Characterizations and boron diffusion modelling on the AISI H13 steel
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Abstract

A kinetic approach accounting for the linearity of boron profiles through the boronized layer on
AISI H13 steel was developed. It aims to track the temporal evolution of the thicknesses of FeB
and (FeB + Fe;B) layers by considering new expressions for the mass balance equation at each
growth front. These surface layers were generated by pack-boronizing AISI H13 steel in the
temperature range of 1123 to 1273 K for durations ranging from 2 to 8 h. Finally, this linear
model has been validated for two other sets of processing parameters (1323 K for 4.5 and 8.5 h).
Iso-thickness diagrams were also proposed to optimize the thicknesses of the layers for targeted

industrial usage.
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1. Introduction

Boriding is a well-known surface treatment method in industrial sectors aimed at improving the

surface properties of surface-hardened layers produced on various metals [1,2,3] and alloys [4,5]



, especially high-alloy steels [6,7] . This process involves heating the material within the typical
temperature range of 800-1050°C for 0.5-10 h to create boron compounds with the host metal as
compact layers, as well as forming precipitates inside them via the diffusion process of boron
atoms resulting from a boron-rich medium. The benefits of applying the boronizing process
include increasing the surface hardness of the produced layers, ensuring resistance to wear, and
enhancing the ability to withstand corrosion. Many boriding methods are implemented in
laboratories, but few are applicable in industrial sectors due to certain shortcomings. One can cite
liquid boriding with and without electrolysis, gas boriding, plasma boriding, boriding in fluidized
beds, powder or paste boriding, and pack boriding assisted with electrical fields. It is noted that
powder pack boriding is the far preferred process for treating steels in accordance with industrial
requirements. The AISI H13 tool steel is well-suited for use in both hot and cold work tooling.
Its outstanding hot hardness provides resistance against thermal fatigue cracking, which can
occur due to repetitive heating and cooling in hot work environments. With its high toughness
and strong resistance to thermal fatigue cracking, the AISI H13 steel stands as the desired option
for a range of hot work tooling applications. Nonetheless, to increase its surface hardness and
wear resistance in extreme working conditions, experts highly recommend employing the
boriding process to achieve this goal. To optimize the thickness of the layers to meet the
requirements of industrial applications, modeling boriding kinetics is crucial. Therefore, various
mathematical approaches have been reported in the literature to achieve this goal. These
approaches include deterministic models [6, 8-13] a stochastic model [14] and non-deterministic

models [15, 16].

In this study, the boride layers on AISI H13 steel were characterized through SEM
observations and analyses to confirm the interphase morphology. XRD analysis was conducted
to identify iron borides and metal borides. The surface hardness of the boride layers was

determined through Vickers microhardness measurements to establish a microhardness profile.

Additionally, a kinetic approach known as the linear model was utilized to estimate the boron
diffusion coefficients in iron borides. Boron activation energies in both phases (FeB and Fe:B)
were evaluated by determining two dimensionless constants, and then compared to values
available in the literature. Finally, the linear model was verified by employing two additional

processing parameters.



2. Material, boriding treatment and experimental techniques

The AISI HI13 steel to be employed for boriding experiments had a nominal chemical
composition (in weight percent) of 0.32-0.45% C, 0.20-0.50% Mn, 0.80-1.20% 51, 4.75-5.50%
Cr, 1.10-1.75% Mo, 0.0-0.03% P, 0.0-0.03% S, 0.0-0.3% Ni, 0.0-0.25% Cu and 0.80-1.20% V.
The specimens to be subject to this thermochemical treatment had a cubic shape with 10 mm
side. Before the treatment, the samples were ground by employing SiC emery papers up to grit
2500 and being immersed in ultrasonic bath filled by n-heptane and ethanol for 20 min. The
samples were placed inside a stainless steel container and embedded in the powder having a
chemical composition of 33.5 % B4C, 5.4 % KBFsand 61.1% SiC). The conventional furnace of
brand Nabertherm N 250/85 HA was employed for heating the treated samples at considered
temperatures for different time durations by using Argon gas as a protective atmosphere. The
selected boriding temperatures were 1123 K, 1173 K, 1223 K and 1273 K for 2 h to 8 h. Once
the boriding treatment was finished, the samples were taken from the furnace and kept cooled in
air to ambient temperature. The cross-sections of borided samples were polished according to the
standard metallographic procedure for SEM examinations with Quanta 3D FEG-FEI JSM7800-
JOEL coupled with EDS analyses. To do so, the EDS system used includes the X-Max Extreme
which is a silicon drift detector (SDD). It is characterized by significant enhancements in low-
energy sensitivity for the detection of light elements such as boron and carbon. With X-Max
Extreme, both imaging and EDS performance can be obtained simultaneously and the EDS
resolution approaches that of the SEM.

