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 Abstract  The purpose of the paper was to test how the content of carbon and alloying elements in steels influence the 
structure and properties of boronized layers. The following grades of steels were used during the tests:  C45, 
C99U, 41Cr4, 42CrMo4, 45SG, 50HS, 60G, and 102Cr6. In the process of boronizing, the two-phase layer 
of borides of FeB and Fe2B were obtained on the tested steels with a hardness from 1900 HV0.1 for boride 
FeB to 1600 HV0.1 for Fe2B, irrespective of the chemical composition of the core/substrate. As the content 
of carbon and alloying elements in steels increase, the structure of borides becomes more compact, and the 
needles are thicker. The richer in alloying elements the core and the more carbon in steel, the thinner is the 
boride layer. After boronizing, the layer of FeB and Fe2B with a thickness of approx. 110 µm for C45 steel to 
approx. 90 µm for 102Cr6 steel was obtained. The test results indicate that the brittleness of borides increases 
in steels with the addition of Cr, and it decreases in steels containing Si and Mn. The highest wear resistance 
was obtained in steel 102Cr6.  

 Słowa kluczowe: borowanie, mikrostruktura, twardość, kruchość, zużycie przez tarcie.

 Streszczenie  Zbadano wpływ zawartości węgla i dodatków stopowych w stali na strukturę i  właściwości warstw borowa-
nych. Do badań zastosowano stale: C45, C99U, 41Cr4, 42CrMo4, 45SG, 50HS, 60G i 102Cr6. W procesie 
borowania na badanych stalach uzyskano dwufazową warstwę borków żelaza FeB i Fe2B o twardości ok. 
1900 HV0.1 dla borku FeB i 1600 HV0.1 dla Fe2B, niezależnie od składu chemicznego podłoża. Wraz ze 
wzrostem zawartości węgla w stali oraz dodatków stopowych struktura borków jest bardziej zwarta, igły są 
grubsze. Im bogatsze jest podłoże w dodatki stopowe i im więcej węgla w stali, tym warstwa jest cieńsza. Po 
borowaniu otrzymano warstwę borków żelaza FeB-Fe2B o grubości od ok. 110 µm dla stali C45 do ok. 90 µm 
dla stali 102Cr6. Z przeprowadzonych badań wynika, że kruchość warstw borków rośnie dla stali z dodatkiem 
Cr, a maleje dla stali zawierających Si oraz Mn. Najwyższą odporność na zużycie uzyskano w stali 102Cr6.

intrOductiOn 

Requirements concerning the quality and functionality 
of materials used in the modern industry are continually 
increasing. The surfaces of machine and tool elements are 
exposed to friction, corrosion-aggressive environments, 
or oxidation in higher temperatures.

The requirements that surface layers have to meet 
include appropriate hardness and toughness as well 
as resistance to frictional wear and brittle fracture. 
Additionally, the surface layer should be characterized 
by a perfect adhesion to the core/substrate and 
moderately mild transition into the structure of the core. 

The presence of compressive stresses on the surface is 
also essential. The boronized surface layers possess the 
above-mentioned properties [l. 1–3].

Diffusional boronizing is a technological process 
resulting in a layer with high hardness and wear 
resistance, and steel products coated with such layers are 
designed to work in highly demanding conditions with 
the parameters mentioned above. In addition, boronized 
layers guarantee heat resistance at temperatures of 
approx. 800oC, and corrosion resistance in a number of 
acidic and alkaline solutions. Thanks to their resistance 
to melted metals and alloys, they function as protection 
for equipment used in casting shops [l. 1, 2].
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However, boronized layers have also a disadvantage 
– brittleness resulting from the differences in physical 
properties (thickness and coefficients of thermal 
expansion) of two boride phases: FeB and Fe2B. The 
solution to this problem can be a formation of only 
Fe2B layers, which are characterized by favourable 
compressive stresses [l. 2, 3], but the maximum 
hardness which we can obtain with these kinds of borides 
is 1600–1800 HV; whereas, for diffusional FeB+ Fe2B, 
it can be even 2000–2300 HV [l. 1, 3].

