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Abstract

Martensitic stainless steels are much more considered using in many applications relat-
ing high loading and wear. A boride layer on martensitic stainless steel is generally accepted
against wear and oxidation occurred during services. Boronizing processes, salt bath and
powder pack, were performed on a martensitic stainless steel AISI 420 at a temperature range
of 1123–1223 K with boronizing time up to 9 h. Boride layer thicknesses were measured using
an optical microscope with an image analyzer program. An X-ray diffraction (XRD) and a
scanning electron microscope with energy dispersive X-ray spectroscopy (SEM-EDS) were per-
formed to characterize the boride layers. Kinetics of boronizing processes was analyzed using
diffusion and Arrhenius equations. Activation energies and empirical data of the boronizing
processes will be determined. It was found that the thicknesses of the boride layers increase
with increasing boronizing temperature and time taking into account diffusion theory. Ac-
tivation energies of 233.5 and 185.2 kJ mol−1 were determined and discussed for martensitic
stainless steel AISI 420 boride in a salt bath and powder pack, respectively. Finally, empir-
ical relationships of boride thickness as a function of boronizing temperature and time are
presented.

K e y w o r d s: thermochemical surface treatment, boronizing process, stainless steel, diffu-
sion, kinetics

1. Introduction

At present, surface treatments are playing im-
portant role to improve lifetime and performance of
many components involved with fatigue, wear or ox-
idation. Boronizing process is one of well-known ther-
mochemical surface treatments which can be applied
to various metallic materials, both ferrous and non-
ferrous metals. Wear resistance of metallic materials
subjected to tribological applications will be signific-
antly improved by protection of hard and low-friction-
coefficient boride layers [1, 2]. Recently, martensitic
stainless steels are much more considered using in
many applications relating high loading and wear. A
boride layer on steels is generally accepted against
wear [3–5], corrosion [6–8] and oxidation [8–10] oc-
curred during services. In the manufacturing process,
boronizing temperature and time are very important
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factors to produce a required boride layer thickness.
The boride layer thickness as a function of boronizing
temperature and time is crucial to decrease trails and
errors in the manufacturing process. Accordingly, op-
erating cost and time can be saved. An empirical func-
tion of the boride layer thickness in terms of boron-
izing temperature and time can be constructed using
the diffusion and kinetics theories. However, inform-
ation about borided martensitic stainless steel AISI
420 is limited and not well established. Therefore, in
this study, boronizing processes both using a salt bath
and powder pack on martensitic stainless steel AISI
420 will be addressed. Diffusion and kinetics theor-
ies will be used to analyze experimental results. Ac-
tivation energies and empirical data of the boroniz-
ing processes will be determined. Consequently, em-
pirical functions of boride layer thickness in terms of
boronizing temperature and time will be presented.
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Fig. 1. Microstructures of boride layers on the martensitic stainless steel AISI 420 using (a) salt bath and (b) powder pack
at a boronizing temperature of 1173 K for about 4 h.

Finally, simulated boride layer thickness as a function
of boronizing temperature and time will be practically
plotted and shown in a diagram for industrial usage.

2. Materials and experimental procedures

The martensitic stainless steel AISI 420 was de-
livered as hardened and tempered bars with a dia-
meter of 12.5mm. The chemical composition of this
alloy is 0.3 % C, 0.25 % Si, 0.43 % Mn, 0.018 % P,
0.028 % S, 0.32 % Ni, 12.15 % Cr and Fe balance
(all values in wt.%). Cylindrical specimens with a dia-
meter of 12.5mm and a height of 20 mm were pre-
pared from bars of the martensitic stainless steel AISI
420. All samples were ground with 600 grit SiC pa-
per to clean the surface. The packed boronizing pro-
cess was performed using the commercial boronizing
agent named Ekabor-I from BorTec GmbH, Germany.
The boronizing process in a salt bath was carried
out in molten borax (Na2B4O7) added 15 wt.% fer-
rosilicon (Fe-Si) as an activator. All boronizing pro-
cesses were operated in a temperature range of 1123–
1223K. Boronizing times up to 9 h were investigated.
Microstructures and types of the existing layers were
characterized using an optical microscope, SEM-EDS
and XRD with CuKα radiation source. The thick-
nesses were measured using the optical microscope
with an image analyzer program. Diffusion kinetics of
the boronizing processes was analyzed using diffusion
and Arrhenius equations.

