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Abstract: In the present study, cementation steel was
exposed to boronizing process at 950 °C for 6, 8, and 10 h.
Microstructural changes on the surface of the samples
after boron operation were inspected by optical micro-
scope, scanning electron microscope, energy-dispersive
spectroscopy, X-ray diffraction, electron back-scatter
diffraction, and elemental mapping analysis. In addi-
tion, surface roughness, microhardness, and boride layer
thicknesses were measured. The boride layers deposited
on the cementation steel consisted either single or double
phases. The level of boride deposit of all samples was
achieved from 90 to 156 μm. The boride layer created at
950 °C for 10 h involved the FeB and Fe2B. The boride
layers had a much higher hardness value than the sub-
strate material due to the presence of FeB and Fe2B.

Keywords: boronizing; cementation steel; microhardness;
microstructure; surface roughness.

1 Introduction

Industrial boron treatment is generally employed for ferrous
alloys. Since the boronizing process is a diffusion-based
process, the temperature is the main parameter for this
process; therefore, the boronizing process is also applied at
high temperatures to generate the boride deposits on the
surface of iron-based alloys. Therefore, temperature plays a
critical role to achieve the desired boron layer thickness. A
single-phase (Fe2B) or a double-phase boride layer (Fe2Band
FeB) occurs on the surface of steels that are commonly
widely used in the industry [1–3]. However, according to the
chemical content of the substratematerial, the content of the

boride layers may also contain different elements. The FeB
component forms at the upper layer of the substrate mate-
rial, whereas the Fe2B component takes place below the FeB
layer. It is desired that the surface of the boronized material
forms froma single-deposit Fe2B component. This is because
Fe2B and FeB components have different volume and coef-
ficient of thermal expansion, which causes cracks and
breaks on the surface of boronized material after boron
treatment [4–7]. Since the generation of the free energy level
of the boride deposit is negative, the chemical and thermal
stability of the boride deposits are excellent. Accordingly,
compared to other diffusion-based coating techniques
(carburizing and nitriding), boron deposits have a harder
structure. In addition, boride layers formed on the material
surfaces have two main interests on the mechanical prop-
erties of the materials. The first effect is high hardness,
which also increases the wear resistance. The second one is
the sawtooth morphology, which provides the interaction
between the substrate material and the boron layer im-
proves [8–10]. Li et al. [11] observed the effects of boriding
temperature and time on the microstructure and wear
resistance of Cr12Mn2V2. The high temperature and long
processing time produced excellent wear resistance.

In this study, the effect of the boron procedure time on
the boride deposits created at 950 °C process temperature
for 6, 8, and 10 h processing time was experimentally
investigated.

2 Experimental approach

The cementation steel was exposed to the boronizing
treatment at 950 °C for 6, 8, and 10 h. Later, the boronized
samples were flatted by 200–1200 mesh sand paper,
and then polished by 1–3 μm diamond solution. Ekabor II
(5 wt% B4C and 90wt% SiC) was dehumidified at 100 °C for
24 h. As indicated in Figure 1, the samples were inserted in
the pot. Afterward, to perform the boron treatment, the
samples were heated up at 950 °C for 6, 8, and 10 h by a
digitally controlled Protherm brand furnace. After boron
treatment, the samples were prepared for metallographic
examination. Changes occurring in the microstructure
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were examined by an optical microscope (LEICA DM750), a

scanning electron microscope (SEM: ZEISS EVO LS10)

equipped with an energy-dispersive spectrometer (EDS),

electron back-scatter diffraction (EBSD), and elemental

mapping analysis. The chemical phase composition was

determined by Rigaku brand X-ray diffraction (XRD) at

40 kV, 40mA, CuKα radiation. The microhardness test was

performed under a 30 g load using QNESS Q10M tester.

Mitutoyo SJ-210 model device was utilized to measure the

surface roughness values of the boronized samples.

3 Results and discussion

3.1 Microstructure evaluation of boride
coating

Optical and SEM images of the samples exposed to boro-
nizing at 950 °C for 6, 8, and 10 h are shown in Figures 2
and 3. As stated in the literature, after boron treatment,
there were three different zones in the microstructure such
as boride layer, transition region, and base metal [12, 13].
The presence of alloying elements such as chromium, va-
nadium, and carbon had an opposite effect on the boride
deposit thickness. Also, it was understood that the growth
direction of the layer was toward the substrate material.
Boron atoms were relatively small and had high mobility.
Therefore, they diffused easily from the surface to the
substratematerial. As canbe seen from the optical andSEM
photographs, dense and compact structures were formed
on the substrate material surface after boron treatment.
Besides, the transition zones were clearly visible. The
morphology and the level of the boride deposits could
change according to the chemical content of the substrate
material.

