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Abstract

In this work, plain, low carbon steel S235JRG1 was boronized at 1273 K for 45-150 min
by using a Durborid®powder. The microstructure, phase constitution and oxidation behavior
of the resulting boride layers have been investigated. Layers with an average thickness of 76—
123 um have been produced. The boride layer has a distinct tooth-like microstructure. It is
composed of FeaB and FeB in unequal amounts. The boride layer oxidation behavior has been
investigated by a simultaneous thermal analysis in a flowing synthetic air at 873-1173 K for 21—
24 h. A parabolic oxidation of the boride layer has been observed. The rate constants are found
between 1.039 x 1079 to 3.781 x 10 % kg? m~* s™!, depending on temperature and oxidation
time. The activation energy of oxidation at temperatures below 1173 K has been estimated to
be 93 kJ mol™'. At 1173 K, two successive parabolic periods have been found, followed by a
breakaway oxidation behavior. The oxide scale of the boronized steel is composed of different
iron oxides and iron borates. The oxidation mechanisms of boride coatings are discussed and
implications towards high temperature stability are provided.
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1. Introduction

Boronizing (boriding) is a thermo-chemical sur-
face treatment method in which boron atoms dif-
fuse into a metal substrate and form a metal bor-
ide layer on the surface. During this process, tem-
peratures of 973-1273K and processing times of 1-
10h are typically used [1-3]. Since boron is a relat-
ively small size element, it easily diffuses into a vari-
ety of metals, including Fe and Co-based alloys and
refractory materials [4-8]. The resulting boride lay-
ers are characterized by high hardness, good wear,
heat and corrosion resistance. The boronized ferrous
alloys, for example, have substantially higher hard-
ness compared to carburized or nitrided steels [9].
The boronized steels have an excellent wear resistance
[10-14]. Furthermore, these materials exhibit a good
resistance to chemical attack by molten metals, non-
oxidizing acids, alkaline and saline solutions [15-18].
Industrial applications of boronized steel include drive
shafts, camshafts, pulleys, machine slide-ways, tanks,

weapons and some parts for agricultural machinery
[19].

According to the Fe-B phase diagram, boron forms
two different iron borides, FeB and FesB [1]. The
boronizing of ferrous materials results in the forma-
tion of either single phase or double phase iron bor-
ide layer with definite composition. The phase form-
ation depends on boron concentration, alloy chemical
composition, temperature, processing time and boron-
izing method [20]. Single-phase Fe;B layers are pre-
ferred since FesB is less brittle compared to FeB and
forms a surface with a high compressive stress [21, 22].
Furthermore, FeoB has a favorable thermal expansion
coefficient. As such, it allows a subsequent heat treat-
ment of the base metal without impairing its proper-
ties. The kinetics of boride formation is controlled by
boron diffusion in FeB/FeyB layers, respectively [23—
25]. The formation of a single phase FesB results in a
tooth-type boride layer desired for most industrial ap-
plications. This microstructure provides a significant
adherence between the coating and substrate thereby
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Table 1. Chemical composition of S235JRG1 steel (wt.%)

C P S N Mn Cu Fe
max. 0.17 max. 0.04 max. 0.04 0.012 1.40 max. 0.55 Bal.
reducing the risk of spallation during mechanical load- L o 3%
ing. L0200 200000 iooooooo“‘-ﬁ Glass

Boride layers exhibit a superior high temperature
oxidation resistance. The high temperature oxidation
resistance of boride layers on 45# carbon steel was
investigated by Yan et al. [26]. The authors observed
that there was no boride oxidation below 1003 K and
only a slight weight gain was detected between 1003
and 1203 K [26]. The transformation of FeB into Fe,B
was observed to take place at 1133 K [26]. The melting
of the Fe;B phase was observed to start at temperat-
ures close to 1273 K [26].

The oxidation kinetics of boronized steel has been
recently investigated by Suwattananont and Petrova
[27]. For boronized steel, the oxidation resistance was
higher compared to unboronized steel [27-30]. The
superior oxidation resistance is mainly attributed to
the formation of different iron borates and boron ox-
ide scales, respectively [27-29]. As for 773-873K, an
amorphous B2O3 was observed, forming a glassy layer
on the coating surface [27]. BoO3 has a low oxygen
diffusion coefficient thereby acting as an effective ox-
idation barrier [27]. At 983-1073 K, the formation of
iron borate was observed [27]. A severe oxidation of
iron boride layers at 1173 K has been reported [27],
however, the underlying activation mechanisms have
not yet been examined. So far, the mechanism of form-
ation of a complex scale, consisting of both iron oxides
and iron borates, has not been fully explored.