Diffusional boronizing can be carried out by 
a number of ways, i.e. the powder method [l. 6, 11, 19], 
by applying pastes, the bath and gaseous method [l. 2, 
5, 14],  as well as by using glow discharge [l. 4] or 
laser radiation [l. 5]. This process is carried out in the 
temperature range from 800–1000°C and within the time 
of 2–8 h. In recent years, boronizing for steel, cast iron 
[l. 5–13], as well as other metal alloys, such as nickel or 
titanium, have been used [l. 14, 15].

Because of the conducted process of steel 
boronizing, the surface layer consists of FeB boride as 
well as Fe2B boride located beneath it. This layer has 
a maximum thickness up to 0.3 mm, but the optimal 
thickness is up to approx. 150 µm. Further down towards 
the core, there is a several-millimetre layer of boron 
solution whose content in iron is 0.002–0.005% mass.

This paper presents the results of the research into 
boronized layers formed on non-alloy and alloy steels 
with various carbon content and with different alloying 
elements, such as Cr, Mo, Si, and Mn. Boronized layers 
were subjected to the analysis of microstructure and 
hardness, resistance to brittle facture, and frictional wear 
resistance.

reseArch  PurPOse,  
scOPe  And  methOdOlOgy

The purpose of this paper was to examine the influence 
of various grades of steel on the effects of boronizing 
such as microstructure and properties. 

Grades of steel to be tested were selected in a way 
that would allow determining the influence of carbon 
and alloying elements on brittleness and hardness and 
frictional wear resistance of boronized layers. The 
chemical compositions of the tested steels are presented 
in table 1. Among these steels, there are ones including 
C45, 41Cr4, and 42CrMo4, which are used for thermal 
improvement, and tool steels C90U and 102Cr6. For 
spring steels, 45SG, 60G, and 50HS, there are no 
equivalents according to the European norms. 

The samples subjected to the boronizing process 
were ring-shaped with the following dimensions: 20 mm 
in external diameter, 12 mm in internal diameter, and 
12 mm in height. The samples were boronized by means 
of the gas-contact method using amorphous boron, KBF4 
as an activator as well as black carbon as filler. The 

prepared retorts with the samples were put in an electric 
chamber furnace where the boronizing process took place. 
The temperature was 950oC; after the retort was heated 
for 40 minutes, the boronizing process lasted 4 hours. 
After the boronizing process, the samples intended to 
be tested for frictional wear resistance were subjected 
to the hardening process in water (non-alloy steels) and 
oil (alloy steels) from the austenitization temperature of 
850°C and then tempered at 150oC for l hour [l. 17].

table 1.  chemical composition of steels and the thickness 
of the boronized layer

Tabela 1.  Skład chemiczny stali i grubość warstwy borowanej  

The tests of the microstructure of boronized layers 
were carried out on a Carl Zeiss Jena optical microscope 
on metallographic microsections etched with a 2% 
solution of Nital. The thicknesses of the layers as well 
as their hardness on microsections were measured 
through Vickers method by means of a Zwick hardness 
tester using the load of 100 G (HV0.1). It was found 
that, as the load on the penetrator increases, there is 
a decrease in dispersion in results, and, at the same time, 
the value of hardness decreases. As the load decreases, 
there is a tendency to overestimate the level of hardness. 
The most appropriate load on the penetrator is 100 G 
(0.98 N) [l. 1].

