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Carburizing is used in applications where there is a high demand for surface hardness and abrasion re-
sistance along with core toughness requirements. Carburizing is mainly used for parts which are subjec-
ted to abrasion, such as shafts, pins, gears, cams, etc. At the same time as the hardness of the surface 
layer increases, the fatigue limit of the steel increases after carburizing. The article deals with the evalu-
ation of surface quality of carburized steels 16MnCr5 and 14NiCr14 in terms of surface texture change 
and dimension change after application of carburizing. The analysed steels are used mainly in the pro-
duction of gear wheels for gearboxes of wheeled, tracked and artillery. Furthermore, the coefficients of 
friction and wear were evaluated on these steels. The functional surfaces of heat-treated steels were ana-
lysed after grinding and after gas carburizing. The evaluation of the surface quality results in a deteriora-
tion of the surface roughness and an increase in dimensions after carburizing. The coefficient of friction 
after carburizing reaches a higher value compared to ground surfaces, while the coefficient of wear decre-
ases.  
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 Introduction 

The chemical-heat treatment of steels differs from 
other heat treatment methods in that, besides struc-
tural changes, the chemical composition of the surface 
layer also changes due to the diffusion of certain suit-
able elements into the steel [1]. Chemical-thermal 
treatment is most often carried out with the aim of in-
creasing the surface hardness, wear resistance, re-
sistance to cyclic loading (fatigue), or increase the cor-
rosion resistance, eventually increase the surface heat 
resistance [2, 3]. 

Between chemical-heat treatment technologies 
that meet the above criteria for increasing the utility 
properties of functional surfaces of stressed compo-
nents belongs carburizing. Carburizing is carbonation 
of the steel surface in a liquid, gaseous or powdery 
(solid) environment at temperatures above A3. The 
purpose of carburizing is to enrich the surface layer of 
low-carbon steel (max. up to 0.3% C) with carbon to 
the under eutectoid, eutectoid or over eutectoid con-
centration [4]. The resulting surface layer after hard-
ening is characterized by high hardness and abrasion 
resistance. Carburizing also increases the fatigue re-
sistance [5, 6]. 

The suitability of this chemical-heat treatment pro-
cess is that a hard martensitic layer is formed on the 
surface of the carburized part. Nevertheless, the core 
of the component remains relatively tough, depending 
on the C content of the steel, its hardenability and its 
cross-section [7]. For this reason, carburizing is mainly 
used for parts which are strain by abrasion (shafts, 

pins, gears, cams, etc.) [8]. In military technology car-
burized components are used especially in dynamically 
highly stressed parts such as gear and disk wheels of 
gearboxes, auxiliary transmissions, gearboxes, reduc-
tions in wheels, differentials and belt gear, as well as 
engine crankshafts, piston pins, valve lifters, pinions, 
grooved shafts, pulleys, gear couplings, etc. 

At present, modification of carburizing in a gase-
ous environment, such as vacuum carburizing (LPC - 
low pressure carburizing), is often used. Vacuum car-
burizing takes place at pressures of 1.3 - 26.7 kPa (1 - 
20 Torres) and temperatures of 830 ° C - 980 ° C [8]. 
It is a non-equilibrium process of carburizing the sur-
face of a component at very low pressure under the 
action of a partial pressure of gaseous hydrocarbons, 
in which the carbonation and diffusion regions alter-
nate. Compared to standard carburizing in gas, vac-
uum carburizing has the advantage of more precise 
control of the carburizing process and an exactly con-
trollable layer thickness. Another advantage of vac-
uum carburizing is that essentially no intercrystalline 
oxidation occurs in vacuum furnaces. Also, the times 
required to achieve an equally thick carburized layer 
are shorter [10]. Vacuum carburizing is mainly used in 
the automotive industry, thanks to the cleanliness of 
the working environment and the cleanliness of the 
components after carburizing.  Thanks to gas quench-
ing, the components do not need to be scrubbed after 
carburizing to remove dirt that adheres to the surface 
after quenching in oil. Gas-quenched components in 
vacuum furnaces suffer less deformation than after 
quenching in oil [11]. 
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This paper deals with the evaluation of surface 
quality of carburizing steels 16MnCr5 and 14NiCr14, 
which are used in a wide range of applications in mili-
tary technology. Carburizing applied to ground sur-
faces usually causes a change in the texture of the sur-
face, which affects the functional properties of the 
surface (friction and wear, noise, lubricating proper-
ties). In addition, the dimensions of the components 
are increased, leading to changes in the tolerance clas-
ses (e.g. gear wheels) and the need for additional grind-
ing operations. Vacuum carburizing largely eliminates 
these negatives, compared to conventional carburizing 
in gas, but fails to eliminate them completely. 

