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Abstract
Kinetics of boride layers and hardness of pure cobalt (Co) have been investigated. Powder
pack boriding method was carried out at 1173 and 1273 K for 1, 3 and 6 h. X-ray diﬀraction
analysis of boride layers on the surface of pure Co revealed the existence of CoB and Co2 B
phases. The growth rate constant and activation energy for the boride layer were determined. The obtained results show that although the boride layer thickness increases with the
increasing boriding temperature and time, these parameters have no signiﬁcant eﬀect on the
hardness of the boride layer or the matrix. A decrease in the value of hardness moving from
the boride layer to main structure was observed. In addition, the obtained hardness values on
the boride layer at some boride parameters show a hardness anomaly due to structural defects
or diﬀerent type of the borides.
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1. Introduction
Cobalt is a hard ferromagnetic metal with properties similar to iron. It is used industrially in a number of ways such as in the preparation of magnetic,
wear resistant and creep resistant alloys [1–3]. Coating with certain compounds is one way of improving material properties such as hardness, wear performance and corrosion resistance [4, 5]. One of the
coating techniques is boriding (also known as boronizing), a thermo-chemical surface hardening process in
which boron atoms are diﬀused into the surface of the
work piece to form complex borides (e.g., FeB/Fe2 B
in iron) with the base metal [6–8]. Pack boriding is the
most commonly used boriding method. In this method
the specimen to be borided is usually “packed” in a
steel container with a powder containing the boriding agent, SiC, which is used as a diluent, and KBF4 ,
which acts as an activator [9–11]. It has been successfully applied to various ferrous and nonferrous metals.
Pack boriding of transition metals has shown limited
success; in some metals (e.g., nickel) the presence of
SiC and KBF4 in the boriding powder results in the
formation of silicides and borosilicides which generally have a negative inﬂuence on the hardness of the
*Corresponding author: e-mail address: nazmucar@yahoo.com

boride layer [12–16]. In the present study, pure cobalt
was borided using the powder pack method using commercial Ekabor III powders containing SiC and KBF4 .
Characterization of the borided specimens was carried
out by optical microscopy, X-ray diﬀraction, and microhardness measurements. In addition, growth kinetics for the boride layers was studied by measuring the
thickness of the boride layer as a function of time in
the temperature range of 1173–1273 K.

2. Experimental method
Commercial purity specimens of Co were cut with
the dimensions of 2 mm × 40 mm × 5 mm. The boriding of the pure Co specimens was achieved in a
solid medium using the powder pack method. In this
method, the specimens were thoroughly mixed with
commercial Ekabor-III powders to form the boriding
pack. The pack was heat treated in an electrical resistance furnace for exposure times of 1, 3 and 6 h at
1173 and 1273 K under atmospheric pressure. After
this process, borided specimens were removed from
the furnace and cooled in air. Borided specimens were
sectioned from one side and prepared metallographic-
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ally up to 1200-grid emery paper and then polished
using 0.3 µm alumina pastes. Polished samples were
etched with 4% Nital before examination.
Microstructure analysis of borides formed on the
pure Co samples was performed with optical microscope (Olympus-PMEU) and a JEOL JSM-6400
model scanning electron microscope (SEM). The presence of borides on the surface of the borided pure
cobalt was determined by using the X-ray diﬀractometer (Rigaku D-MAX 2200) at 40 kV and 20 mA,
with Cu Kα radiation of 0.15418 nm wavelength, over
a 2θ range from 20◦ to 100 ◦C. The thickness of boride
layer was measured by means of a digital thickness
measuring instrument attached to an optical microscope. The distance between the outer surface of the
boride layer and the tip of the boride pins was measured at diﬀerent locations and an average value for
layer thickness was found. To determine the hardness
of the borided pure cobalt a Vickers microhardness
tester with a load of 100 g was used. Many indentations were made on each coating ﬁlm under each experimental condition to check the reproducibility of
hardness data.