The Oxford Aztec Microanalysis System was employed to collecting and analyzing the EDS
results. This system includes all the hardware and software tools to perform the targeted

chemical analysis. The eZAF (atomic number (Z), absorption (A) and fluorescence (F))



algorithm was used to calculate the quantity of an element detected by the software application.
Matrix correction algorithms ZAF were utilized for standardless quantitative analysis in SEM-
EDS analysis. The energy values of the K characteristic X-ray data of the analysed elements was
presented in the spectrum. The selected parameters for EDS settings comprise the following
parameters : acceleration voltage (5 or 10 eV), take-off angle(35°), live time (30 s) and
resolution values. The image collected was at the specified resolution of (2024x800) with the
possiblity of selecting the resolution from a drop-down list in the Settings bar.

The Nital solution of 4 vol.% was used to etch the observed surfaces. An automatized procedure
for measuring the layers‘ thicknesses was carried out by using a. MSQ PLUS software. Mean
values of layers* thicknesses were obtained based on fifty measurements on the selected cross-
sections of boronized samples. The identification of boride phases at the surfaces of treated
samples was done by using diffractometer of brand (Equinox 2000) with Co-Ka radiation at Aco
=0.179 nm. The microhardness profile across the boronized layer was determined with a Vickers

indenter under a load of 50 g and dwell time of 15 s.

3. Linear diffusion model

A recent method was proposed [9] to evaluate the boron diffusion coefficients in iron borides
(FeB and Fe;B) by applying the notion of linearity to the distribution of boron atoms through the
boride layers. For this objective, new mass balance equation expressions were then developed.
The time evolution of the boron distribution across the FeB and Fe:B in a substrate that is

saturated with boron atoms is seen schematically in Figure 1.
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Figure 1. Schematic depiction of linear profiles of boron element when creating the bilayer

(FeB/ Fe:B).

The highest and lowest concentrations in FeB are shown in Figure 1 as follows: (=16.40 wt.%B)
and (=16.23 wt.%B). In contrast, the equivalent maximum and minimum concentrations in the

Fe;B phase are equal to (= 9 wt.%B) and (=8.83 wt.%B) [10]. The term C,

A}

refers to the boron
active adsorbed quantity as determined by Yu et al. [20]. The variable u(¢)represents the
thickness of'the FeB layer, while v(¢) is the bilayer (FeB/Fe;B ) thickness. C,indicates the boron

concentration's equilibrium value inside the substrate, which is negligible [21]. Equation (1)

describes the change in thickness of FeB layer expressed by:



u(t)=20D5(-1) " )

With ¢rp a dimensionless constant related to the diffusivity of boron in the same phase with

fg P its corresponding incubation time. The bilayer thickness (FeB +Fe:B) is given Equation (2):

1/2
V(t)zngezBD}:/ezzB (t_thZB) (2)

With ¢€r,p a dimensionless constant and t(fezB the incubation time for the bilayer (FeB+ Fe;B).

