched and tempered tool steels with nitrogen. Measurements of precipitates 
basic stereological parameters on the studied stages of heat treatment were performed. Nitrogen’s influence on 
steels’ crack resistance (KIC) and low-cycle fatigue (LCF) in heat improved condition were analysed.
Findings: The investigated tool steels revealed that nitrogen addition has positive influence on carbides and 
carbonitrides’ enhanced fraction and dispersion in as-annealed condition, and homogenizing and refinement of 
the structure in state of quenching and tempering. The modified structure of tool steels with nitrogen was shown 
by their increased functional properties, i.e. higher  brittle cracking resistance and higher fatigue durability in 
the range of a low number of cycles at increased temperature.
Practical implications: The test results obtained can be used in developing technology and production of tool 
steels with nitrogen with increased functional properties and increased durability in operational conditions.
Originality/value: The paper demonstrated a positive influence of intentional nitrogen content on structure 
modification and an increase of tool and high-speed steels’ functional properties.
Keywords: Tool materials; Metallography; Crack resistance; Fatigue

1. Introduction 
One of perspective directions in development of tool and 

high-speed steels is the introduction of an increased nitrogen 
content to their chemical composition [1, 2]. The advantageous 
role of nitrogen in tool steels is connected with its action as an 
interstitial element in a solid solution and forming in combined 
state dispersion precipitates of nitrides and carbonitrides. The 
above-mentioned actions modify steel behaviour during melting, 
plastic forming and heat treatment which eventually yields more 

homogeneous and fine-grained structures of tool steels. As a 
result, there is an improvement of steel resistance to tempering,  
crack resistance KIC  and thermo-mechanical fatigue resistance 
which guarantees enhancing tools’ durability [3-15]. 

In the paper, examinations concerning the influence of an 
increased nitrogen content on structure and selected functional 
properties of tool and high-speed steels were conducted. The aims 
of the studies were the assessment of structure and comparison of 
functional properties of experimental batch of products made of 
industrial alloys of tool steels with an increased nitrogen content.  
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2.  Material and procedure 
 

The research material were selected grades of 
X155CrMoV12-1 and X40CrMoV5-1 tool steels and high-speed 
HS6-5-2 steel produced in industrial conditions of a diverse 
nitrogen content and chemical composition shown in Table 1.  
 
 
Table 1.   
Chemical composition of melts of the examined tool steels with 
an increased nitrogen content 

Chemical composition [wt.%] 
C Mn Si P S Cr Mo W V N 

X155CrMoV12-1 steel 
1.55 0.30 0.29 0.024 0.021 11.65 0.71 0.04 1.02 0.037 
1.57 0.27 0.32 0.025 0.009 11.59 0.72 0.04 0.97 0.085 

X40CrMoV5-1 steel 
0.40 0.44 1.00 0.018 0.004 5.06 1.20 0.02 0.95 0.006 
0.36 0.53 0.91 0.018 0.004 5.15 1.15 0.03 1.01 0.029 
0.37 0.37 1.03 0.016 0.005 5.20 1.24 0.02 0.93 0.057 

HS6-5-2 steel 
0.85 0.24 0.34 0.029 0.006 3.97 4.70 5.73 1.82 0.019 
0.84 0.17 0.28 0.029 0.010 3.73 4.82 6.53 1.79 0.030 
0.86 0.20 0.30 0.030 0.019 4.05 4.76 6.38 1.88 0.036 
0.85 0.24 0.41 0.030 0.015 4.11 4.67 5.77 1.86 0.039 
0.88 0.22 0.27 0.030 0.011 3.98 4.75 6.14 1.85 0.049 
0.86 0.18 0.28 0.030 0.009 4.15 4.68 6.31 1.80 0.057 

 
 

The nitrogen content in X155CrMoV12-1 steel melts is within 
the range of 0.037-0.085%, in X40CrMoV5-1 steel melts within 
the range from 0.006% to 0.057% and in case of HS6-5-2 steel  
within the range of 0.019-0.057%. The examined tool steels can 
be recognized as steel with an increased nitrogen content. 

From the tool steels melts provided, in industrial conditions 
forged or rolled rods 35mm in diameter were produced, from 
which sample sections were taken to the tests. Provided rods 
constituted the input material for the examinations in as-annealed 
condition and after heat treatment consisting of quenching and 
tempering. The parameters of heat treatment were determined on 
the basis of the results of the earlier works [16, 17].  

The scope of the research scheme carried out included the 
following cycle of structural research and selected properties: 
 microscopic observations and evaluation of steels structure in 

as-annealed, quenched and tempered state;  
 stereologic  examinations  of  precipitates  in  tool   steels   in 

their initial state and heat treated;   
 examinations of crack resistance in flat state of strain; 
 fatigue tests in a range of a low number of cycles. 