In order to determine the fracture toughness of 
diffusion layers, the Palmqvist method was adopted  
[l.  16]  in which the measurement of Vickers hardness 
is used with a  load of 200 G (1,961 N). This method 
measures diagonal indentations as well as the lengths 
of the outgoing cracks expediting from each corner of 
the indentation. The measure of the susceptibility of 
boronized layers to sudden brittle fracture is their critical 
stress intensity factor KC expressed in the following 
correlation [l. 2, 6, 17–19]:

KC = AP/c3/2 [MPa m ]                      (1)

A = 0.028(E/H)1/2                                               (2)

where: P  –  load [N],
 c  –  radial crack length measured from the center 

of indentation [m],
 E – Young's modulus [MPa]: FeB – 6,0 ⋅ 105 

[MPa];  Fe2B – 2,9 ⋅105 [MPa],
 H – hardness [MPa].
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In order to determine the frictional wear resistance, 
the sample mass loss during friction was tested and mass 
wear coefficient Iw was determined. The tests were 
carried out by means of an AMSLER type measuring 
instrument with the following settings: a ring (the 
boronized sample) – a plate made of tungsten carbide 
S20S with a hardness of 1430 HV0.1. The samples 
rubbed against one another at a rotational speed of 
250 rev/min under the load P = 147N for a time of 
t =1–5 h. On the basis of sample mass measurements 
which were taken every 30 minutes, mass wear intensity 
coefficient Iw was calculated, taking into account mass 
loss ∆m, friction surface F, as well as time t from the 
correlation: 

Iw = ∆m/F · t [mg/cm2 · h]                     (3)

test results And discussiOn

the microstructure of the boronized steel

figures 1 and 2 show the microstructures of diffusion 
boronized layers obtained on various grades of steel, 
with a zone of needle-like iron borides not etching  each 

other as well as the core which was etched into a darker 
colour. There are two kinds of iron borides in the surface 
layer: FeB on the very surface, and Fe2B in the deeper 
zone. Between the boride needles and under borides, 
there is an increase in the content of carbon, and a perlite 
structure is formed; because, during the diffusion 
process, boron pushes carbon deep into the material. 

In the steels containing silicon: i.e. 45SG and 
50HS, between the boride needles and under them there 
is borosilicate cementite (figs. 1c, 1d). After boronizing 
and heat treatment, the character and thickness of the 
layers do not change, and a martensitic structure is 
formed in the core of the steel. In tool steel 102Cr6, 
below the borides, there are also chromium carbides, and 
the character of the steel in comparison with construction 
steel 41Cr4 becomes less needle-like (figs. 2a, 2b). 

table 1 shows the results of average layer thicknesses, 
calculated based on five measurements of the longest 
needles of iron borides. The layer thickness decreases 
as the content of carbon and alloying elements of steel 
increases. Boronized layers obtained at a temperature of 
950oC in a period of 4 h possess a thickness within the 
range from approx. 87 µm to approx. 113 µm. 

fig. 1. microstructures of boronized steels: a – c45; b – c90u; c – 45SG;  d – 50hS; e – 41cr4; f – 42crmo4; g – 60G; 
h – 102cr6

Rys.1.  Mikrostruktury borowanych stali:a – C45; b – C90U; c – 45SG;  d – 50HS; e – 41Cr4; f – 42CrMo4; g – 60G; h – 102Cr6  
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a)                                                b)             

fig. 2.  microstructures of boronized steels: a  – 41cr4;  
b – 102cr6  

Rys. 2. Mikrostruktury borowanych  stali:  a  – 41Cr4;  
b – 102Cr6 

hardness and brittle fracture 
resistance of boronized steels

figure 3 shows profiles of hardness 
distribution in boronized steels. 
The featured results concern the 
measurements of hardness performed 
on iron borides and the core of steels 
directly after their slow cooling, and 
after hardening, and low tempering. 
Regardless of the grade of steel and 
the heat treatment used, the hardness 
of iron borides stays within the range 
from 1600 to a max 2000 HV0.1 in 
the FeB phase, and from 1400 to 
1600 HV0.1 in the Fe2B phase. The 
dispersion in HV can be attributed to 
the anisotropy of the boride structure 
and results in the hardness [l. 1]. 
The impact of the steel’s chemical 
composition on the hardness of borides 
was not found (fig. 3). A number of 
authors [l. 1] claim that increasing 
the content of carbon in steels causes 
a decrease in the hardness of FeB 
boride and has hardly any effect on the 
hardness of Fe2B boride, whereas the 
addition of Mo and W increases the 
hardness of FeB. 