 Results and discussion 

Experimental samples of 90 mm x 30 mm x 20 mm 
were made from selected steels (see Fig. 1). Ten sam-
ples were made from each steel, five pieces for analysis 
of ground surfaces and five pieces for analysis of car-
burized surfaces. 

 
Fig. 1 Experimental sample 

2.1 Chemical composition analysis 

In the evaluated steels, the chemical composition 
was first analyzed. Chemical composition analysis was 
performed on a Bruker-Quatron optical emission 
spectrometer labeled Tasman Q4. The results of the 
chemical composition and its comparison with the 
standards are documented in Table 1.

Tab. 1 Chemical composition of evaluated steels 16MnCr5 and 14NiCr14 [wt. %] 
 Elements 

Steel C Mn Si Cr Ni P S 

16MnCr5 

DIN Standard 
0.14 – 0.19 1.10 – 1.40 0.17 – 0.37 0.80 – 1.10 - max. 0.035 max. 0.035 

Tasman Q4 
0.15 1.19 0.26 1.05 0.39 0.009 0.005 

14NiCr14 

DIN Standard 
0.10 – 0.17 0.30 – 0.60 0.17 – 0.37 0.60 – 0.90 3.20 – 3.70 max. 0.035 max. 0.035 

Tasman Q4 
0.07 0.60 0.27 0.80 3.35 0.009 0.006 

2.2 Heat treatment and chemical-heat treatment 

Heat treatment of steels consisted of normalization 
annealing, quenching and tempering. Normalization 
annealing is a necessary heat treatment of steels before 
quenching and tempering. The aim of the heat treat-
ment was to obtain a sorbitic structure with a favora-
ble combination of mechanical properties. The sor-
bitic structure can only be created by tempering mar-
tensite. This structure was required for the reference 

(ground) samples, but the same process of heat treat-
ment was applied in case of samples before carburiz-
ing (all samples were placed in one batch.). In order to 
prevent anisothermal embrittlement of the evaluated 
steels, the samples were rapidly cooled into water after 
tempering. During rapid cooling, the precipitation of 
fine particles of complex carbides along the bounda-
ries of the martensitic needles, which lie along the 
original boundaries of the austenitic grains, is limited 
[12]. The heat treatment parameters are given in Table 
2.

Tab. 2 Parameters of heat treatment of steels 16MnCr5 and 14NiCr14 
 Parameters of heat-treatment 

Steel Normalization annealing Quenching Tempering 
16MnCr5 910 °C / 45 min / air 870 °C / 45 min / water 600 °C / 100 min / water 
14NiCr14 850 °C / 45 min / air 840 °C / 45 min / water 600 °C / 100 min / water 
 
Evaluated surfaces of experimental samples after 

heat treatment were ground on a surface grinder BPH 
300 with the aim to achieve surface roughness Ra = 
0.4 µm. The speed of the grinding wheel was set to 
2400 rpm, the table shift was 10 m/min, the grinding 
wheel type 98A46J9V40 (J hardness). During grinding, 

the ground surfaces were cooled with Idazox HB 20 
coolant. The concentration of coolant was 5% (1:20). 

Vacuum carburizing was carried out in the BMI 
furnace. The parameters of carburizing are shown in 
Table 3. 



July 2020, Vol. 20, No. 2 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

154  indexed on: http://www.scopus.com  

Tab. 3 Parameters of carburizing of steels 16MnCr5 and 14NiCr14 
Temperature [°C] Pressure [Pa] Time [h] Atmosphere 

1000 102 – 104 1 Methan 

2.3 Metallographic analysis 

Metallographic evaluation of experimental samples 
was performed after chemical-heat treatment. The 
analysis included an assessment of the resulting struc-
ture after heat and chemical-heat treatment, which is 
illustrated in Fig. 2 and Fig. 3. Metallographic analysis 
was performed using an Olympus Lext OLS 3000 la-
ser confocal microscope. In the case of 16MnCr5 

steel, the structure consists of tempered martensite 
and sorbite after tempering. The same structure was 
achieved also with 14NiCr14 steel. A lower magnifica-
tion for carburized steels was chosen to document the 
entire carburized layer. The 16MnCr5 steel shows the 
eutectoid composition of the carburized layer which 
passes into the core of the part without a distinct un-
der eutectoid layer. The eutectoid and under eutectoid 
composition of the carburized layer is apparent in 
14NiCr14 steel.