3. Results and discussion

After boronizing treatments using molten borax
with Fe-Si 15 wt.% and powder pack at the boroniz-
ing temperature range of 1123–1223K, there are bor-

Fig. 2. XRD patterns of the martensitic stainless steel
AISI 420 specimens boronized using (a) salt bath and
(b) powder pack at boronizing temperatures of 1173 K for

about 4 h.

ide layers on the surfaces of the martensitic stain-
less steel AISI 420. Figures 1a,b show examples of
boride layers on martensitic stainless steel AISI 420
using a salt bath and powder pack, respectively, at
boronizing temperature of 1173K for about 4 h. Bor-
ide layer thickness of using a salt bath is less than
that of using powder packed boronizing. It should be
contributed to unequal amount of free boron atoms
in different processes. That means that the boroniz-
ing process using molten borax with Fe-Si 15 wt.%
provides lower free boron atoms as compared to the
other one using commercial powder pack. XRD phase
analysis was performed to characterize the boride lay-
ers as shown in Fig. 2. Single phase, Fe2B was detec-
ted on the martensitic stainless steel AISI 420 bor-
ided using a salt bath, whereas double phases, FeB
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Fig. 3. SEM microstructure with EDS analysis of boride
layer after packed boronizing at a temperature of 1223 K

for about 4 h.

Fig. 4. Square of the boride layer thickness versus boroniz-
ing time of the martensitic stainless steel AISI 420 boron-

ized using (a) salt bath and (b) powder pack.

and Fe2B, were seen when powder pack was used.
It is due to the fact that the double phases of bor-

ide layers will be dominated, if the concentration of
free boron atoms, boronizing temperature or boron-
izing time increase. Moreover, the boride layer thick-
ness and type depend strongly on alloying elements of
metallic materials due to they obstruct the diffusion
of boron atoms into a substrate [1, 2]. Consequently,
lower thicknesses, double phases and relatively smooth
and more compact morphology are the characteristics
of boride layers formed on high alloy steels [11–15].
A SEM-EDS was performed to analyze the concentra-
tion of chromium in the boride layer and the trans-
ition zone as illustrated in Fig. 3, which shows the mi-
crostructure of the boride layer after boronizing pro-
cess using powder pack at a boronizing temperature of
1173K for about 4 h. Chromium contents of 8.5 and
8.9 wt.% were detected at the boride layer FeB and
Fe2B, respectively. However, in this study, the chro-
mium boride phase was not found by XRD investig-
ations. It is possibly due to a relative low intensity
and a low volume fraction of the chromium boride
phases. Normally, the chromium element has a very
low solubility in the boride layer, then almost chro-
mium atoms were pressed into the substrate during
forming of the boride layer. Consequently, chromium
content of 21.1 wt.% was observed in the transition
zones beneath the boride layer, whereas the chromium
content of the substrate was about 12 wt.%. The bor-
ide layer thickness usually increases, as the boroniz-
ing temperature rises and the treatment time becomes
longer taking into account a diffusion law [1, 2, 16–19].
The squared thickness of boride layer as a function of
time can be described in Eq. (1) as follows:

d2 = Kt, (1)

where d is the depth of boride layer (m), t is process
time (s), K is the growth rate constant depending on
the boronizing temperature and can be determined by
a slope of a straight line in a diagram of d2 as a func-
tion of boronizing time at a given boronizing temper-
ature as shown in Figs. 4a,b for boronizing in molten
borax and powder pack, respectively. The relationship
between the growth rate constant, K and temperature
can be expressed by the Arrhenius equation in Eq. (2)
as follows:

K = K0 exp (−Q/RT) , (2)

where K0 is a constant, Q is an activation energy
(J mol−1), T is an absolute temperature (K) and R
is the gas constant (J mol−1 K−1). The plot of the
natural logarithm of the growth rate constant (lnK)
versus the reciprocal boronizing temperature reveals
a linear relationship. Therefore, activation energy and
empirical data, K0, of the process can be determined
by the slope and y-axis interception of this diagram,
respectively, as shown in Fig. 5. The determined activ-
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Ta b l e 1. Summarized boriding parameters with empirical equation including R2 and mean absolute percentage error
(MAPE)