In previous studies, we have investigated the mi-
crostructure, phase constitution and microhardness of
boride layers prepared by diffusion boronizing [21, 22,
31]. In the present work, we aim to investigate the
high temperature oxidation behavior of boride coat-
ings. The oxidation kinetics has been investigated at
973-1173 K to yield a better understanding of the pro-
tective effect of the boride coating and underlying ac-
tivation mechanisms.

2. Experimental part

Grade steel S235JRG1 (Ferostav Trnava, Slov-
akia) has been used as substrate material. The chem-
ical composition is provided in Table 1. The steel
was received in a cylindrical form (diameter 12 mm,
length 2m). The steel roll was cut into 2mm long
cylindrical specimens. The samples were de-greased
and subsequently boronized at 1273K by using a
powder-pack method. The samples were placed in
a glass-sealed container and buried in a pre-dried

O et
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_ Al203 wadding

P ™ Metal plate
~—+4—— Durborid® powder
— = = TR

|-=—— Container

Fig. 1. Schematic of the powder-pack boronizing.

Durborid® powder mixture, which contains B4C as
a boron source. The experimental set up is provided
in Fig. 1. The first group of samples was heat-treated
at 1273 K for 45 min. The second group of samples
was heat-treated at 1273 K for 150 min. After boron-
izing, the containers were air-cooled and samples were
subsequently removed.

The sample microstructures were investigated after
standard sectioning, polishing and etching procedures
in an optical microscope Zeiss NEOPHOT 2 equipped
with a CCD camera. The boride layer thickness was
analyzed by image processing software IMPOR PRO.
The microhardness of the boronized layer, transient
region and substrate material were measured with an
Indenta Met 1100 indenter placed in a Zeiss Neo-
phot 21 microscope by using a load of 100 g (HVO0.1).
The surface topography of the coating was studied
by employing a confocal laser scanning microscope
Zeiss LSM 700. The three-dimensional topographical
resolution was achieved by using the ZEN 2009 soft-
ware.

The thermal stability of boride layers has been in-
vestigated during linear heating in a flowing synthetic
air (80 vol.% Ng, 20 vol.% Og). The air flow was kept
constant at 20 ml/min. The boronized steel samples
were placed inside alumina crucibles and heated from
room temperature to 873-1173K by using heating
rate of 10 K min~!. The dwell time was 21-24h. The
mass gain of the samples was recorded on a Netzsch
STA409CD simultaneous thermal analyzer.

The occurrence of the phases before and after oxid-
ation was studied by X-ray Panalytical Empyrean PIX
-Cel 3D diffractometer with Bragg-Brentano geometry
(XRD), working with a CoK «a1,2 radiation beam. The
X-ray radiation beam was generated at 40 kV and 40
mA. The sample diffraction patterns were collected
between 20° and 140° (2-theta) at room temperature.
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Fig. 2. Microstructure of the steel substrate.

The phase assignment was made according to the PDF
database ICSD FIZ Karlsruhe 2011-1.

3. Results and discussion

3.1. Microstructure and phase constitution of
boride coatings

The microstructure of the as-received steel sub-
strate is provided in Fig. 2. The starting material
is homogeneous. It has a ferritic-perlitic microstruc-
ture, typical for this kind of low carbon steel. The
sample microstructures after boronizing are compared
in Fig. 3. The images indicate a homogeneous bor-
ide layer has been developed on the substrate during
powder-pack boronizing. The coating layer is com-
pletely covering the metal surface. The boride layer
has a distinct tooth-like microstructure at the inter-
face with the metal substrate.