3. Results and discussion
3.1. Microstructure characterization and layer
thickness
SEM micrographs of the borided pure Co specimens at 1173 and 1273 K for 1, 3 and 6 h are given in
Figs. 1, 2.
At higher magniﬁcations, two distinct regions were
identiﬁed in the cross-sections of the borided pure Co
surfaces; the boride layer and the matrix unaﬀected
by boron. A transition zone which is usually observed
in many steels was absent. On the other hand, as can
be seen from these photographs, the boride layers on
formed borided Co specimens have a needle-shaped
structure, similar to that observed in iron. In addition,
from Fig. 3 it is observed that CoB and Co2 B phases
formed on the surface of the boride layer when pure Co
was borided at 1173 K for 1 h. At increased boriding
times and temperatures, only one phase, CoB, was
detected in the boride layer due to enhanced boron
diﬀusion (Fig. 3a,b).
Mu et al. [16] observed that Co2 B, Co2 B+Co2 Si
and Co2 Si phases form on the surface of borided with
commercial LSBII powders (that contain SiC) for pure
Co samples borided for 8 h at 1123, 1173 and 1223 K,
respectively. From the same study, X-ray peaks for
the borides could not be observed when pure Co was
borided at 1223 K for 8 h due to the silicide phase
covering the boride layer. This result was explained
by the low penetration depth of X-rays for cobalt silicide; hence the borides beneath the silicide phase

Fig. 1. SEM cross-section view of borided pure Co samples
at (a) 1, (b) 3 and (c) 6 h for 1173 K.

could be detected. In this study, the boriding temperature of 1273 K and the boron potential were high
enough for the formation of the CoB phase. At 1173 K,
Co2 B was the predominant phase in the boride layer
due to the decreased diﬀusion rate of boron. Trace
amounts of CoB were detected in the specimen borided at 1173 K for 1 h. However, increasing the boronizing time at 1173 K resulted in the transformation of
the CoB phases to Co2 B. Similar transformations from

A. Çalik et al. / Kovove Mater. 52 2014 107–112

109

Fig. 3. XRD patterns of borided pure Co samples at (a)
1173 K and (b) 1273 K.

Fig. 2. SEM cross-section view of borided pure Co samples
at (a) 1, (b) 3 and (c) 6 h for 1273 K.

FeB to Fe2 B have been observed by Dybkov [17] during high temperature annealing in borided FeCr alloys
in the absence of the boriding mixture. While three
cobalt borides (Co3 B, Co2 B and CoB) are possible
according to the Co-B phase diagram, only Co2 B and
CoB phases were observed in this study. The reason
for this is the high boron potential of the boriding
medium; lower boron potentials (and possibly lower
temperatures) could have favored the formation of the
Co3 B phase.

Fig. 4. Boride layer thickness vs. boriding time, showing
the increase in boride layer thickness with increasing time
and temperature.

Figure 4 shows a graphical representation of the
variation of a boride layer thickness with boriding
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Fig. 5. Variation of the boride layer thickness as a function
of boriding time.

temperature and time obtained from optical and SEM
photographs; it was observed that the thickness of the
boride layer increases with increasing temperature and
time. In the literature [18–20], it has been pointed out
that the thickness of a boride layer depends strongly
on the boriding time, the chemical composition of the
material to be borided, the process temperature, and
the techniques used, such as gas, liquid and pack boriding. For borided pure Co samples, it can be said
that the boride layer thickness increases when the boriding temperature and time are increased due to the
increased diﬀusion of boron atoms from the boriding
mixture into the substrate. Although the obtained results on boride layer thickness are the same as those
of pure Ni borided with commercial LSB-II powder
at 1123–1223 K for 2–8 h [21], these values are fairly
higher than those of pure Nb, W and Cr [22] due to
crystal structure. It is well known that diﬀusivity of
boron atoms is diﬀerent in each metal according to
crystal structure.
3.2. Boride kinetics
It is well known that kinetic parameters such as
processing temperature and time must be known for
the control of boriding treatment. The main factor
limiting the growth of layer is the diﬀusion of boron
into the substrate. From thickness data obtained from
the borided layer, the growth rate constant for boron
can be calculated for each temperature with the following equation:
d2 = Kt,

(1)

where d is the thickness of boride layer (mm), t is
the boriding time (s), and K is the growth rate constant with respect to boriding temperature. As can be
seen from Fig. 5, the boride layer thickness is parabol-