This diffusion problem is subjected to the initial and boundary conditions stated as:

(at t=0): C;(x) =0, for x> 0, with i = FeB,Fe,B, (3)

Crep (x=0)=Cp for Cy 31640 wt.%,  /(4)

Crep (x=1)=Cfe}, forC, <1623 wt%, (5)

ads

Crep(x=u)= Cref for CB. >9.0wt%.  (6)

int 2 ads
_ . ~Fe,B B o
Cre,p (¥ =V)=Cp - for Cpye <8.83wt%. (7)

Let's write the mass balance equation that represents the Fe;B layer's temporal evolution in a
steady state. Equation (8) may be used to represent the boron concentration profile in the Fe,B
phase in this instance by taking into consideration the initial and boundary conditions given by
Equations (6) and (7):

Fe,B _ ~Fe,B

C .
ﬁl@tzB_I_ lowv_umt (x_u). (8)

CFezB (x)=C

In this case, the mass balance equation at the (Fe;B/substrate) interface can be readily established

by considering the entering mass flux of boron atoms from the side of Fe;B phase as :

Jres |¥(O], 2y = Do {dCngB [x(®)]/ dx} i and also the leaving mass of boron atoms from the

Fe2B phase in the direction of the substrate flux, which is provided by:

Jpe | x(t+t)] i =—Dp, {dCp, [x(t+dp)]/dx} _i=0. We arrive at Equation (9) which denotes

X =v+dv =v+d

the obtained mass balance needed for determining the dimensional constant €r,p:
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Equation (10) can be easily derived by replacing the time derivative of Equation (1) and spatial

derivative of Equation (8) with regards to the diffusion distance into Equation (9):

Fe,B Fe,B 1/2 Fe,B Fe,B
Cloié B 2C0 + Cinet2 €Fe,B Dr. eB _ _ Cloitzl B Cinet2 {0
2 (t_t(l):ezB )“2 fe, v—u (10)

By considering the equality of slopes in the Fe;B region of Figure 3, Equation (11) can be
deduced from the geometrical considerations as follows:

Fe,B ~Fe,B Fe,B ~Fe,B Fe,B Fe,B
Clow Cup _ Cint CuP _ Clow _Cint (1 1)

v u v—u

Substituting the left hand-side (LHS) of Equation (11) into Equation (10), we can easily derive
Equation (12) in the following form:

Fe,B Fe,B
C;ZB - 2C0 + C;?B EFEZB - —D}:/ZB CIOZZJ - Cu;z . ( 1 2)
2 (t_tgezB)l/z € \

By replacing the Equation (2) into Equation (12), we deduce the dimensionless constant ¢, as
follows:
Fe;B - ~Fe,B
2 (Cu;Z ‘Cz;f; )

€pe B = . (13
Fe,B (CFCZB_ZCO_I_CFEZB) ( )

low int

In the same way, the mass balance equation relative to the growth of FeB layer can be found by
considering  the  entering mass flux from the  surface  expressed  by:

Jres|X(M)],_ 1 =D {dCpp[x(®]/dx} i and the exiting mass flux towards the Fe2B region given
by: Jrg|x(t+dD)], 4,1 = —Dres {dCr s [x(t +dn)]/dx} i Finally we arrive at the expression of

Equation (14) given by:

Chp. =2C;i2" +Cing [ dr ]
2 dt ).




Moreover, the boron concentration within the FeB layer under steady-state diffusion is expressed
by Equation (15), accounting for the initial and boundary conditions provided by Equations (4)
and (5).

FeB FeB
low

cFeB(x)=T””x+c,f;B. (15)

By substituting the time derivative of Equation (1) and the spatial derivatives of Equations (8)
and (15) at x=u into Equation (14), we obtain Equation (16):

CFEB _2C'F€t23 +C[F€B R CIFEB _CFEB R C‘FEtZB _CFEZB .
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For the convenience, we define two slopes from Equations (1) and (2) as follows:
K :4612-”ezBDFezBs (17)
o =4erp Dy (18)

Incorporating the expressions of the two slopes ki-and & into Equation (16) and rearranging all

terms, we can arrive at Equation (19), which provides the expression of E

low
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4. Results and discussions

4.1. SEM observations of cross-sectional views of boronized layers and EDS analyses

Figure 2 displays the cross-sections of boronized layers on the AISI H13 steel obtained at
different conditions. The SEM images confirm the formation of a characteristic morphology of
phase interfaces marked by a low degree of columnarity ascribed to the effect of alloying
elements present in the substrate as shown in a similar study [22]. In fact, for alloyed steels [23,