The layer thicknesses, measured at different sample
locations, are compared in Table 2. The layer thickness
varies with boronizing time, and thicker layers have
been found for steels boronized for 150 min (Fig. 3).
The distinct tooth-type layer microstructure has been
observed (Fig. 3b). The acicular type of layer mi-
crostructure is related to the preferred orientation of
boron diffusion in (002) crystallographic direction [32].
This type of layer growth is typically observed for low
alloy steels [3, 33]. The presence of particular alloying
elements, most importantly Cr, Ni, Mo or Si, is known
to reduce the layer thickness [3, 33]. These elements
act as a diffusion barrier to boron, leading to flattening
out the layer microstructure at the boride-metal sub-
strate interface. These elements have not been present
in the steel (Table 2). Mn, the major alloying element
in S235JRG1 (Table 1), is less efficient in retarding
the boride layer growth compared to Cr or Ni [3].

The room temperature X-ray diffraction patterns
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Fig. 3. Cross sectional images of samples boronized at
1273 K for 45 min (a) and 150 min (b).

Table 2. Boronized layer thickness

Layer thickness (pm)

Boronizing parameters Average Minimum Maximum

1273 K /45 min 76 39 113
1273 K /150 min 123 56 190

of the steel samples are compared in Fig. 4. The
XRD pattern of the as-received specimen is relatively
simple, with peaks of the ferrite phase (a-Fe) easily
identified (Fig. 4a).

The phase constitution of the sample after powder-
pack boronizing is provided in Fig. 4b. The major
phase is FeyB. Small signals of FeB are also ob-
served. The XRD pattern indicates the boride coating
is mainly composed of FesB (Fig. 4b). The amount
of FeB is probably minor. Signals of the ferrite phase
have not been detected (Fig. 4b). This is probably re-
lated due to a limited X-ray beam penetration through
the outer boride layer.
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Table 3. Microhardness HV0.1 of boronized steel samples

Microhardness HVO0.1

15¢ line 274 Jine Diffusion zone Substrate
1273 K /45 min 1625 £+ 8 1263 + 12 1544 + 1.9 138.1 + 1.2
1273 K/150 min 1687 4+ 19 1541 + 8 167.0 = 0.9 135.0 £ 1.1
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Fig. 5. Indentation locations across the coatings during
= EI Vickers microhardness test.
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u_‘ indicate that the boride layer is mostly composed of
] g FeoB. This value is approximately 10 times higher
e g £ = compared to the steel substrate (135 HV0.1, Table 3).
; 5 @, i 5 - o The reported microhardness of FeB is 2000-2200
£ 10°5 S dlsi £ § g< HVO0.1 [20-22]. Since these values have not been ob-
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Fig. 4. Room temperature XRD patterns of the steel sub-
strate (a) and sample boronized at 1273 K for 150 min (b).

More insight into layer chemical composition can
be obtained by investigating the layer microhardness
by an indentation test. Microhardness of the boride
layers has been measured in different sample locations,
as presented in Fig. 5. Mean values, calculated from 20
different measurements, are compared in Table 3. Also
uncertainties are included. The data show that the
layer microhardness is as high as 1650 HV0.1. Nearly
identical values are observed for samples boronized
for 45 and 150 min, respectively. This observation in-
dicates that similar boride compositions have been
formed on the steel substrates, despite having different
boronizing times.

The observed microhardness values (1650 HV0.1)

The FeB layer is expected to be very thin and most of
the phase is probably located on the sample surface.

The surface morphology of the boronized steel
samples has been investigated by employing a con-
focal laser scanning microscope Zeiss LSM 700. The
results are presented in Fig. 6. The surface roughness
values are compared in Table 4. The results show that
the surface roughness of the material has gradually
increased from 0.06 pum to 0.6 and 1.1 pm after boron-
izing. The changes in surface roughness are related to
the growth of the boride layer. The surface roughness
values can be used as an indication of the amount of
FeB phase in the layer since FeB has a smaller dens-
ity than Fe;B, because of higher volume fraction of
boron [34]. The ratio between the surface roughness
and layer thickness is 0.0079 and 0.0089 in the present
case. These values indicate a low amount of the FeB
phase in the boride layer.

During powder-pack boronizing high boron con-
centrations are used to increase the process efficiency
[23]. The surface boron concentration has a direct in-
fluence on the layer growth of FeB phase. This effect is
probably less pronounced for FesB. In order to reduce
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Fig. 6. Surface topography of the substrate: before boron-
izing (a), after boronizing at 1273 K for 45 min (b), after
boronizing at 1273 K for 150 min (c).

