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Combined surface hardening with boron and carbon was used for low-carbon 5120 steel.
The microstructure, carbon profiles and chosen properties of borided layers produced on
the carburized 5120 steel have been examined. These composite (B + C) layers are termed
borocarburized layers. The microhardness profiles and wear resistance of these layers have
been studied. In the microstructure of the borocarburized layer two zones have been
observed: iron borides (FeB + Fe2B) and a carburized layer. It has been found the depth
(100–125 µm) and microhardness (1500–1900 HV) of iron borides zone. The carbon content
(0.83–1.46 wt pct) and microhardness (950 HV) beneath iron borides zone have been
determined. The microhardness gradient in borocarburized layer has been reduced in
comparison with the only borided layer. An increase of distance from the surface is
accompanied by a decrease of carbon content and microhardness in the carburized zone.
The carbon and microhardness profiles of borided, carburized and borocarburized layers
have been presented. A positive influence of composite layers (B + C) on the wear
resistance was determined. The wear resistance of the borocarburized layer was
determined to be greater in comparison with that for only borided or only carburized
layers. C© 2003 Kluwer Academic Publishers

1. Introduction
Diffusion boriding is a thermochemical treatment that
permits boride layers of good performance properties
to be produced on steels [1–5]. The borided steel sur-
faces exhibit extreme hardness, high wear resistance
and strong corrosion resistance. A prospective line for
future development of this technique is the produc-
tion of multicomponent and composite borided layers.
These layers can be formed using fixed methods. Dur-
ing B-C-nitriding process [6] boron, carbon and nitro-
gen atoms were diffused into the surface of 1045 steel.
This reduces the hardness gradient of the boride layer
to the substrate and improves the mechanical and anti-
corrosion properties in comparison with only borided
layer. In the other process [3, 7, 8] borided layers were
produced using, prior to boriding, electroless (autocat-
alytic) nickel plating of the steel parts to be borided. The
layers thus obtained show a good resistance to frictional
wear and corrosion. The effect of precarburizing treat-
ment on the morphology of the boride layer has been
studied [9]. In this paper the microstructure, carbon pro-
files and chosen properties of borided layers produced
on the previously carburized 5120 steel have been inves-
tigated. These composite diffusion layers were termed
borocarburized layers.

2. Experimental procedure
Chemical composition of AISI 5120 steel used by ex-
periments is presented in Table I.

TABLE I Chemical composition of 5120 steel

C Mn Si Cr Ni Cu P S

0.22 0.70 0.28 0.80 0.13 0.11 0.015 0.022

The carburized layers have been formed in controlled
carburizing atmosphere [10] at 930◦C. The arrange-
ments are shown and described in Fig. 1. The atmo-
sphere of a fixed composition (cracked methanol with
propane-butane gas) has been used. The specimens
were put into the quartz tube (24) and carburized at
two fixed carbon potentials (1.2 and 1.25%C) for 6 h.
Carbon potential Cp was controlled by means of dew-
point measuring system (16) and by pure Fe-C foils
carburized until equilibrium with atmosphere was ob-
tained. Carbon content in pure Fe-C alloy corresponds
to carbon potential of atmosphere. After carburizing the
specimens were slowly cooled in used atmosphere.

Gas boriding [11] was carried out by means of the
apparatus shown in Fig. 2. The specimens were put
into the quartz tube (2). Before boriding the system
was checked to see by vacuummeter (7) that the air
was removed by vacuum pump (5). A gas mixture of
hydrogen and BCl3 (up to 5 vol%) was fed through at
a flow rate of 50 l/h after the furnace (1) had reached a
temperature of 950◦C. Then the furnace was turned up
so that the specimens reached the required temperature.
After heating for 2 h the furnace was moved down and
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Figure 1 The arrangements used by carburizing: (1) methanol; (2) peristaltic miniflow pump; (3) generator of atmosphere; (4) power supply sys-
tem; (5) water cooler; (6) manostat; (7) rotameter; (8) valve; (9) ethyl acetate; (10) thermostat; (11) bottle with propane-butane; (12) manometer;
(13) pressure-reducing valve; (14) U-tube manometer; (15) ruff; (16) dew-point measuring system; (17) temperature measuring system; (18) power
supply system and temperature regulation; (19) carburizing furnace; (20) regulating thermo-element; (21) gas input; (22) gas output; (23) measuring
thermoelement; (24) internal and external quartz tubes; (25) ventilator; (26) motor of ventilator.

Figure 2 The arrangements used by boriding: (1) boriding furnace; (2) quartz tube; (3) power supply system and temperature regulation; (4) temperature
measuring system; (5) vacuum pump; (6) vacuum measuring probe; (7) vacuummeter; (8) bottle with hydrogen; (9) bottle with nitrogen; (10) BCl3;
(11) cryostat; (12) temperature measuring system; (13) Dewar flask with liquid nitrogen; (14) rotameters; (15) manostat; (16) device for rinsing outlet
gases.

the specimens were cooled in used atmosphere. The pa-
rameters of the all the thermochemical processes were
selected as in Table II.