24], the interfaces are flattened due to the high content of Cr and Ni reducing the flux of active



boron and filling up the space in between the boride needles. Contrary, the interfaces obtained on
the borided Armco iron [25] are markedly tooth shaped with needles varying in width and length
due to the absence of alloying elements. In a very recent study [26], adding copper with a content
of 30 wt.% in the powders mixture, has an adverse effect by suppressing the columnarity of
boride needles for Armco iron and producing thicker layers. The layers’ thicknesses are affected
by varying the time durations from 2 to 8 h at 1273 K between 31.16 + 8.04 and 80.05 + 19.9 um

due to the thermal activation of boron diffusion phenomenon.
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Figure 2. SEM examinations of the cross-sections of boronized layers on AISI HI3
steel at 1273 K for increasing time durations : a) 1273 K for 2 h, b) 1273 K for 4 h, ¢) 1273 K
for 6 handd) 1273 K for 8 h.



It is well established that the boronizing process applied to unalloyed or low-alloyed iron-based
materials forms a boride layer, which may encompass the Fe;B or Fe;B + FeB phase. The Fe-B
phase diagram shows that the Fe;B and FeB phases consist of approximately 8.83 wt.% and
16.23 wt.% B, respectively [9]. Figure 3 displays the characteristic peaks from the EDS analyses
taken from 2 zones (In close proximity to the upper surface and around the interface area). These
analyses were performed along the cross-section of borided AISI H13 steel at 1273 K for 8 h.
The qualitative peak of boron with low intensity is visible in Figures 3a and 3b, demonstrating a
chemical reaction occurring between iron and boron to give rise to iron borides (FeB and Fe;B)
as continuous layers. The presence of alloying elements such as chromium, nickel and
manganese can react chemically with the remaining boron to form precipitates of metal borides
inside the boronized layer. Along the cross-section of a boronized sample at 1223 K for 10 h, the
amount of element B in the boride layers was determined to be about 14.94 wt.% for the FeB
phase and 7.28 wt.% for the Fe;B phase. If these values are compared with the theoretical weight
percentages of element B in the FeB and Fe;B phases, it is clear that they are relatively close. It
should be noted that the EDS method may not accurately detect elements with low atomic
numbers, particularly those below eight.. As a result, it was concluded that the bilayer
(FeB+Fe:B) were formed on the surface of AISI HI13 steel by boronizing process. The results
show that elements such as Si, C, and Mo are not soluble, whereas elements like Cr, Mn, V, and
Ni are soluble in the boride layer. By observing the change in the amount of element B from the
surface to the matrix, it is evident that the amount of element B decreases towards the matrix. It
is worth noting that a major drawback of EDS analysis is its reduced accuracy in quantifying
elements with low atomic numbers, such as those from Beryllium to Fluorine. Another limitation
of EDS analysis is the overlap of X-ray energy peaks between elements, which can cause
interference and make it more difficult to distinguish between them. Additionally, matrix effects
can be a limitation, as the surrounding material may influence the X-ray emission of the
elements, potentially leading to inaccurate measurements. Therefore, the measurement results are
often significantly overestimated and cannot be used for accurate determination, such as the
boron concentration in the borided layer.

Rodriguez—Castro et al. [27] quantitatively assessed the nickel and chromium levels in (Fe, M)B,
(Fe,M),B, and diffusion zone, where M stands for Cr or Ni. According to their research, (Fe,

M)B had an average of 13.5 wt.%Cr and 6.85 wt.% Ni, whereas (Fe, M),B had an average of



12.58 wt.% Cr and 6.85 wt.% Ni. However, for the transient zone, the contents of Ni and Cr are
quite high compared to the respective contents in the dual boride layer. The EDS analysis was
performed by Ozbek and Bindal [28] on the cross-sectional views of AISI M2 steel that had been
borided at 850°C for 4 h. They stated that silicon and carbon were ejected toward the substrate

and did not dissolve in the boronized layer.
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Figure 3. EDS ' analyses performed in three regions of the cross-sections of boride layer
produced at 1273 K for 8 h, a) In close proximity to the upper surface, b) around the interface
area, c) in the untreated zone.