Table 4. Surface roughness of unboronized and boron-
ized steel samples

Ra(pm)

Measure-
ment no. Substrate 1273 K/45 min 1273 K/150 min

1 0.054 0.547 1.103
2 0.062 0.640 1.161
3 0.059 0.676 1.118
Mean value  0.058 0.621 1.127

the FeB thickness the choice of an intermediate tem-
perature is recommended. Temperature of 1273 K is a
good choice for powder-pack boronizing since higher
temperatures could increase diffusion processes and
result in an increased FeB/FesB layer thickness ratio
[23]. The results presented above show that by select-
ing 1273 K during boronizing the amount of hard and
brittle FeB phase could be reduced to minimum.
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Fig. 7. Weight gain of the samples in flowing air at 873 K
(a), 1023 K (b) and 1173 K (c).

3.2. Oxidation stability of boride coatings

The samples with and without boride coating were
annealed at 873-1173K in flowing synthetic air to
study their high temperature oxidation behavior. The
mass gain of the samples was recorded by thermogra-
vimetric analysis. The kinetic results are presented in
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Fig. 7. At 873K a small weight gain of the samples
was observed (Fig. 7a). The data for samples with
and without coating were comparable, with slightly
higher mass gain recorded for the boronized steel. At
1023 K, the weight gain of the bare steel significantly
increased compared to boronized specimen (Fig. 7b).
The scale formed on the boronized steel at 873-1023 K
was adherent to the substrate. A change in the oxid-
ation behavior has been observed at 1173 K (Fig. 7¢).
The mass gain of the boronized steel became com-
parable to bare steel and further increased at longer
annealing times. Two kinetic transitions have been ob-
served. They are indicated by arrows in Fig. 7c. The
results indicate that the oxidation mechanism of the
boride layer changes with temperature and oxidation
time.

The mass gain increases with increasing oxidation
time. The weight gain results presented in Fig. 7 were
analyzed according to the parabolic rate law. The
parabolic rate equation law is given by the following
equation [35]:

(A2) g o

A
where <Tm> is the weight gain of the samples per

unit area, t¢is the annealing time, C is the integration
constant and &, is the parabolic rate constant. The
plot of the mass gain squared versus time is linear
(Fig. 8a,b). The obedience of the parabolic rate law
indicates that the oxidation is a diffusion-controlled
process. The slope of the line represents the parabolic
rate constant. The obtained parabolic rate constants
are compared in Table 5.

Parabolic rate constants increase with increasing
temperature. The temperature dependence of the rate

a

AmvS (g m?)

(amvs)* (g° m™)

Table 5. Experimental parabolic rate constants

By (kg?m s )

T (K)
Bare steel Borided steel
873 4.494 x107'° (0-7h)  1.039 x 107°
1.160 x 107° (10-24 h)
1023 3.818 x 1078 8.399 x 107° (0-7 h)
5.556 x 1072 (7-21 h)
1173 3.153 x 107° 1.704 x 107° (1-4 h)
3.781 x 1076 (5-17 h)

constants has been analyzed according to Arrhenius
equation:

logkp, = log A — 0.434%7 (2)
where T is an absolute temperature (K), R is the
molar gas constant (8.3144 JK~!mol~1!), Ea is the
activation energy, A is the pre-exponential factor and
kp is the parabolic rate constant. Plot of logarithm of
ky, versus reciprocal temperature is presented in Fig. 9.
The data for bare steel fit a single line. The activation
energy of the reaction is 232kJ mol~'. The data for
the boronized steel are presented in the same figure
(Fig. 9). At 873-1023 K, relatively low rate constants
have been found. At 1173 K, rapid increase in the ox-
idation rate has been observed. These results indicate
a change in the reaction mechanism with increasing
temperature. The present data have been compared
to the results from previous work [27]. A good agree-
ment of parabolic rate constants has been found. At
lower temperatures the activation energy has been es-
timated to be 93kJ mol~! (Table 6). This value is in
agreement with previously published results [27, 36].
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Fig. 8a,b. Parabolic plot of mass gain data.
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Table 6. Activation energies for oxidation of boride lay-
ers

Ex (kJmol™!)

Present data 93
Suwattannanont et al. [27] 97
Shibuya et al. [36] 105

St ® Borided steel (present Uels). .

] 4 Bare steel (present data)
Suwattananont et al. (2008) | .

log k, (kg'm™“s")
&

9 10 11 12 13 14
107 (K")

Fig. 9. Temperature dependence of parabolic rate con-
stants.