  
Tempered Nital 5% 100x Carburized Nital 5% 10x 

Fig. 2  Microstructure of 16MnCr5 steel 
 

  
Tempered Nital 5% 100x Carburized Nital 5% 10x 

Fig. 3  Microstructure of 14NiCr14 steel 

2.4 Measurement of carburized layer depth 

The depth of the carburized layer was documented 
by an indirect microhardness measurement method 
on an LM 247AT Leco automated microhardness 
tester using a load of 1000 g (HV 1) for 10 s. The layer 
depth reference value was selected in accordance with 

ISO 18203 at 550 HV [13]. Five measurements were 
made on each steel. In the case of 16MnCr5 steel the 
depth of the carburized layer was measured on value 
1.19 mm ± 0.013 mm, in the case of 14NiCr14 the 
depth of the carburized layer was 1.11 mm ± 0.014 
mm. Figures 4 and 5 show the microhardness curves 
of selected measurements of evaluated steels. 
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Fig. 4 The course of microhardness of carburized layer – steel 16MnCr5 

 
Fig. 5 The course of microhardness of carburized layer – steel 14NiCr14

2.5 Measurement of surface hardness 

One of the important parameters of the surface 
layer is its hardness. Surface hardness was measured 
by the Vickers method. The load value was selected 10 
kg (HV 10), load time 10 s. The measurement was per-

formed on a LECO LV800AT hardness tester. Sur-
face hardness measurements were performed on three 
samples, always at three locations on each sample. The 
graph of Fig. 6 shows the results of the surface hard-
ness measurement. It is clear from the results of the 
surface hardness measurement that both steels 
reached to a three-fold increase in surface hardness. 

 
Fig. 6 Results of surface hardness measurement
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2.6 Measurement of friction coefficient and scratch 
resistence 

Furthermore, the coefficient of friction (COF) and 
scratch resistance were evaluated in experimental sam-
ples. The friction coefficient was measured by a 
scratch test on a Bruker UMT-3 tribometer. The 

scratch test was performed on three tempered samples 
with ground surfaces and on three carburized samples 
from each steel. Three measurements were performed 
on each sample. Table 4 shows the scratch test param-
eters. The results of the friction coefficient measure-
ments are shown graphically in Fig. 7.

Tab. 4 Scratch test parameters 
Indenter Tip radius Cone angle Load Speed Track length 
Rockwell 200 µm 120° 100 N 0.20 mm/s 10 mm 

 

Fig. 7 Results of coefficient of friction (COF)

The results of Fig. 7 show a decrease in the coeffi-
cient of friction of the carburized surfaces of both 
steels, which is more than 100%.  

The scratch resistance of ground and carburized 
surfaces was calculated according to the formula [14]: 

 ��� � �����  (1) 

Where: HSP – scratch hardness number (GPa), P – 
normal force (N) and w – scratch width (m). 

The scratch resistance involves applying the 
scratch to the surface of the experimental sample by 
moving the indenter along a specific path at constant 
normal force and constant speed. The value of the av-
erage scratch width is used to calculate the degree of 
surface hardness in units of pressure. The higher the 
pressure value of the indenter penetration into the ma-
terial being evaluated, the higher the scratch re-
sistance. 

The width of the wear trace w, necessary for the 
calculation of the scratch resistance, was obtained by 
measuring scratches generated by the scratch test (Fig. 
8), using an inductive touch sensor on the universal 
measuring machine TalySurf CLI 1000. Three meas-
urements were taken at each scratch at 2 mm, 5 mm 

and 8 mm distances from the start of the scratch. The 
wear trace widths were evaluated using the TalyMap 
software (Fig. 9). 

 
Fig. 8 Traces of wear on the ground surface of the experimen-

tal sample, magnified 6.3x 
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Fig. 9 Display of wear trace width measurement with TalyMap software 
 
The results of scratch resistance of evaluated steels 

are summarized in the graph in Fig. 10. It is apparent 
from the graph that the scratch resistance of carbu-
rized samples increased almost three times compared 
to ground surfaces of tempered steels. The achieved 

values of scratch resistance of the surface reached al-
most the same values for both types of surfaces in 
both analyzed steels. The scratch resistance results 
correlate with the surface hardness measurement re-
sults (see Fig. 6). 