4.2. XRD analysis

The XRD technique is substantial to identify the crystalline nature of different phases as the iron
borides (FeB and Fe>B) constituting the compact compound layer as well as the probable metal
borides in relation to the contents of boride forming-elements present in the chemical
composition of treated AISI 304 steel. Figure 4 provides the XRD patterns of the treated surface
of boronized AISI H13 steel at 1273 K for 8 h. The diffraction peaks of iron borides are clearly
seen in the XRD patterns confirming the dual nature of obtained boronized layer (FeB and Fe:B).
The presence of chromium (CrB and Cr;B) was also corroborated because of high contents of
chromium in the chemical composition of AISI H13 steel. Moreover, the XRD analysis
supported the dual nature of boronized layers as indicated by the SEM results. In comparing our
findings with those in the literature, for instance, Gunen et al.[30] reported the presence of CrB
and MoB phases in the pack-borided AIS H13 steels. Unlike to our work, the Cr2B phase was not
detected due to the probable use of another powder mixture composed of 95 wt% B4C and 5
wt.% NaBF4. In another investigation, Zheng et al.[31] found the following phases Fe:B, FeB,
CrB and Cr2B by XRD analysis when utilizing the powders mixture containing the CeO> oxide
and such finding are similar to our study despite the use of different powders mixture.
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Figure 4. X-ray diffraction (XRD) diffractogram on the surface of boronized AISI HI13 steel at

1273 K during 8 h.

4.3. Vickers microhardness measurements

Microhardness Vickers tests across the cross-sections of boride layers are required to verify the
effectiveness of this boronizing treatment. The process of hardening the surface layers of steel is
crucial for enduring all types of wear in mechanical parts operating under extreme working
conditions. Consequently, the hardness property is associated with the nature and formation
energy of chemical bonds within compounds, such as iron borides (FeB and Fe;B), or complex
borides like (Fe, M)B and (Fe, M),B, where M represents the alloying element partially soluble
in the lattices of iron borides. Figure 5 gives the SEM micrograph of cross-sections of AISI H13
steel after boronizing at 1273 K for 8§ h, illustrating Vickers indentation marks alongside the
distribution of microhardness values versus the diffusion depth. The imprints that remained on
the cross-sections of the boronized AISI H13 steel at 1273 K for 8 h after applying the Vickers
indenter are shown in Figure 5a. The variation in the lengths of diagonals on the generated
imprints highlights the hardness level reached in each zone (FeB layer, Fe:B layer and the steel
matrix). Figure Sb gives the measured microhardness profiles along the cross-section of
boronized layer formed on the AISI H13 steel at 1273 K for 8 h. This profile changes in
alignment with the boron concentration gradient and steadily diminishes over the diffusion
distance. About 10 um away from the surface, the microhardness value was about 1998 HV .05

and drops to 255 HV.0s when reaching the unaffected steel matrix after the boronizing treatment.
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Figure 5. SEM examination of cross-sectional view of treated AISI HI3 steel at 1273 K for 8 h
with indentation marks and measurements of microhardness: a) Image of Vickers indentation

marks, (b): Measured microhardness-depth profile.

Taktak [18] developed the Vickers microhardness-depth profiles on the pack-borided AISI 304
steels by taking into account various processing parameters and comparing our results with the
literature. He found out that the surface Vickers microhardness averaged 2150 HVo.i. The
existence of metal borides as precipitates within the dual-phase boronized layers was ascribed to
the high value of surface microhardness. It is noted that the Vickers microhardness values

measured in this work are consistent with those published in the reference works [18, 29].

4.4. Results from the linear model



The linear kinetic model with new expressions of the two mass balance equations was harnessed
to infer the characteristic values of boron diffusion coefficients in both phases (FeB and Fe;B) by
first graphing the time dependencies of layers’ thicknesses in the temperature domain of 1123 to
1273 K. Figure 6 shows the parabolic trend of changes in layers’ thicknesses for FeB and (FeB +
Fe»B) with the selected temperature domain with the occurrence of incubation times independent
of temperature. In Table 1 are put together the experimental parabolic growth constants, fitted

with Equations (1) and (2), along with the two corresponding incubation periods.