10

(o \0;
Fe,8 o,
VAUV = —’

' D

Increasing oxidation time

Fig. 10. Schematic of the oxidation mechanism.

The kinetic curve at 1173 K can be described by
two successive parabolic periods followed by a near-
-linear behavior (Fig. 7c). This observation indicates
that a protective scale has been initially formed on
the surface. As the oxide thickness increased, the layer
spalled off from the surface. As a result of oxide spal-
lation, free access of oxygen occurred leading to re-
oxidation of the metal surface.

The suggested oxidation mechanism of the borided
steel is presented in Fig. 10. At early oxidation stages,
only a top layer of the boride coating has been ox-
idized. The oxide layer was initially adherent to the

Fig. 11. Top views of oxidation products formed on steel
substrate after annealing.

substrate and the oxidation followed the parabolic rate
law. With an increasing oxidation time, however, the
layer became thicker. As a result of the layer growth,
large compressive stresses may have developed, lead-
ing to a localized spallation and scale cracking. After
the first oxidation, some of the iron boride coating has
remained (Fig. 10). As such, the re-oxidation of iron
boride occurred, leading to a repetition of the previ-
ous step. At longer oxidation times, however, the iron
boride coating has been fully consumed due to previ-
ous oxidation. This has left the bare metal for further
oxidation leading to the linear oxidation behavior.
Top views of the oxide scales formed on unboron-
ized low carbon steel are compared in Fig. 11. Two
different microstructures can be observed. At tem-
peratures lower than 1173K the oxidation of the
steel surface resulted in the formation of whiskers
(Fig. 11b). The whiskers are known to relieve high
residual stresses generated during oxidation [37]. The
whisker-type oxides nucleate at dislocations gener-
ated by scale growth stresses. At 1173 K, most of the
surface area was covered with interconnected oxide
nodules (Fig. 11a). This observation shows that the
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Fig. 12. Room temperature X-ray diffraction patterns of

steel substrates after oxidation. The file numbers of the

joint committee on powder diffraction standards (JCPDS)

for the identified phases are the following: Fe2Os (00-

-024-0072 at 873 K, 00-013-0534 at 1023 K, 98-020-1097 at

1173 K); Fe (98-063-1729); Fe3O4 (98-008-5806). Asterisk
(*) indicates an unknown phase.

growth stresses generated during oxidation at high
temperatures have been relieved by convolution or

wrinkling of the oxide scale instead of dislocations.
Since the scale grows in a confined space at the in-
ternal interface, the increase in volume due to ox-
ide formation may generate large compressive stresses
[35]. The large compressive stresses have probably res-
ulted in de-cohesion and buckling of the oxidation
product. This behavior has led to the scale spallation.

Further insight into high temperature oxidation
behavior could be obtained by investigating the room
temperature XRD patterns of the sample surface after
TG. The X-ray diffraction patterns are compared in
Figs. 12 and 13. In sample without boride layer, two
different iron oxides have been observed (Fe2O3 — hem-
atite, Fe3O4 — magnetite, Fig. 12). In the boronized
sample, diffraction peaks of different iron borates have
been detected, next to Fe2O3 and FezO4 (Fig. 13).
This observation confirms that the high temperature
oxidation of the boronized samples was taking place
and the iron boride phase has been oxidized.

The oxide scale of unboronized steel was composed
of Fe203 and Fe304 in different amounts (Fig. 12).
It has been reported that at lower temperatures
(< 843 K), the iron oxidation is dominated by Fe3O4
[38]. At higher temperatures (> 973 K) the oxidation
mechanism is mainly controlled by FeO layer forma-
tion [38]. Our results show that only FeoO3 and Fe3O4
have been formed in the scale (Fig. 12). The wiistite
phase (FeO) could not be detected by XRD. One pos-
sible reason for its absence could be a relatively short
oxidation time in our experiments. Another possible
explanation could be related to the change in the local
chemical equilibrium between iron oxides during their
growth. If the scale is uniform and remains intact dur-
ing oxidation, the layers grow by outward iron diffu-
sion. However, if gaseous oxygen had an access to the
metal-oxide interface, through cracks and other trans-
port channels within the scale, the relative growth
rates could be controlled by oxygen diffusion. Abu-
luwefa et al. observed that the scale composition of
a mild steel at 1400 K changed with oxidation time
[39]. The initially wiistite-rich scale became rich in
Fe;03 and Fe304 because of oxygen availability in the
scale. In the present study, a preferred orientation of
hematite in (006) direction at 1173 K has been found
(Fig. 12¢). The preferential orientation indicates that
large compressive stresses have been developed in the
scale, forcing the crystals to grow in the direction per-
pendicular to the original interface [35, 37]. A layer
spallation has been observed. These observations in-
dicate a possible accessibility of oxygen in the scale
and at the scale-metal interface.

