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Abstract: Boriding of pure iron was investigated using the
powder pack method with boriding powder mixtures con-
taining different weight fractions of ZrB2 (5%, 10%, 15%
and 20%). The samples were borided in an electric resis-
tance furnace for an exposure time of 4 h at 1,173 K
temperature under atmospheric pressure. Borided sam-
ples were characterized by optical microscopy, X-ray dif-
fraction analyses and microhardness tests. Results
showed that the boride layers consisted mainly of FeB
and Fe2B phases. No significant difference in boride layer
thicknesses (average 140 μm) could be observed as a
function of ZrB2 content. The needle-like morphology of
the boride layer became more prominent with increasing
weight fraction of ZrB2 in the boriding powders. The
average microhardness of the boride layer decreased
with increasing ZrB2 content due to changes in the mor-
phology of the boride layer.
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Introduction

Iron is the second most abundant metal in Earth’s crust,
after aluminium. When reduced from its ore, pure iron is
soft and susceptible to corrosion. The use of surface coat-
ings opens up the possibility for material design in iron
and steel for which certain properties such as surface
hardness and corrosion resistance can be improved. One
such surface coating technique is boriding, a thermo-
chemical surface treatment in which boron atoms diffuse
into the surface of the workpiece to form hard borides
with the base material. Boriding can be performed in a

solid, liquid or gaseous medium and is applicable to iron-
based alloys as well as to alloys of nickel, cobalt and
titanium [1–10]. While showing some promise, liquid-
and gas-phase boriding techniques have not become
popular due to toxicity issues.

In the literature [11–13], it has been shown that
borided materials exhibit significantly higher surface
hardness compared to their untreated counterparts and
improved abrasive and adhesive wear resistance, due to
the hard boride phases grown on the surface and also
due to diffusion of boron into the substrate. The compo-
sition and thickness of the boride layer formed on the
surface can be significantly altered by changing certain
parameters which include, but are not limited to, the
boriding source, time, temperature and the chemical
composition of the substrate. Corresponding to this, it
has been shown that longer boriding times and higher
treatment temperatures usually result in the greater coat-
ing layer thickness [14–16]. Various investigations have
also shown that boriding agents and their compositions
in the boriding medium can have important effects on the
formation of boride layers and phases [17–19]. Calik [19]
reported that the average microhardness of the boride
layers can range between 1,450 and 1,651 HV, depending
on the size of the powders in the boriding source. The
thickness of the boride layer increases with decreasing
particle size of the boriding powders and increasing bor-
iding temperature.

Zirconium diboride (ZrB2) has attracted considerable
attention due to its excellent combination of properties
such as high melting point, high hardness, high thermal
and electrical conductivity, high-temperature strength and
thermal shock resistance. Bliznakov et al. [20] showed that
the treatment of steel surfaces with ZrB2 leads to complex
boridation-zirconization, resulting in enhanced hardness
values in comparison to that of iron borides. Zakhariev
et al. [21] reported that coatings up to 1mm in thickness
can be produced by boriding treatments involving ZrB2 as
the main additive. The coatings were found to consist of
ZrO2, ZrB2 and Fe2B phases. The main goal of the current
study is to investigate the microstructure and morphology
of boride layers grown on the surface of pure iron by pack
boriding using powders containing ZrB2 in different con-
centrations as the boron source.
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Experimental method

Pure iron samples (99.97% purity, obtained from Alfa
Aesar) were packed in boriding sources composed of 5
wt.% B4C and 5 wt.% KBF4 with varying concentrations
of ZrB2 and SiC as shown in Table 1. Ekrit® powder (finely
ground SiC, supplied from Bortech GmbH, Germany) was
also added on top of the pack as a cover layer to prevent
oxidation. The boriding process was carried out at a
temperature of 1,173 K for 4 h.

Microstructural analysis of borides formed on cross-sections
of the borided pure iron samples was carried out using
optical and scanning electron microscopy. The presence of
borides and other phases formed on the surface of the
borided samples was determined by using an X-ray

diffractometer (Rigaku D-MAX 2200) with CuKα radiation
of 0.15418 nm wavelength. The thickness of the boride
layer was measured from optical micrographs. For the mea-
surement of boride layer thickness, only the needles which
penetrate most deeply into the substrate were selected as
suggested in Ref [22, 23].