ically increasing with time. This indicates that layer
growth kinetics obeys a parabolic law due to diﬀusion-controlled process. The obtained results are in agreement with the results taken from the literature [23–
27]. Corresponding to this, Keddam [27] suggested a
mathematical model based on Fick’s laws to simulate
the growth kinetics of boride layer on the iron substrate under certain assumptions. This diﬀusion model
was able to estimate the thickness of boride layers
and predict the boron-depth – concentration proﬁles
for boride phases as a function of time, temperature
and boron surface concentration. On the other hand,
growth rate constant can be derived from the slope
of boride layer thickness and square root of time by
means of Eq. (1). In the present study, the obtained effective growth rate constants with respect to boriding
temperature 1173 and 1273 K are 0.44 × 10−8 cm2 s−1
and 2.83 × 10−8 cm2 s−1 for borided pure Co samples,
respectively. This result indicates that growth rate
constant increases with increasing boriding temperature. On the other hand, the obtained growth rate
constant is higher than that of steels due to alloy
elements. In literature, it has been pointed out that
the growth rate constant also changes with the carbon content in steels, which conﬁrms that growth rate
of boride layer controlled by boron diﬀusion decreases
with increasing carbon content [24, 28, 29].
It is possible to argue that the relationship between
growth rate constant K, activation energy Q, and the
temperature T (K), can be expressed by the Arrhenius
equation:


−Q
K = K0 exp
,
(2)
RT
where K0 is a pre-exponential constant, Q is the activation energy for boron diﬀusion (J mol−1 ), T is the
absolute temperature in (K) and R is the universal gas
constant (J mol−1 K−1 ). Consequently, the activation
energy Q for boron diﬀusion in the boride layer is determined by the slope obtained by the plot ln K vs.
1/T using Eq. (2). In this study, the calculated activation energy for the formation of the boride layer on the
surface of the pure Co specimens was 231.7 kJ mol−1 .
In literature, it has been pointed that the boron activation energy depends upon the C content in steels and
also the other alloy elements. Corresponding to this,
the activation energies of AISI 52100, AISI 440C steels
and pure Fe have been obtained as 269.638 kJ mol−1 ,
340 kJ mol−1 [26] and 90 kJ mol−1 [30], respectively,
for pack boriding. These results show that activation
energy of borided samples is diﬀerent from each other
due to crystal structure, strength of atomic bonding
and purity of the samples.
3.3. Microhardness
Figure 6 shows the microhardness proﬁle measured

A. Çalik et al. / Kovove Mater. 52 2014 107–112

Fig. 6. View of Vickers indentations from the outer layer
to the interior of the base material in a borided pure Co,
1173 K for 3 h.
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Figure 7 shows the variation of hardness of pure
Co with respect to the diﬀerent boriding time for 1173
and 1273 K, respectively.
As can be seen in these ﬁgures, hardness of boride layer is much higher than that of matrix due to
hard boride CoB and Co2 B phases. The high hardness of the surface is mainly a result of the presence
of boride layers, but is additionally due to solid solution hardening between Co and boron atoms in the
matrix. Summarizing, after the boriding treatment at
1173 and 1273 K, the surface hardness was increased
by a factor close to 6 in comparison with the matrix.
In contrast to this, although the boride layer thickness increases with increasing boriding temperature
and time, these boriding parameters had no signiﬁcant
eﬀect on the boride layer hardness of pure Co samples
in the present study (Fig. 7a,b). In the literature [31–
34], it has been shown that both boride layer thickness
and hardness increase with increasing boriding temperature and time. On the other hand, the obtained
hardness behaviour on the boride layer at boriding
time 3 h, 6 h for 1173 K and 1 h for 1273 K showed
hardness anomaly. The known surface improvement
results show that with increasing distance from surface to matrix, the hardness decreases continuously as
obtained borided 1 h for 1173 K and 3, 6 h for 1273 K.
We think that the ﬂuctuated hardness in the boride
layer of some borided pure Co samples, hardness anomaly, may be due to structural defects such as porosity and cracks on the surface or formed diﬀerent boron
phases [35].

4. Conclusions

Fig. 7. Microhardness vs. distance from the surface to the
interior of the base materials for a borided pure Co, (a)
1173 K and (b) 1273 K.

The results of the current study can be summarized
as follows:
– A thick borided layer with a needle-shaped structure identiﬁed as CoB and Co2 B formed on the surface
of borided pure Co specimens.
– It was observed that the boride layer thickness
increased with increasing treating temperature. These
boride parameters have no signiﬁcant eﬀect on the
hardness of pure Co specimens.
– The obtained hardness behavior on the boride
layer at some boride parameters shows a hardness anomaly due to structural defects or diﬀerent type of the
borides.
– The activation energy for borided pure Co
samples was 231.7 kJ mol−1 , which is much lower than
that for many borided steels.
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