The oxide scale of boronized S235JRG1 has been
found to be composed of different iron oxides and
iron borates (Fig. 13, Table 7). The XRD data are
compared in Fig. 13a,b,c. At 873 K the oxide scale of
boronized S235JRG1 was mainly composed of hemat-
ite, magnetite and two different iron borates — FeoBOy
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Fig. 13. Room temperature X-ray diffraction patterns
of boronized S235JRG1 after oxidation. The JCPDS
file numbers of the phases are the following: Fei.sBo.2
(98-061-3897), Fe,B (98-061-3906 at 873 K, 00-003-1053
at 1023 K); Fe2O3 (98-016-1291), Fe2BO4 (98-008-6865);
FeBOs3 (98-003-4474); FesBOs (01-072-1314); FesBOg (01-
-070-0880). Circle (o) indicates an unknown phase.

and FeBO3 (Fig. 13a). Peaks of iron boride are also
observed, indicating that the boride coating has been
only partially oxidized at 873-1023K. At 1173K,

peaks of Fe;B have not been found in the XRD. The
absence of FeyB signals indicates that this phase has
been probably fully oxidized at this temperature.
Iron oxides have been formed in the course of iron
boride oxidation according to the following equations:

3+ 2x
4

1
FeB + Oy — FeO, + §B203, (3)

3+ 4x
4

FesB + Oy — 2FeO, + %BgOg, (4)
where the different iron oxides have been written by a
general formula FeO,, where z = 1.5 stands for hem-
atite and z = % for magnetite. The equations indicate
that BoO3 could have been formed in the course of ox-
idation. B2O3 has not been detected by XRD in the
present case. This could be related to the noncrystal-
line (“glassy”) nature of this phase [40].

Different iron borates, observed in the scale at 873—
1123 K, are probably formed by a direct oxidation of
iron boride according to the following equations:

3
FeB + 502 — FeBOs, (5)

Fe2B + 202 — F62B04. (6)

Alternatively, the formation of iron borates can also
be explained by a reaction of some portion of B3Os3
with FesO3 and/or Fe3O,4 according to the following
reactions:

342 1
FeB + + .’1?02 — FeO, + §B203, (7)
F6203 + B203 — 2FeB03, (8)
3F6203 + B203 — 2F63B06, (9)

1 1
FesO4 + §F6203 + B203 — 2FesBO4 + ZOQ, (10)

7F6304 + 3Fe + 4B203 — 8F63BO5. (11)

The protective effect of the scale at 873-1023K
is probably related to the presence of different iron
borates in the scale. FeBO3 and Fe3BOg are stable
phases in the pseudo-binary Fe;O3-B5O3 phase dia-
gram [41]. FeBO3 transforms into Fe3gBOg and B3Og3
at 1073K [41]. FesBOg transforms into FeoOs and
B303 at ~ 1180 K [41]. FesBOy is a phase reported
to occur in the FeO-B5O3 pseudo-binary phase dia-
gram [42]. FeaBOy is mixed valence (Fe3T /Fe?") iron
borate [43, 44]. This compound has been observed in
oxide scales developed on boronized pure iron during
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Table 7. Oxides identified in the scale of boronized S235JRG1

T (K) F6203 F6304 FeB03 F63B06 F62B04 F63B05

873 X X X X X
1023 X X X X
1173 X X

oxidation at high temperatures (> 973K, [45, 46]).
Fe;BO,4 forms non-coherent, granular, blocking layer
acting along the scale/metal interface [45, 46]. The
protective effect of this phase is attributed to a de-
crease of interfacial area for iron diffusion from the
metal substrate [46].