Boronizing Q (kJ mol−1) K0 (m2 s−1) Empirical equation d (µm), t (s), T (K) R2 MAPE (%)

Salt bath 233.5 3.51 × 10−4 d = 1.87 × 104
√

t exp
(
−28085.3

T

)
0.972 10.9

Powder pack 185.2 2.18 × 10−5 d = 4.67 × 103
√

t exp
(
−22271.9

T

)
0.988 4.26

Fig. 5. Growth rate constant versus reciprocal boronizing
temperature of the martensitic stainless steel AISI 420 spe-
cimens boronized using salt bath and powder pack.

ation energies and empirical data, K0, are summarized
in Table 1. The activation energy of boronizing pro-
cess using commercial powder pack is 185.2 kJmol−1.
This value seems lower than that of other martens-
itic stainless steel AISI 440C as reported in [11]. It
should be due to higher carbon and chromium con-
tents in the martensitic stainless steel AISI 440C. Ac-
cordingly, the boride layer thicknesses on martensitic
stainless steel AISI 420 are higher than those of the
martensitic stainless steel AISI 440C. From Table 1,
the activation energy of the boronizing process using
commercial powder pack is also lower than that of
the boronizing process using molten borax with ad-
ded Fe-Si 15 wt.% (233.5 kJmol−1). Thus, higher bor-
ide layer thicknesses of the packed boronizing process
were detected as illustrated in Figs. 1a,b.
From a combination of Eq. (1) and Eq. (2), the

prediction of boride layer thickness as a function of
boronizing temperature and time, which is very im-
portant and useful particularly from the perspective
of the manufacturers, is expressed in Eq. (3):

d = 106 ×
√

K0
√

t exp (−Q/RT ). (3)

Fig. 6. All experimental boride layer thicknesses versus all
predicted boride layer thicknesses.

Finally, the prediction formula of the boride layer
thickness (in µm) can be finally established and sum-
marized in Table 1. In addition to the coefficient of
correlation (R2) of each correlation and the mean ab-
solute percentage error, MAPE in Eq. (4) have been
calculated to show about their accuracies as follows:

MAPE =
1
n

n∑
i=1

∣∣∣∣Ei − Pi

Ei

∣∣∣∣ × 100, (4)

where E is the data from experiments, P is the data
from the prediction formulas in Eq. (3). The coefficient
of correlation (R2) of each correlation and the mean
absolute percentage error are shown also in Table 1.
To demonstrate accuracies, all experimental data were
compared to the predicted data in one diagram as
shown in Fig. 6. The predicted data were calculated
using the boronizing parameters, Q and K0, from the
experiments in Table 1. Considering results of analysis
listed in Table 1 and Fig. 6, it is possible to mention
that the prediction with respect to industrial applic-
ation should be acceptable. Finally, simulation dia-
grams of boride layer thicknesses on the martensitic
stainless steel AISI 420 using the molten borax and
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Fig. 7. Simulated boride thicknesses as a function of boron-
izing temperature and time for using (a) salt bath and (b)

powder pack.

the commercial pack powder are established and de-
picted in Figs. 7a,b.

4. Conclusions

The formed boride layers on the martensitic stain-
less steel AISI 420 using the molten borax with added
Fe-Si 15 wt.% and commercial powder pack have rel-
atively smooth and more compact morphology. Single
phase Fe2B was found, if the free boron atoms in
the media are relatively low with the lower boron-
izing temperature and time. Boride layer thicknesses
increase with increasing boronizing temperature and
time taking into account the diffusion theory. Diffu-
sion and Arrhenius equations can be used to describe
kinetics of the boronizing process on the martensitic
stainless steel AISI 420. Activation energies of 233.5
and 185.2 kJmol−1 were determined for the borided
martensitic stainless steel AISI 420 using the mol-

ten borax with added Fe-Si 15 wt.% and commer-
cial powder pack, respectively. Simulation diagrams
of boride layer thicknesses as a function of boronizing
temperatures and times concerning industrial applic-
ation could be acceptable.
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