 
Fig. 10 – Scratch resistance of evaluated steels

2.7 Measurement of dimensions 

All experimental samples of both steels were di-
mensionally measured after heat treatment. The fore-
heads of the samples, as well as the remaining surfaces, 
were ground. The aim of the measurement was to de-
termine the increase in the size of experimental sam-
ples after cementation between the foreheads of sam-
ples. The measurement was carried out using a touch 
sensor and a Werth ScopeCheck 3D coordinate meas-
uring machine (see Fig. 11). The measurement con-
sisted of placing the sample on the measuring table, 
levelling it in the coordinate system, and creating the 

measurement strategy. The distance of both sample 
foreheads was measured, and 25 points were meas-
ured at each sample forehead, which was used to cre-
ate a plane in the WinWerth software. The same pro-
cedure was repeated on the other side of the sample. 
The center distance of both planes was evaluated as 
the reference distance of the forehands of samples. 

The results of the measurement of the dimensions 
increase after carburizing are documented by the 
graph in Fig. 12. The graph shows that the experi-
mental samples of 16MnCr5 steel achieved a length 
increase of 0.015 mm after carburizing. In case 



July 2020, Vol. 20, No. 2 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

158  indexed on: http://www.scopus.com  

of14NiCr14 steel, the dimensional increase was 0.047 
mm after carburizing. 

 

Fig. 11 Measurement of dimensions of experimental samples 

 
Fig. 12 Results of measurement of changes of the dimensions 

of experimental samples 

2.8 Measurement of surface texture 

Together with increasing of the dimensions of car-
burized samples, the texture of the surface was 
changed. Texture analysis was performed using a co-
herent correlation interferometer TalySurf CCI Lite 
and evaluated using the TalyMap Platinum software. 
Table 5 shows the basic measurement parameters.

Tab. 5 Surface texture measurement parameters 

Measured area Number of roughness 
profiles 

Resolution Filtration 

0.8 mm x 0.8 mm 1024 0.1 nm Gauss – 0.8 mm 
 
The change in surface roughness was analysed by 

the amplitude parameters Ra, Rq, Rz and Rt, the sur-
face waviness was analysed by the amplitude parame-
ters Wa, Wq, Wz and Wt. The roughness profiles of 
the ground surfaces and surfaces after carburizing of 
the experimental samples are for both steels illustrated 
in Figures 13 and 14. This is the mean roughness pro-
file from a total of 1024 profiles. 

The carburized surface of the 16MnCr5 steel sam-
ple shows more dominant peaks and valleys than the 
ground surface. 

The ground and carburized surface of 14NiCr14 
steel shows similar microgeometry. However, sharper 
peaks are visible on the carburized surface. 

The results of surface roughness and waviness 
measurements are shown in Table 6 for 16MnCr5 
steel and Table 7 for 14NiCr14 steel.

 
a) 

 
b) 

Fig. 13 Surface roughness profiles of steel 16MnCr5; a) ground surface, b) carburized surface 
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a) 

 
b) 

Fig. 14 Surface roughness profiles of steel 14NiCr14; a) ground surface, b) carburized surface

The difference in surface roughness of 16MnCr5 
steel is not significant for the ground and carburized 
surface. Greater difference was measured for peak pa-
rameters Rz and Rt, which indicates higher peaks and 
deeper valleys for the carburized surface. This can 
cause the formation of more frictional particles in the 

running-in of the carburized parts (the tip of the peaks 
breaks under load), eventually greater deformation of 
the loaded surface. The waviness parameters did not 
change after carburizing and correspond to the 
ground surfaces.

Tab. 6 Results of surface roughness and waviness parameters of steel 16MnCr5 

Parameter 
16MnCr5 

Difference (µm) 
Ground (µm) Carburized (µm) 

Ra 0.37 ± 0.03 0.46 ± 0.04 0.09 
Rq 0.46 ± 0.04 0.57 ± 0.04 0.11 
Rz 2.19 ± 0.15 2.62 ± 0.17 0.43 
Rt 2.64 ± 0.19 3.10 ± 0.20 0.46 
Wa 0.11 ± 0.03 0.11 ± 0.03 0.00 
Wq 0.12 ± 0.03 0.13 ± 0.03 0.01 
Wz 0.37 ± 0.10 0.37 ± 0.09 0.00 
Wt 0.51 ± 0.14 0.52 ± 0.10 0.01 

Tab. 7 Results of surface roughness and waviness parameters of steel 14NiCr14 

Parameter 
14NiCr14 

Difference (µm) 
Ground (µm) Carburized (µm) 