Table 1. Results of fitting with Equations (1) and (2) with regard to the experimental parabolic

growth constants and time incubations.

Experimental FeB Experimental pFeB
0 0
T (K) constant constant CFezB
(s) (s) int
12 1/2
Zep,pDrep 2ép, 5D, (Wt.%)
(Hm'S'l/z) (Hm.s—l/Z)
1123 0.07175 0.1164
1173 0.1252 3899.4 0.1979 33955 8.89
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Figure 6. Parabolic trends of experimental layers with increasing temperatures: a) FeB layer, b)

the bilayer (FeB+ Fe>B).

For obtaining the values of diffusion coefficients, it is substantial to search for the two f

dimensionless parameters e, and e, ; by utilizing Equations (19) and (13) for a value of

. . . . Fe,B .
internal boron concentration in Fe;B estimated as C,-nef =9.89 wt.% B from the equivalence of

slopes provided by Equation (11). The calculations yield the two respective values of

dimensionless constants eg; and e, yequal t00.0638 and 0.0979. Using the data of Table 1, the

boron diffusion coefficients in each iron boride can be calculated and the calculation results are

displayed in Table 2.

Table 2. Calculated boron diffusion coefficients with the linear model.

2 () Dis Dy,
(m*s'x107%) (m?-s71x10°12)

1123 0.32 0.35

1173 0.97 1.02

1223 2.65 2.70




1273 6.72 6.65

The obtained results from Table 2 were fitted with the Arrhenius-relationships. Therefore, the

expressions of boron diffusion coefficients in FeB and Fe:B were found and given by Equations

(20) and (21)

Dy, =4.90x107 exp(—w (20)
RT

Proa =235 eXp(_%) - @1

where R represents the universal gas constant (8.314 J mol! K), and T is the processing

temperature in Kelvin.

Table 3 lists some reported results about the boron activation energies obtained on some
boronized steel from the literature [8, 32-40]. It is clearly seen that the published data from
different scholars exhibit some intrinsic differences regarding the boriding conditions used and
the boriding method. They are mainly influenced by some technological aspects concerning the
activation of reactive medium for the boron diffusion. The reported values of activation energies
are fundamentally depend upon the calculation method, the chemical composition of the material
(steel), the processing parameters (the time duration and the temperature ) and so on. To
highlight this experimental observations, Keddam et al. [32] managed to surface-harden the AISI
440 C steel with the plasma paste boriding process using a paste containing borax in the range of
700 to 800°C. It is noted that the calculated activation energy for AISI 440 C steel was 134.62
kJ 'mol!, which stands as the lowest value among all the data listed in Table 3. It is attributed to

the utilization of an overactivated medium in conjunction with plasma assistance that enables the



realization of this process at lower temperature (700°C). In a separate study, Ayvaz and Aydin
[33] investigated how the growth of layers during the boriding process of 316 L steel is affected
by microwave heating. The results obtained from the unconventional heating method enabled a
twofold increase in boron diffusion. Campos-Silva et [8] applied the PDCPB process to AISI
8620 steel using two values of polarity inversion half-cycles of 30 s and 50 s, under a current
density of 177 mA cm™ 2. They evaluated the boron activation energies in FeB and Fe>B as close
to 159 and 155 kJmol ™, respectively and independently of the value of polarity inversion half-
cycles of 30 s and 50 s. It was concluded that this parameters had no effect on the layers’ growth
kinetics. Albayrak and Vin [34] employed the pack-boriding on DIN St 28 steel with and
without mechanical activation as a prior pre-treatment. The Fe;B layers were obtained in this
case without providing the chemical composition of used powders mixture. It was reported that
the meachanical activation had no strong effect on calculated boron activations by
approximatively 6 %. Kartal et al.[35] treated the AISI T1 steel using the CRTD process in the
range of 1123 to 1323 K. The calculated boron activation was estimated as 179.05 kJmol™! with
the empirical approach. Such a value of activation was lower compared with the values obtained
during the present work for AISI H13 steel because of enhanced mobility of boron within this
activated medium attributed to the assistance of electrochemical reactions arising from this
CRTD process. In another study, Yu et al. [36] boronized the mild steel employing the spark
plasma sintering (SPS) technique. In fact, Introducing SPS to the boriding process has several
advantages: including the increase of diffusion rate of boron due to the presence of spark plasma
along with the activation of electrical field. The SPS boriding was conducted at temperatures
ranging from 700 to 1000 °C for 0.5 h. The estimated boron activation was found to be equal to