The detailed data concerning methodology of conducted 
research concerning structure and functional properties of the 
analysed tool steels were presented in the paper [17].  
 
 

3.  Experimental  results 
 

The results of microscope observations of selected melts of 
tools steels and high-speed steels in as-annealed state are presented 
in Figs. 1 and 2. The examined tool steels melts with an increased 

nitrogen content are distinguished by dispersion structure of 
divorced pearlite with a little amount of large irregular primary 
carbide particles. Carbides and probably also carbonitrides in 
X155CrMoV12-1 and HS6-5-2 steels structure are uniformly 
distributed and precipitates banding typical of conventional high-
speed steels and ledeburitic tool steels are not observed. Nitrogen 
addition caused in X40CrMoV5-1 steel refinement of the structure 
and increase of precipitates dispersion [16, 17]. 

The results of examinations of size and distribution of 
precipitates in selected HS6-5-2 steel melts with an increased 
nitrogen content in as-annealed condition are shown in Fig. 3. In 
the examined HS6-5-2 steel melts diversified quantities and sizes 
of precipitates on the investigated rods’ section were observed. 
 

 

25µm
 

 
Fig. 1. Structure of X155CrMoV12-1 steel (N=0.085%) in  
as-annealed condition. Spheroidal and irregular carbides in ferrite                
 

 

25µm
 

 
Fig. 2. Structure of HS6-5-2 steel (N=0.057%) in as-annealed 
condition. Spheroidal and irregular carbides in the ferrite matrix 
 
 

The analyzed high-speed steels’ melts are characterized by 
increased precipitates fraction in structure as the nitrogen content 
increases from 18.5-20.3% for steel containing 0.019%N to 23.0-
24.1% for 0.049%N. Similar dependence was also found for 
X155CrMoV12-1 and X40CrMoV5-1 steels with diversified 
nitrogen concentration [17]. 

The positive influence of nitrogen on the structure of 
examined tool steels was also observed in states of quenching and 
tempering (Figs. 4 and 5). In X155CrMoV12-1 and HS6-5-2 

 

steels’ melts, influence of nitrogen consists of refinement of the 
structure of matrix and increase of fraction, dispersion degree and 
homogeneity of precipitates distribution. In X40CrMoV5-1 steel, 
the incorporation of nitrogen caused refinement and homo-
genizing of tempered martensite structure [16,17]. 
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Fig. 3. The influence of concentration of nitrogen and distance 
from rod axis on the surface fraction of precipitates in annealed 
HS6-5-2 steel 
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Fig. 4. Structure of X155CrMoV12-1 steel (N=0.085%) after 
quenching (1020°C/oil) and tempering (2×300°C).  Tempered 
martensite with primary carbides 
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Fig. 5. Structure of HS6-5-2 steel (N=0.057%) after quenching 
(1220°C/oil) and tempering (2×550°C). Tempered martensite with 
primary and secondary carbides 

The results of examinations of size and distribution of 
precipitates in selected HS6-5-2 steel melts with an increased 
nitrogen content in quenched and tempered condition are shown 
in Fig.6. The results obtained show an insignificant diversity of 
the amount of precipitates on the rod section, whereas mean 
precipitations size changes along the rod radius. As the quantity 
of nitrogen in steel increases it is observed that mean precipitates 
size decreases from 5.154-4.606 m2 value for steel containing 
0.019% of nitrogen to 4.631-4.221 m2 for steel with content 
0.049% N. Similar dependence was also found for  
X155CrMoV12-1 and X40CrMoV5-1 steels’ melts with an 
increased nitrogen content [16, 17]. 
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Fig. 6. The influence of concentration of nitrogen and distance 
from rod axis on the mean area of the precipitates in HS6-5-2 
steel after quenching (1220°C/oil) and tempering (2×550°C) 
 

The results of crack resistance tests in flat state of strain for 
specimens from selected tool and high-speed steel melts were 
shown in Fig.7. Analysis of coefficients values of intensity of 
stress KIC allows affirming that examined tool steels with an 
increased nitrogen content are usually characterized by higher 
brittle cracking resistance. In the group of X155CrMoV12-1 and 
HS6-5-2 steels, the melts with the highest nitrogen content i.e. 
0.085% and 0.057%N were characterized by the highest value of 
coefficient KIC (42.1 and 17.4 MPa m1/2 respectively). In the case 
of X40CrMoV5-1 steel melts, no significant influence of nitrogen 
content on value of coefficient KIC has been found. 

 

 
Fig. 7. Collation of values of coefficients KIC for examined tool 
steel melts with an increased nitrogen content 

2.	�Material and procedure

3.	�Experimental  results
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2.  Material and procedure 
 

The research material were selected grades of 
X155CrMoV12-1 and X40CrMoV5-1 tool steels and high-speed 
HS6-5-2 steel produced in industrial conditions of a diverse 
nitrogen content and chemical composition shown in Table 1.  
 