Ra 0.51 ± 0.04 0.53 ± 0.06 0.02 
Rq 0.66 ± 0.05 0.66 ± 0.07 0.00 
Rz 3.00 ± 0.21 3.03 ± 0.29 0.03 
Rt 3.35 ± 0.17 3.48 ± 0.27 0.13 
Wa 0.14 ± 0.03 0.20 ± 0.02 0.06 
Wq 0.16 ± 0.04 0.23 ± 0.02 0.07 
Wz 0.47 ± 0.09 0.65 ± 0.06 0.18 
Wt 0.66 ± 0.17 0.82 ± 0.09 0.16 
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In the case of 14NiCr14 steel, the same surface 
roughness values as for ground surfaces were achieved 
after carburizing. A slight increase in values was ob-
served only for the parameter Rt, which may be caused 
by a unique random peak. Significant differences were 
achieved in the case of surface waviness, which in-
creased in the monitored parameters after carburizing. 

In addition to 2D parameters, 3D surface parame-
ters were analysed for a more comprehensive descrip-
tion of surface microgeometry. From 3D parameters 
were selected Sa, Sq, Sz and St, which are equivalents 
to 2D roughness parameters. However, 3D parame-
ters are related to the whole evaluated area. Tables 8 
and 9 show the results of measuring 3D surface pa-
rameters.

Tab. 8 Results of 3D parameters of surface texture – steel 16MnCr5 

Parameter 
16MnCr5 

Difference (µm) 
Ground (µm) Carburized (µm) 

Sa 0.41 ± 0.03 0.51 ± 0.05 0.10 
Sq 0.53 ± 0.02 0.64 ± 0.07 0.11 
Sz 3.04 ± 0.16 3.22 ± 0.21 0.18 
St 3.06 ± 0.13 3.23 ± 0.27 0.17 

Tab. 9 Results of 3D parameters of surface texture – steel 14NiCr14 

Parameter 
14NiCr14 

Difference (µm) 
Ground (µm) Carburized (µm) 

Sa 0.61 ± 0.05 0.62 ± 0.02 0.01 
Sq 0.75 ± 0.06 0.77 ± 0.05 0.02 
Sz 3.88 ± 0.19 3.93 ± 0.24 0.05 
St 3.88 ± 0.11 3.94 ± 0.18 0.06 

 
It is clear from the results of 3D surface area meas-

urements that the evaluated parameters slightly in-
creased after carburizing of 16MnCr5 steel. In case of 
14NiCr14 steel the increase of evaluated parameters is 
negligible and it can be said that 3D surface parame-
ters did not change after carburizing. 

 Conclusion 

The article dealt with the evaluation of the quality 
of carburized surfaces of 16MnCr5 and 14NiCr14 
steels, which are widely used in applications for mili-
tary technology. A progressive vacuum carburizing 
method was chosen for chemical-heat treatment, 
which, compared to other carburizing methods, 
causes a minimal increase in the dimensions of the car-
burized parts. The following conclusions can be 
drawn from the results achieved: 

 a similar depth of the carburized layer was 
achieved in both steels at use of the same pa-
rameters of carburizing process, 

 surface hardness increased by 170.3 HV 10 
for 16MnCr5 steel and 146.2 HV 10 for 
14NiCr14 steel after carburizing, 

 for carburized surfaces, the coefficient of 
friction (COF) decreased by 0.234 for 
16MnCr5 steel and by 0.282 for 14NiCr14 
steel, 

 carburizing resulted in an increase in the 

scratch resistance value of HSp by 37.86 GPa 
for 16MnCr5 steel and 40.56 GPa for 
14NiCR14 steel, 

 carburizing resulted in an increase in the di-
mensions of the experimental samples by 
0.015 mm (16MnCr5 steel) and 0.047 mm 
(14NiCr14 steel), 

 16MnCr5 steel occurred to slightly increase 
roughness after carburizing, the waviness pa-
rameters remained the same as for ground 
surfaces, 

 14NiCr14 steel achieved the same roughness 
parameters after carburizing as for ground 
surfaces, the waviness parameters slightly 
increased, 

 for steel 16MnCr5 a slight increase of 3D sur-
face parameters was achieved after carburi-
zing, these parameters remained almost un-
changed in case of steel 14NiCr14. 

 
The results show the suitability of the selected 

chemical-heat treatment technology for selected 
steels, which leads to an increase in mechanical param-
eters affecting the service life of functional surfaces. 
The selected type of carburizing led only to a slight 
increase in surface roughness and waviness of selected 
steels and to a small increase in dimensions. 
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