Two types of specimens were investigated. The spec-
imens in the shape of cylinders of about 20 mm dia and
100 mm long were used in the chemical composition
analysis of diffusion layers. Carbon profiles through
carburized and borocarburized layers were determined
by chemical analysis of successive layers. The polished
cross-sections were observed by use of a SEM Philips
XL 30. Carbon contents underneath the iron borides

TABLE I I The parameters of thermochemical processes

Carburizing parameters Boriding parameters

Cp Temp. Time Temp. Time
Type of process (wt pct) (◦C) (h) (◦C) (h)

Carburizing (1) 1.25 930 6 – –
Carburizing (2) 1.20 930 6 – –
Boriding – – – 950 2
Borocarburizing (1) 1.25 930 6 950 2
Borocarburizing (2) 1.20 930 6 950 2

Cp - Carbon potential [wt pct].
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Figure 3 Scheme of wear. P = 147 N, rotational speed n = 250 min−1.

after boriding and borocarburizing were measured by
an EDAX X-ray microanalyser equipped with EDS, us-
ing a 35◦ take-off angle. The accelerating voltage was
12 kV. The detector Si(Li) with ultra thin window, stan-
dardless quantitative analysis, matrix correction algo-
rithms ZAF for SEM bulk analysis have been applied.
The second type of specimens was used to research the
functional properties. To examine frictional wear resis-
tance of the diffusion layers a research apparatus, in
which a roller constitutes a sample and sintered car-
bide plate a countersample, has been applied (Fig. 3).
The frictional tests have been made under the load-
ing P = 147 N and the sample speed of 0.26 m/s, under
conditions of dry friction (unlubricated sliding contact).
Wear resistance has been defined as specimen mass loss
per friction surface and unit of time. The coefficient of
wear intensity Iz was determined as: Iz = �m/(Ft),
where: �m is the mass loss (mg); F is the friction
surface (cm2); t is the friction time (h). To determine
microhardness profiles (Vickers method) the apparatus
ZWICK 3212 B has been applied.

Before the microhardness and wear resistance tests
carburized, borided and borocarburized specimens
were oil quenched from 850◦C and tempered at 150◦C.

3. Results and discussion
3.1. Microstructure of borocarburized layers
Microstructures of cross-sections of borocarburized
and hardened layers are shown in Figs 4 and 5. Two

Figure 4 Microstructure of borocarburized (1) and hardened 5120 steel.

TABLE I I I The results of carbon content measurements

Cs after carburizing Cb after boriding
Type of process (wt pct) (wt pct)

Carburizing (1) 2.4 –
Carburizing (2) 1.4 –
Boriding 0.22a 0.6
Borocarburizing (1) 2.4 1.46
Borocarburizing (2) 1.4 0.83

Cs - Carbon content at the surface after carburizing.
a - Carbon content in 5120 steel before boriding.
Cb - Carbon content under the iron borides after boriding.

Figure 5 Microstructure of borocarburized (2) and hardened 5120 steel.

zones in borocarburized layer are visible: an iron
borides zone (FeB + Fe2B) and a carburized zone. The
iron borides zone after borocarburizing (1) exhibits
lower case depth than that obtained after borocarburiz-
ing (2). The iron borides zone (FeB + Fe2B) after first
process reached a thickness about 100 µm, and after
second—about 125 µm. It is an effect of fixed car-
bon content at the surface before boriding and it is in
agreement with other results [9]. The higher cementite
content beneath the iron borides were observed after
borocarburizing (1).

The research results of carbon content at the surface
after carburizing (Cs) and beneath iron borides after
boriding (Cb) are presented in Table III.

The essential influence of chromium in 5120 steel
on the carbon activity in austenite during carburizing
[10] was demonstrated. The carbon content at the sur-
face obtained after carburizing is higher, than that deter-
mined from gas composition of the carburizing atmo-
sphere (carbon potential). The carburizing (1) at higher
carbon potential (1.25%C) is accompanied by higher
carbon content at the surface (2.4%Cs). After boriding
of previously carburized 5120 steel (borocarburizing 1)
carbon content 1.46%Cb was determined beneath iron
borides. In the second case (borocarburizing 2) the
carbon content 1.4%Cs and 0.83%Cb were obtained
respectively.
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Figure 6 Carbon profiles in carburized (1) and borocarburized (1) layers.

Figure 7 Carbon profiles in carburized (2) and borocarburized (2) layers.