 
Table 1.   
Chemical composition of melts of the examined tool steels with 
an increased nitrogen content 

Chemical composition [wt.%] 
C Mn Si P S Cr Mo W V N 

X155CrMoV12-1 steel 
1.55 0.30 0.29 0.024 0.021 11.65 0.71 0.04 1.02 0.037 
1.57 0.27 0.32 0.025 0.009 11.59 0.72 0.04 0.97 0.085 

X40CrMoV5-1 steel 
0.40 0.44 1.00 0.018 0.004 5.06 1.20 0.02 0.95 0.006 
0.36 0.53 0.91 0.018 0.004 5.15 1.15 0.03 1.01 0.029 
0.37 0.37 1.03 0.016 0.005 5.20 1.24 0.02 0.93 0.057 

HS6-5-2 steel 
0.85 0.24 0.34 0.029 0.006 3.97 4.70 5.73 1.82 0.019 
0.84 0.17 0.28 0.029 0.010 3.73 4.82 6.53 1.79 0.030 
0.86 0.20 0.30 0.030 0.019 4.05 4.76 6.38 1.88 0.036 
0.85 0.24 0.41 0.030 0.015 4.11 4.67 5.77 1.86 0.039 
0.88 0.22 0.27 0.030 0.011 3.98 4.75 6.14 1.85 0.049 
0.86 0.18 0.28 0.030 0.009 4.15 4.68 6.31 1.80 0.057 

 
 

The nitrogen content in X155CrMoV12-1 steel melts is within 
the range of 0.037-0.085%, in X40CrMoV5-1 steel melts within 
the range from 0.006% to 0.057% and in case of HS6-5-2 steel  
within the range of 0.019-0.057%. The examined tool steels can 
be recognized as steel with an increased nitrogen content. 

From the tool steels melts provided, in industrial conditions 
forged or rolled rods 35mm in diameter were produced, from 
which sample sections were taken to the tests. Provided rods 
constituted the input material for the examinations in as-annealed 
condition and after heat treatment consisting of quenching and 
tempering. The parameters of heat treatment were determined on 
the basis of the results of the earlier works [16, 17].  

The scope of the research scheme carried out included the 
following cycle of structural research and selected properties: 
 microscopic observations and evaluation of steels structure in 

as-annealed, quenched and tempered state;  
 stereologic  examinations  of  precipitates  in  tool   steels   in 

their initial state and heat treated;   
 examinations of crack resistance in flat state of strain; 
 fatigue tests in a range of a low number of cycles. 

The detailed data concerning methodology of conducted 
research concerning structure and functional properties of the 
analysed tool steels were presented in the paper [17].  
 
 

3.  Experimental  results 
 

The results of microscope observations of selected melts of 
tools steels and high-speed steels in as-annealed state are presented 
in Figs. 1 and 2. The examined tool steels melts with an increased 

nitrogen content are distinguished by dispersion structure of 
divorced pearlite with a little amount of large irregular primary 
carbide particles. Carbides and probably also carbonitrides in 
X155CrMoV12-1 and HS6-5-2 steels structure are uniformly 
distributed and precipitates banding typical of conventional high-
speed steels and ledeburitic tool steels are not observed. Nitrogen 
addition caused in X40CrMoV5-1 steel refinement of the structure 
and increase of precipitates dispersion [16, 17]. 

The results of examinations of size and distribution of 
precipitates in selected HS6-5-2 steel melts with an increased 
nitrogen content in as-annealed condition are shown in Fig. 3. In 
the examined HS6-5-2 steel melts diversified quantities and sizes 
of precipitates on the investigated rods’ section were observed. 
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Fig. 1. Structure of X155CrMoV12-1 steel (N=0.085%) in  
as-annealed condition. Spheroidal and irregular carbides in ferrite                
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Fig. 2. Structure of HS6-5-2 steel (N=0.057%) in as-annealed 
condition. Spheroidal and irregular carbides in the ferrite matrix 
 
 

The analyzed high-speed steels’ melts are characterized by 
increased precipitates fraction in structure as the nitrogen content 
increases from 18.5-20.3% for steel containing 0.019%N to 23.0-
24.1% for 0.049%N. Similar dependence was also found for 
X155CrMoV12-1 and X40CrMoV5-1 steels with diversified 
nitrogen concentration [17]. 