To determine the hardness profiles of the borided
samples, microhardness measurements were made on
cross-sections perpendicular to the borided surface by
means of a Vickers indenter with a load of 100 g and
dwell time of 15 s. Before microhardness testing, a stan-
dard specimen was used for calibration. To ensure the
reliability of the results, a minimum of five measurements
were made at each depth to obtain average microhard-
ness values.

Results and discussion

The cross-sections of optical micrographs of pure iron
borided with the ZB1, ZB2, ZB3 and ZB4 powders at
1,173 K for 4 h are shown in Figure 1. As seen in the
figure, the boride layers exhibit the characteristic needle-
like morphology. Two distinct regions are identified in
the cross-sections of the borided pure iron surfaces: the
double-phase boride layer and the substrate unaffected

Table 1: Compositions of the different boriding sources (wt.%).

Boriding source ZrB SiC BC KBF

ZB    

ZB    

ZB    

ZB    

ZB    

Figure 1: Cross-sectional optical microscopy images of pure Fe borided at 1,173 K for 4 h using (a) ZB1, (b) ZB2, (c) ZB3 and (d) ZB4 powders.
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by boron diffusion. Crack formation is present within the
double-phase boride layer, which is common in borided
iron and steel [24–26]. The micrographs also show that
increasing the ZrB2 content in the boriding source does
not result in significant difference in the thickness of the
boride layers.

The average boride layer thickness value of
borided pure iron sample borided with powders con-
taining ZrB2 additions varies between 138 and 141 μm,
while it is 139 μm for the pure iron sample borided
with powders without ZrB2 addition. However, when
the micrographs in Figure 1 are compared, it can be
seen that addition of ZrB2 tends to cause greater varia-
tion between the peaks and valleys in the double-
phase boride layer. Addition of ZrB2 to the boriding
powder, therefore, has a negative effect on the borid-
ing process, hindering the diffusion of boron into the
substrate.

According to X-ray diffraction (XRD) analyses, the
boride layers in the borided pure iron samples are com-
posed of FeB, Fe2B and also ZrB2 (Figure 2). The reason

why ZrB2 does not appear in the optical micrographs in
Figure 1 but appears in the XRD patterns in Figure 2
should be considered as due to the holding or adhesion
of ZrB2 on the surface due to high boriding temperature.

Microhardness measurements were carried out
from the surface to the interior on cross-sections of
the borided specimens. As seen in Figure 3, the hard-
ness of the boride layer is approximately ten times that
of the matrix. This is a consequence of the presence of
hard boride phases as determined by optical micro-
scopy and XRD analyses. On the other hand, it can
be seen again from the figure that ZrB2 addition in the
boriding source decreases the average hardness of the
resulting boride layer. Summarizing, the results of the
current study show that the presence of ZrB2 in the
boriding source does not result in the formation of a
surface coating with enhanced hardness compared to
the hardness of iron borides, and does not have a
positive influence on boride layer thickness, contrary
to the results published by Bliznakov et al. [20] and
Zakhariev et al. [21].

Figure 2: X-ray diffraction patterns obtained from the surface of pure Fe borided at 1,173 K for 4 h using (a) ZB1, (b) ZB2,
(c) ZB3 and (d) ZB4 powders.
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Conclusions

In this study, the effect of boriding powders with vary-
ing ZrB2 contents on the boriding behaviour of pure iron
was investigated. The following conclusions can be
drawn:
– Two distinct regions were identified in the cross-

sectional optical micrographs of the borided sam-
ples: The boride layer and the substrate unaffected
by boron diffusion.

– The boride layer exhibited needle-like morphology
and consisted mainly of FeB and Fe2B. ZrB2 was
additionally detected through XRD analysis.

– No significant difference in boride layer thickness as
a function of ZrB2 content was observed.

– The microhardness in the boride layer decreased with
increasing ZrB2 content due to the hindering of boron
diffusion into the surface.
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