145.84 kJ mol”, highlighting the notable effect of SPS on the kinetics of boriding process. Thus,



the findings [36] indicated that SPS significantly reduced the boron activation energy compared
with the conventional powder pack-boriding process [38]. In another investigation, Orihel et al.
[37] assessed the boron activation in FeB and Fe;B for Sleipner steel possessing comparable
values with the present study for the AIST H13 steel. Mei et al. [39] performed pack-boronizing
on AISI H13 steel using a powder mixture containing rare earth oxides (CeO») with varying
contents from 2 to 6 wt.%. The aim was to investigate the impact of adding this oxide to the
boriding agent on the boronizing kinetics of AISI H13 steel. The results indicated that the
addition of rare earth oxide in the powder mixture led to a reduction in boron activation energy
and an acceleration of the diffusion rate of boron atoms compared to conventional powder pack-
boriding of the same steel, as demonstrated in the present study. Through this study, the obtained
values of activation energies in FeB and Fe;B for AISI H13 steel were attributed to the high
proportion of alloying elements, namely Cr and V, inside the substrate. This experimental fact
reduces the diffusion rate of boron at deeper distances. The present approach has two limitations
during the diffusion process of elemental boron through the surface. In fact, the carbon element
present in AISI H13 steel, by forming complex carbides, can interfere with the boron element
through a competitive effect, rendering its diffusion more difficult. The precipitation of metal
borides as precipitates depletes a certain content of boron, thereby inducing a reduction in the
layers' thicknesses. Despite these two limitations, this applied approach is still capable of

successfully predicting the boriding kinetics of AISI H13 steel.

Table 3. Boron Activation energies reported on some steels.

Steel Boronizing Temperature Activation Calculation Refs.

process Range (K) energy Method




(kJ. mol'")

AISI 440C Plasma-paste 973-1073 K 134.62 Parabolic [32]
(FeB+ FesB) growth law
AISI 316L Powder  with | 1073-1223 (FeB+ Fe,B) Parabolic [33]
microwave 244.15 growth law
heating
AISI 8620 PDCPB 1123-1223 (FeB) 159, Bilayer model [8]
(Fe2B) 155
DIN St 28 Pack boriding | 1023-1123 (Fe;B) 113.55 | Empirical [34]
with and and 106.74- | relationship
without 108.81
mechanical With MA
activation (MA)
AISIT1 CRTD 1123-1323 (FeB+Fe;B) Empirical [35]
179.05 relationship
Mild SPS pack- 1073-1273 (FeB+Fe;B) Empirical [36]
boriding 145.84 relationship
Sleipner Powder 1173-1323 (FeB) 193.53 | Bilayer model [37]
(Fe2B) 179.70
AISI 1045 Powder 1123-1273 (Fe2B) 180 Monolayer [38]
model
AISI H13 Powder 1123-1273 (FeB+Fe;B) Parabolic [39]
143.16-160.70 growth law
with a variable
content of CeO,
AISI 304 Powder 1123-1323 (FeB+Fe;B) Parabolic [40]
244 growth law




AIST H13 Powder 1123-1273 (FeB) 240.37 | Modified This work

(Fe;B) 232.62 bilayer model

It is possible to determine the need for a straightforward tool to optimize the thicknesses of
layers produced during the boronizing process by using the simulation results from the linear
model. As a result, we can create common graphs known as contour diagrams (see Figure 7),
which express the relationship between the processing parameters (temperature and time
duration) and layer thickness. These contour diagrams are intended to assist in selecting the
appropriate layer thicknesses to correspond with AISI HI3 steel that has been borided for

industrial use.
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Figure 7. Iso-thickness diagrams for the borided AISI HI3 steel: (a) FeB and (b) FeB + Fe:B.