The level of the boride deposit formed at 950 °C for 10 h
was more than the sample boronized for 8 h. The level of
the boride deposit formed at 950 °C for 8 h was higher than
of the sample boronized for 6 h. As seen in SEM photo-
graphs, accordingly, the boride deposit thicknesses were
measured as 90.92 µm for 6 h, 102.68 µm for 8 h, and
156.55 µm for 10 h. Consequently, an increase in the
thickness of the boride deposit was detected with the
increasing process time. Throughout the boron treatment,
boride deposit growth was observed in columnar form due
to anisotropic diffusion of boron atoms. In stainless steel or
iron-based alloys, the alloying elements concentrated at
the tips of the boride deposits prevented the diffusion of the
boron atom into the substrate material. As a result, a
microstructure similar to saw tooth was manufactured
between the layer and the substrate material. Due to the
increase in the boron potential of the boronizing media
(boron atoms activated in the Ekabor powder), increasing
the process time incremented the thickness of the boride
layer. The boron treatment time of 10 h favored a thicker
boride layer than that of 8 h due to the higher reaction time
of the boron atoms. The boron atoms released from Ekabor
powders, then, started diffusing and reacted in order to
form more Fe2B at the Fe2B–alloy interface. As can be seen
from the SEM photographs, the Fe2B layer thickness was
not uniform on the surface of all samples. This was because
the diffusion path was not the same for all samples. The
thinner the Fe2B layer at a certain location, the shorter the
diffusion path. Also, the proportion of boron atoms
dispersed at that location was high. The Fe2B layer grew
faster in thinner regions than in thicker regions. Martini
et al. [14] stated that the alloying element was likely to play
a negative role on the growth mechanism of iron borides.
The alloying elements slow the growth kinetics of boron
layers since they concentrate at the tips of boride layers,
slowing boron diffusion in some regions, which means
that it reduces boron layer columnarity in substrate ma-
terial [15, 16]. A single-phase Fe2B compound is more
desirable when compared to an FeB compound on the
coating. The FeB phase was undesirable on the surface of
the samples because it has higher boron content and a
very hard and brittle structure. It was determined that
therewere cracks on the surfaces of the boron layers for all
samples due to the distinction in the thermal expansion
coefficients of the FeB and Fe2B compounds formed on the
surfaces. Especially in areas with FeB phase, the cracks
occurred due to high stress. The EDS analyses of the
sample boronized at 950 °C for 10 h are given in Figure 4.
The EDS analyses confirmed the effect of the reactionFigure 1: Arrangement of the samples into the pot.
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Figure 2: Optical images of boronized samples
at 950 °C for a) 6, b) 8, and c) 10 h.

Figure 3: Scanning electron microscopy
images of boronized samples at 950 °C for
a) 6, b) 8, and c) 10 h.
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time. It was seen that the Fe2B phase penetrated to a
deeper region in the boride deposit and transition zone.

3.2 Hardness

The hardness–distance values of cementation steels
boronized at 6, 8, and 10 h at 950 °C are given in Figure 5.
The microhardness of the base metal of the sample
boronized for 6 h at 950 °Cwas 160HV, whereas that of the
boride layer of the same sample was 1200 HV. The
microhardness of the base metal of the sample boronized
for 8 h was 180 HV, whereas that of the boride layer was
1260 HV. Although the microhardness value of the base
metal of the sample boronized for 10 h was 230 HV, the
microhardness of the boride layer was 1310 HV. It was
seen that there was an increase in microhardness values
with increasing reaction time. In the present study, boride
layers having double-phase (FeB and Fe2B) were observed
for all samples. It was stated that alloying elements such
as nickel and chromium in steels produce high surface
tension between the boride layer and the base metal,
which had a negative effect on the sawtooth morphology.
This was because while chromium can easily be dissolved
in boride layers, nickel does not tend to dissolve in the
boride layer [16]. Throughout the boron treatment, the
alloying elements in steels were likely to tend to redis-
tribute depending on the solubility, temperature, and
reaction time. Therefore, the mechanical properties of the
substrate material and the boride layer were significantly
modified. The alloying elements were likely to affect the
diffusion of boron atoms and the interface between the
coating and the base metal. Long reaction time and high
processing temperature created a thicker boride layer on
the substrate material surface [17].

Most studies showed that the microstructure and
strength properties of the boride layer depend on the
chemical rate of the substrate material [18, 19]. The distri-
bution of nonuniform boron atoms in the boride layers
increased the pore formation in the boride layers, which
affect the mechanical properties negatively. The boride
layers containing compounds with two different hardness
scales were obtained for all samples. The sample exposed
to boron treatment for 10 h had the highest hardness
values, whereas the sample exposed to boron treatment for
6 h had the lowest hardness values. The average hardness
of the boride layers was about 1310 HV. The boride layers
had a much higher hardness value than the substrate
material due to the presence of FeB and Fe2B compounds.
Also, the hardness range for the same sample fluctuated in

Figure 4: Energy-dispersive spectroscopy analyses of the sample
boronized for 10 h at 950 °C. The SEM-EDSpoints and analyses of the
sample boronized at 950 °C for 10 h are given in Figure 4a–e.
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a narrow area, which was a sign of the existence of struc-
tural flaws and pores in the boride layers.