The hardness of the core 
directly after boronizing stays within 
the range from 200 to 350 HV0.1, 
depending on the content of carbon 
and alloying elements in the tested 
steels. The zone between borides 
needles demonstrates a higher 
hardness of approx. 400–600 HV0.1, 
caused by the presence of cementite 
containing boron and other alloying 
elements found between boride 
needles. After heat hardening, the 
hardness of the core depends mainly 

on the content of carbon, the more carbon in steels, the 
higher is the hardness. The highest hardness in the core is 
found in steels 102Cr6 and C90U (approx. 950 HV0.1) 
(figs. 3b, g). In the remaining medium-carbon steels, 
C45, 41Cr4, 42CrMo4, 45SG, 50HS, and 60G (fig. 3), 
the levels of hardness are comparable, irrespective of the 
alloying elements these steels contain, and reach up to 
approx. 800 HV0.1.

Steel 102Cr6, with the constant boride hardness, 
similar to the other steels, has the highest hardness of the 
core, because of which, the hardness gradient between 
the layer and the core is the smallest (fig. 3g).

figure 4 presents examples Vickers indentations 
along with the cracks expediting from the corners, 
obtained in iron borides of steels C45 and 41Cr4.  

fig. 3.  microhardness profiles on boronized steels without heat treatment (b) 
and after heat treatment (b+h)

Rys. 3.  Profile rozkładu twardości w borowanych stalach  bez  obróbki  cieplnej (B) 
i po obróbce cieplnej (B+H)

a)                          b)

c)                          d)

e)                          f)

g)                          h)
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a)           b)  

fig. 4.  Vickers indentations on iron borides with cracks: 
a) c45 steel; b) 41cr4 steel

Rys. 4.  Odciski Vickersa w borkach żelaza wraz z pęknięcia-
mi: a) stal C45; b) stal 41Cr4

fig. 5.  fracture toughness of boronized steels
Rys. 5.  Odporność na kruche pękanie borowanych stali 

The tests show that on steels with 
chromium 41Cr4 indentations have 
more cracks and they are longer. 
The results of the tests aimed at 
examining the brittleness of iron 
borides expressed in coefficient KC 
are presented in fig. 5. These results 
represent average values calculated 
from five measurements for each 
grade of steel.  The determined brittle 
facture resistance of boronized 
steels expressed in factor KC ranges 
from 5.52 to 7.94 [MPa⋅m1/2]. 

The highest values of KC were obtained for steels 
containing manganese and silicon: 60G, 45SG, 50HS, 
and C90U (and their values are respectively; 7.94; 7.04; 
6.89; 7.06). The lowest values of KC are found in alloy 
steels with chromium: 41Cr4, 42CrMo4 (KC = 5.52 and 
5.62). These results indicate that manganese and silicon 
decrease the brittleness of iron borides, and chromium 
increases the brittleness of iron borides, which conforms 
with the results of the tests presented in other papers 
[l. 6, 19]. The exception is constituted by steel 102Cr6, 
which, with the high content of carbon and despite the 
presence of chromium, has a relatively high value of KC, 
similar to non-alloy steel C45 (6.55 and 6.35[MPa⋅m1/2]).

frictional wear resistance

figures 6a-d show the graphs of mass wear in boronized 
steels as a function of time. Based on mass loss, mass 
wear intensity coefficients Iw were calculated, which are 
also presented in the figures.  