Previous studies suggest that the iron boride oxid-
ation is dominated by B2Os formation [27-29]. This
phase formation is observed to take place at temper-
atures of 773-873 K [27]. BoO3 melts and covers the
sample surface. The presence of liquid B2O3 could
be efficient in retarding the oxidation kinetics as this
phase can act as a protective diffusion barrier over the
substrate [30]. B2O3 has not been detected by XRD in
the present study, probably due to its non-crystalline
nature. In this respect, it is worth mentioning that this
phase evaporates at temperatures above 1073 K [27].
Therefore, the effect of this phase on the oxidation
behavior at 1173 K can be expected to be minimal.

The XRD results show that the scale formed at
1173 K has been composed of Fe3BOg and Fe;Osj
(Fig. 13c). The amount of Fe3BOg was relatively
small. The amount of this phase is expected to further
decrease with increasing oxidation time since Fe3BOg
transforms into FeoO3 and B5O3 at ~ 1180 K accord-
ing to the FesO3-B2O3 phase diagram [41]. Fe;Os
forms a buckling scale due to large internal stresses
(Fig. 11). The parabolic rate constants of borided steel
at 1173 K are comparable to those of the bare steel
(Fig. 9). At 1173 K, the oxide scale of the bare steel
has been composed of Fe;O3 (Fig. 12¢). These res-
ults indicate that the high oxidation rates of boron-
ized steel at 1173 K are related to Fe;O3 formation in
the scale.

The presence of Fe;Ogs in the scale is probably
related to a gradual transformation of FesBOg into
Fe303 and B203s. The high growth rates at 1173 K
could be related to the change in the local chemical
equilibrium between Fe;O3; and FesBOg during ox-
idation. It can be expected that the local chemical
equilibrium between these oxides has changed during
their growth and portion of Fe;Ogs in the scale has
increased with increasing oxidation time. The FeyOs3
scale is non-protective. This scale is expected to spall
off at longer annealing times.

Iron oxides are nonstoichiometric compounds due
to large populations of point defects, such as oxygen
or metal vacancies [35]. The large defect populations
may lead to an enhanced ionic diffusion, especially at

high temperatures. It has been previously found that
the oxygen supply may affect the population of defects
in the scale and thereby increase the growth rate of
hematite [38]. Fe2O3 is a slightly oxygen-deficit com-
pound [35]. It can be written as FeO3_,. This phase
may grow by inward oxygen diffusion. In fact, the iron
diffusion coefficients in FeoO3 are smaller than oxy-
gen diffusion coefficients at 1173 K [35]. Furthermore,
the Fe;Og3 scale is porous and easily spalls off from
the substrate. The availability of oxygen molecules in
the porous scale can be expected to be very high. If
gaseous oxygen had an access to the boride-oxide in-
terface, the growth rates could be controlled by oxygen
diffusion instead of iron diffusion. Further exploration
of these aspects is required.

4. Conclusion

In the present work, the microstructure, chemical
composition and high temperature oxidation resist-
ance of boride coatings have been investigated. The
boride layers were prepared by powder-pack boroniz-
ing by using a Durborid®powder. The substrates of
low carbon steel S235JRG1 were boronized at 1273 K
for 45-150 min. The layers with an average thickness
of 76—123 pum were produced. The layers had a distinct
tooth-like microstructure. The major component was
FesB. The amount of FeB was small and this phase
was preferentially located on the sample surface.

The oxidation resistance of the bare steel and bor-
ide coating was investigated by simultaneous thermal
analysis in flowing synthetic air. At 873-1173K, a
parabolic oxidation of the boride layer has been ob-
served. The iron boride layer oxidation is a thermally
activated process. The boride coating is protect-
ive against oxidation at temperatures below 1173 K.
At 1173K, two successive parabolic periods have
been found, followed by a breakaway oxidation be-
havior. The protective effect of the coating is re-
lated to the formation of different iron borates in
the scale. At 1173K, the scale was mainly com-
posed of FesO3 and FegBOg. The local chemical equi-
librium between FesOj3 and FesBOg changes during
the layer growth since FeoOs may grow by gradual
transformation of Fe3gBOg. The FesOj3 scale is non-
protective and spalls off from the substrate. Oxy-
gen diffusion through the porous FeoOg3 scale is ex-
pected to be high. The oxygen availability in the
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scale may affect the reaction mechanism and fur-
ther increase the reaction rate at longer oxidation
times.
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