3.3 XRD analysis

The presence of components in boride layers was
confirmed by XRD analysis. The XRD analysis graph of
cementation steel boronized at 950 °C for 8 h is shown in
Figure 6. The Fe2B phase was seen as the main phase as a
result of boron treatment for 8 h. Although boride layer
crystals grow toward the substrate material, they meet
many obstacles. As a result, the growth of the increased
boride layer crystal becomes kinetically difficult into the
substrate material [19]. The new boride layers’ crystals that
occurred in the transition zonewere pushed to expandwith
their axis vertical to the outer surface. It was found that the
intensity of the Fe2B phase peak was decreased with
increasing reaction time. The XRD analysis of the sample

exposed to boron treatment for 8 h showed that the peak of
the Fe2B phase was intensified. The intensities of the FeB
phase were also weak or they disappeared. This was most
likely attributed to low boron potential in the boronizing
process.

3.4 Surface roughness analysis

The surface roughness analysis results of samples
boronized for 6, 8, and 10 h are shown in Figure 7. The
surface roughness value of the sample boronized for 6 h
was measured as 0.75 µm, the surface roughness rate of
the sample boronized for 8 hwas 0.90 µm, and the surface
roughness value of the sample boronized for 10 h was
1.00 µm. An increase in surface roughness occurred with
increasing reaction time. The average surface roughness
value of samples boronized at a processing temperature of
950 °C for 6, 8, and 10 h was measured, which was
0.88 µm. In the area between the base metal and the FeB
layer, there was no pore or void, whereas there were pores
and voids in the area between the Fe2B and the FeB layers.

3.5 Elemental mapping analysis

Elemental mapping analysis of samples boronized at 950
°C for 10 h is given in Figure 8. In the substrate material,
there were many zones having different alloying elements
and iron concentrations, which were the main element of
the matrix but especially, the surfaces of all samples after
boron treatment had intense zones having boron (B). Ele-
ments such as Mn, Cr, C, Mo, and Si found as alloying
elements in cementation steel were also determined. In the
integrity to the boronized layer, the extent and the quantity

Figure 6: X-ray diffraction analysis graph of cementation steel
boronized for 10 h at 950 °C.

Figure 7: Surface roughness analysis results of samples boronized
for 6, 8, and 10 h.

Figure 5: Hardness-distance values of sample boronized for 6, 8,
and 10 h at 950 °C.
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Figure 8: Elemental mapping analysis of cementation steel boronized for 10 h.

Figure 9: Electron back-scatter diffraction
analysis results of the sample boronized for
10 h.
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of particles increased quickly. This represented that their
type would be concernedwith the carbon distribution from
the boronized layer toward the parent material. It was
accepted that the carbon was nearly exactly insolvable in
boride layers [19–21]. Thus, it disseminated from the sur-
face into the base alloy.

3.6 EBSD analysis

The EBSD analysis results of the sample boronized at 10 h
are given in Figure 9. As a result of boron treatment, 14wt%
boron, 6 wt% iron–boron, 35 wt% cementite, 8 wt%
martensite, and 38wt% chromium carbides were formed in
the boride layer and substrate material. The Fe2B boride
layer was the first compound occurring on all the sample
surfaces. This boride layer began to form with the inter-
action between the cementation steel surface and Ekabor
powders. The growthmorphology of the boride layerwas in
the acicular form due to the existence of an easiest direc-
tion. There were many obstacles during the growth of the
Fe2B layers. Still, boride crystal layers were forced to grow
into the substrate material. Consequently, the novel boride
crystals occurring at the boride layer–substrate material
interface was regularly pressed to increase their axis ver-
tical to the exterior surface, i.e., aligned to the boron
incline in the samples, leading to an Fe2B preferential
inducement that progressively resisted on going toward
the interface with the substrate.

4 Conclusions

The effect of the boron procedure time on the boride layer
created at 950 °C process temperature for 6, 8, and 10 h
processing time was experimentally investigated.
– The coating layer (boride layer) generally consisted

FeB (outer layer) and Fe2B (inner layer) components.
The boride layers formed on all sample surfaces did
not have a homogenous distribution.

– The microhardness of the boride layer increased
according to the reaction time, and the boride layers
exhibited a higher microhardness value when
compared to that of the substrate material.

– The activity of the boron on the cementation surface
was related to the growth rate of the layers and reac-
tion time. The reaction time played a crucial role on the
boride layer thickness.

– There were no cracks or inhomogeneities in the area
between the layer and the substrate.

– After boron treatment, 14 wt% boron, 6 wt% iron bo-
ron, 35 wt% cementite, 7 wt% martensite, and 38 wt%
chromium carbides were formed in the coating layer
and substrate.
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