3.2. Carbon profiles after carburizing
and borocarburizing

The carbon profiles after carburizing and beneath the
iron borides zone in borocarburized layers are shown in
Figs 6 and 7. The carbon potential of carburizing atmo-
sphere has an influence on carbon profiles. At higher
carbon potential (1.25%) the higher carbon content at
the surface and the higher case depth were obtained.
During the boriding of carburized layer the carbon is
moved in a core direction by following the boron diffu-
sion front. This is also caused by the difference in car-
bon activity between surface area and core of steel. In
effect the decrease of carbon content under iron borides
and increase in the core of steel have been observed.
The lower carbon content gradient underneath the iron
boride zone after borocarburizing (2), than after boro-
carburizing (1) has been determined.

3.3. Microhardness of borided, carburized
and borocarburized layers

The microhardness profiles in hardened diffusion layers
up to 0.5 mm of case depth are presented in Figs 8 and 9.
The highest microhardness at the surface after boriding
and borocarburizing was obtained. The microhardness
of the iron borides zone (FeB + Fe2B) 1500–1850 HV
has been determined. The higher microhardness (about
1850 HV) is caused by the presence of iron borides FeB
in the surface zone. The lower values (about 1500 HV)
are accompanied by iron borides Fe2B. After borocar-
burizing (2) a slightly higher microhardness of iron
borides has been observed than that after borocarbur-
izing (1). The microhardness of hardened carburizing
layer at the surface (950 HV) has been determined.

Figure 8 Microhardness profiles in hardened diffusion layers after
boriding, carburizing (1) and borocarburizing (1).

Figure 9 Microhardness profiles in hardened diffusion layers after
boriding, carburizing (2) and borocarburizing (2).

Figure 10 Microhardness profiles in carburized layer after carburizing
(1) and borocarburizing (1).

A lower gradient of microhardness of the iron boride
zone to the substrate in borocarburized layers in com-
parison with the only borided layer has been observed.
The microhardness of the borocarburized layers below
iron borides (950 HV) is higher than that obtained by
boriding process (500 HV).

The comparison of microhardness profiles of the car-
burized zone after carburizing and borocarburizing (be-
neath the iron borides zone) are shown in Figs 10 and 11.
The microhardness below the iron borides zone is the
same as that obtained at the surface of only carbur-
ized layers (950 HV). An increase of the distance from
the surface is accompanied by a decrease in the micro-
hardness, but higher values were observed in case of
borocarburized layers. It is related to the appearance of
higher carbon contents in comparison with only carbur-
ized layers.

272



T ABL E IV The results of wear resistance research

Wear intensity coefficient
Type of process Iz (mg/(cm2 h))

Carburizing (1) 1.56
Carburizing (2) 1.73
Boriding 1.67
Borocarburizing (1) 1.01
Borocarburizing (2) 1.34

Figure 11 Microhardness profiles in carburized layer after carburizing
(2) and borocarburizing (2).

3.4. Resistance to wear
The results of wear resistance research are presented
in Table IV. The lowest values of wear intensity coeffi-
cient have been observed in the case of borocarburized
layers. Composite diffusion layers (B + C) have a posi-
tive influence on the wear resistance. When comparing
the resistance to frictional wear of the borided layers on
steel previously subjected or not subjected to carburiza-
tion, we can see that the borided layers formed on car-
burized steel show a higher resistance to frictional wear.

Figure 12 Weight wear of the borided, carburized (1) and borocarbur-
ized (1) layers.

Figure 13 Weight wear of the borided, carburized (2) and borocarbur-
ized (2) layers.

The higher wear resistance of borocarburized layer has
been shown in comparison to only carburized layers,
too. The results of specimen mass loss on a friction
surface unit in a function of friction time are shown
in Figs 12 and 13. The wear intensity coefficients are
defined as the directional coefficients of linear wear
equations.

4. Conclusions
Combined surface hardening with boron and carbon
was proposed for low-carbon 5120 steel. Gas boriding
applied to parts that have been previously carburized en-
ables the production of composite borocarburized lay-
ers. In the microstructure of borocarburized layer two
zones have been observed: iron borides (FeB + Fe2B)
and carburized zone. The depth (100–125 µm) and mi-
crohardness (1500–1900 HV) of iron borides zone have
been found. The depth of this zone and carbon profile
underneath can be controlled by carburizing parame-
ters before boriding. Higher thickness of iron borides
zone and lower gradient of carbon in carburized zone
were observed after borocarburizing (2). In this case the
slightly higher microhardness of the iron borides zone
and the lower carbon content underneath have been ob-
served, too. The gradient of microhardness of the iron
borides zone to the substrate in borocarburized layers
has been reduced in comparison with that of an only
borided layer. The carbon contents (0.83–1.46 wt pct)
and microhardness (950 HV) below iron borides zone
have been determined. An increase of distance from the
surface is accompanied by a gradual decrease of car-
bon content and microhardness in carburized zone. An
advantageous influence of composite (B + C) layers on
the frictional wear resistance has been found. The es-
sentially higher wear resistance of borocarburized layer
has been obtained in comparison with only borided or
only carburized layers.
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