The positive influence of nitrogen on the structure of 
examined tool steels was also observed in states of quenching and 
tempering (Figs. 4 and 5). In X155CrMoV12-1 and HS6-5-2 

 

steels’ melts, influence of nitrogen consists of refinement of the 
structure of matrix and increase of fraction, dispersion degree and 
homogeneity of precipitates distribution. In X40CrMoV5-1 steel, 
the incorporation of nitrogen caused refinement and homo-
genizing of tempered martensite structure [16,17]. 
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Fig. 3. The influence of concentration of nitrogen and distance 
from rod axis on the surface fraction of precipitates in annealed 
HS6-5-2 steel 
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Fig. 4. Structure of X155CrMoV12-1 steel (N=0.085%) after 
quenching (1020°C/oil) and tempering (2×300°C).  Tempered 
martensite with primary carbides 
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Fig. 5. Structure of HS6-5-2 steel (N=0.057%) after quenching 
(1220°C/oil) and tempering (2×550°C). Tempered martensite with 
primary and secondary carbides 

The results of examinations of size and distribution of 
precipitates in selected HS6-5-2 steel melts with an increased 
nitrogen content in quenched and tempered condition are shown 
in Fig.6. The results obtained show an insignificant diversity of 
the amount of precipitates on the rod section, whereas mean 
precipitations size changes along the rod radius. As the quantity 
of nitrogen in steel increases it is observed that mean precipitates 
size decreases from 5.154-4.606 m2 value for steel containing 
0.019% of nitrogen to 4.631-4.221 m2 for steel with content 
0.049% N. Similar dependence was also found for  
X155CrMoV12-1 and X40CrMoV5-1 steels’ melts with an 
increased nitrogen content [16, 17]. 
 

4,0

4,2

4,4

4,6

4,8

5,0

5,2

5,4

5,6

0 1/3 2/3 1Distance from rod axis

M
ea

n 
ar

ea
 o

f p
re

ci
pi

ta
te

s 
 [ 

m
2 ]

0.030% N
0.019% N
0.039% N
0.049% N

RR

HS6-5-2

 
Fig. 6. The influence of concentration of nitrogen and distance 
from rod axis on the mean area of the precipitates in HS6-5-2 
steel after quenching (1220°C/oil) and tempering (2×550°C) 
 

The results of crack resistance tests in flat state of strain for 
specimens from selected tool and high-speed steel melts were 
shown in Fig.7. Analysis of coefficients values of intensity of 
stress KIC allows affirming that examined tool steels with an 
increased nitrogen content are usually characterized by higher 
brittle cracking resistance. In the group of X155CrMoV12-1 and 
HS6-5-2 steels, the melts with the highest nitrogen content i.e. 
0.085% and 0.057%N were characterized by the highest value of 
coefficient KIC (42.1 and 17.4 MPa m1/2 respectively). In the case 
of X40CrMoV5-1 steel melts, no significant influence of nitrogen 
content on value of coefficient KIC has been found. 

 

 
Fig. 7. Collation of values of coefficients KIC for examined tool 
steel melts with an increased nitrogen content 
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Fig. 8. Collective diagrams of low-cycle fatigue durability at a 
temperature of 550°C for X40CrMoV5-1 tool steel with 
diversified nitrogen content 
 
 
 

Fatigue examinations in a range of a low number of cycles 
were carried out at a temperature of 550°C on specimens of 
X40CrMoV5-1 steel with an increased nitrogen content. The 
results of examinations were presented in the form of collective 
diagrams of fatigue durability in Fig.8. The analysis of fatigue 
characteristics shows that X40CrMoV5-1 steel with the highest 
nitrogen amount i.e. 0.057%. is characterized by the highest 
durability expressed as the number of cycles until failure (Nf). 
The steel with a 0.029% addition of nitrogen showed lower 
fatigue durability and conventional X40CrMoV5-1 steel melt with 
content 0.006% N was characterized by the lowest durability on 
all applied strain levels ( t). 
 
 
 

4.  Conclusions 
 

The obtained results of research on structure and functional 
properties of pilot batch of products made of tool and high-speed 
steels with an increased nitrogen content show positive influence 
of nitrogen on structure and properties of investigated steels in as-
annealed, quenched and tempered condition. 

Introducing nitrogen to tool steels causes refinement of the 
structure, increase of fraction and degree of carbide phase 
dispersion and increasing homogeneity of primary and secondary 
carbides. In the products’ structure, no banding and segregation of 
carbides is observed what is typical of conventional ledeburitic 
tool and high-speed steels.   

In the group of investigated melts of ledeburitic tool steels for 
cold work and high-speed steels introducing an increased nitrogen 
content significantly increases resistance to brittle cracking (KIC) 
of these materials.    

In condition of low-cycle loads at a temperature of 550°C, steel 
with the highest nitrogen content i.e. 0.057% N was characterized 
by the highest fatigue durability among X40CrMoV5-1 steel melts.  
The lowest durability in all investigated strain ranges was shown by 
conventional X40CrMoV5-1 steel melt with the lowest nitrogen 
content. 
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