The tests indicate that mass 
wear of steels in the determined 
wear range is linear. The wear 
intensity in boronized and 
thermally hardened non-alloy 
steels C45 and C90U (fig. 6a) is 
lower (Iw = 0.98; 1.16 [mg/cm2 · h]) 
than in alloy steels (figs. 6b-c). 
Alloy steels containing chromium 
(41Cr4) as well as chromium and 
molybdenum (42CrMo4), have 
comparable levels of wear, similar 
to steels with alloying elements 
such as silicon and manganese 
(45SG, 50HS); however, it is 
worth noting that the wear in the 
latter is lower than in steels with 
Cr and Mo, and their wear intensity 
coefficients are, respectively, 
approx. 1.33 and 1.26 [mg/cm2·h].  

figures 6c-d indicate that 
boronized and thermally hardened 
steel 41Cr4 demonstrates a higher 
frictional wear resistance than only 
thermally hardened steel, which is 
influenced by the created residual 
stresses [l. 2, 3]. 

fig. 6. frictional wear resistance of various chemical composition boronized 
steels; (b+h) – boronizing and heat treatment; (h) – heat treatment  

Rys. 6.  Odporność na zużycie przez tarcie borowanych stali o różnym składzie che-
micznym; (B+H) – borowanie i obróbka cieplna;  (H) – obróbka cieplna

a)                           b)

c)                           d)
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Based on the conducted tests, it can be concluded 
that the more carbon in steels (60G, C90U, 102Cr6), the 
higher frictional wear resistance. Of all the boronized 
alloy steels, the lowest wear coefficient is found in steel 
102Cr6 (Iz = 0.74 [mg/cm2·h]). Due to a high content of 
carbon in it, this steel has the smallest hardness gradient 
between the layer and the core, and it demonstrates 
a milder transition from the layer into the core due to 
the presence of chromium carbides in the transition 
layer. It has a relatively low brittleness of borides, and, 
as a result, it has the highest frictional wear resistance. 

The discussed properties result from the synergism 
principle of an aerologic system, which is constituted 
by surface layer–the core [l. 20]. According to this 
principle, it is essential to obtain an appropriately 
formed layer that is well attached to the core, because 
a set of properties is guaranteed by the whole system, 
which means selecting an appropriate technology for 
both the surface layer and the core.

summAry And cOnclusiOn

The conducted tests aimed at examining iron boride 
layers formed on steels with various carbon content and 
alloying elements, including C45, 41Cr4, 42CrMo4, 
45SG, 50HS, 60G, C90U, and 102Cr6 lead to the 
following conclusions:
1.  In the process of boronizing by the gas-contact 

method, we obtain a layer of FeB and FeB borides 
with the thickness and morphology dependent 
on the chemical composition of the core. As the 

carbon content and the level of alloying elements in 
steels increases, the boride structure is less needle-
like, more compact, and the thickness of the layer 
decreases reaching on average approx. 90–110 µm. 

2.  There is no influence of the chemical composition 
of the core on hardness, which, for the FeB phase, is 
approx. 1900 1900 HV0.1, and for the FeB phase, it 
equals 1600 HV0.1. The biggest hardness gradient 
between the boronized layer and the hardened and 
low-tempered core was demonstrated for medium-
carbon steels; whereas, the smallest one was 
demonstrated for steel 102Cr6, which can be justified 
in the chemical composition of these steels.  

3.  The research results confirm that chromium and 
molybdenum additions in steels increase the 
brittleness of borides; whereas, elements that make 
steels ductile, such as manganese and silicon, 
decrease brittleness. Boronized spring steels, 
including 60G, 45SG, and 50HS, demonstrate the 
highest resistance to brittle fracture.

4. Of all the tested steels, the highest resistance to 
frictional wear was found in tool steel 102Cr6, whose 
content of carbon and chromium was high. A high 
resistance to frictional wear is shown by manganese 
spring steel 60G, which also demonstrates the lowest 
brittleness, which is also found in non-alloy steel 
C90U. In comparison with un-boronized construction 
steel 41Cr4, their wear resistance is approx. 1.5–2 
times higher.
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