To ascertain the validity of the linear model, two addition processing parameters were considered
for this purpose. Figure 8 shows the SEM cross-sectional views of boride layers obtained at
1323 K for 4.5 and 8.5 h. In Table 4, the experimental layers’ thicknesses were compared with
the predicted values and a good agreement was achieved between the two sets of data. It is
concluded that the model reproduces satisfactory the experimental results in terms of layers’

thicknessess.



0.0V HighVac X400 — 15 pm m SED 30.0kV HighVac X400 — 15 pm m

Figure 8. SEM examination of cross-sectional views of boronized layers obtained at 1323 K for

two time durations: a) 4.5 h, b) 8.5 h.

Table 4. Comparing the simulated layers’ thicknesses with the experimental values from the

linear diffusion model for two processing parameters.

Processing | tey (umy | o uay | Vew (um) Yor (um)
Parameters
using the linear using the
model linear model
1323 K 53.73£135 56.34 89.16 +£20.3 86.50
for4.5h
1323 K 85.26 £ 19.1 83.01 124.73 £ 24.7 126.08
for 8.5 h




5. Conclusions

The AISI H13 steel was boronized using the powder method between 1123 and 1273 K for 2-8 h.

The findings are summarized in the following points

1. The resulting boronized layers on AISI H13 steel ranged in thickness from 7.18 2.3 to 80.0 £
19.9 um and displayed a low toothed shape.

2. The following phases FeB, Fe;B, CrB and Cr.B were detected by XRD analysis for all

processing parameters.

3. The value of Vickers microhardness measured at 1273 K during 8 h was 1998 HVys at a
depth of roughly 10 um below the material surface; in the steel substrate, it attained 255 HV.0s.

4. The boron activation energies in both phases 240.37 kJ mol! for FeB and 232.62 kJ mol! for
Fe;B were inferred using the linear model. The obtained values of activation energies matched

the results found in the literature.

5. Two extra processing parameters (1323 K for 4.5 and 8.5 h) were employed used to validate
the current model empirically and the predicted layers’ thicknesses were in line the experiments.
6. The contour diagrams were inferred to serve as a valuable tool for selecting the most suitable

layer thicknesses that corresponded with the real-world applications of AISI H13 steel.

7. The current approach can be applied to predict the kinetics of interstitial elements (such as B,

N and C) through the surfaces of metallic alloys.
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Figure captions

Figure 1. Schematic depiction of linear profiles of boron element when creating the bilayer

(FeB/ Fe:B).
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Figure 2. SEM examinations of the cross-sections of boronized layers on AISI HI steel at 1273
K for increasing time durations : a) 1273 K for 2 h, b) 1273 K for 4 h, c) 1273 K for 6 h-and d)
1273 K for 8 h.

Figure 3. EDS analyses performed in three regions of the cross-sections of boride layer
produced at 1273 K for 8 h, a) In close proximity to the upper surface, b) around the interface
area, c) in the untreated zone.

Figure 4. X-ray diffraction (XRD) diffractogram on the surface of boronized AISI H13 steel at

1273 K during 8 h.

Figure 5. SEM examination of cross-sectional view of treated AISI H13 steel at 1273 K for 8
h with indentation marks and measurements of microhardness: a) Image of Vickers indentation
marks, (b): Measured microhardness-depth profile.

Figure 6. Parabolic trends of experimental layers with increasing temperatures: a) FeB layer,

b) the bilayer (FeB+ Fe:B).

Figure 7. Iso-thickness diagrams for the borided AISI HI3 steel: (a) FeB and (b) FeB + Fe:B.
Figure 8. SEM examination of cross-sectional views of boronized layers obtained at 1323 K for

two time durations: a) 4.5 h, b) 8.5 h.

Table captions

Table 1. Results of fitting with Equations (1) and (2) with regard to the experimental parabolic
growth constants and time incubations.
Table 2. Calculated boron diffusion coefficients with the linear model.

Table 3. Boron Activation energies reported on some steels.



Table 4. Comparing the simulated layers’ thicknesses with the experimental values

linear diffusion model for two processing parameters. :
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