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Abstract -

Low alloy steel was pack-borided at different processing temperatures (at 850, 950, and 1050°C)
and times (2, 4, and 6 h). The microstructural characterization of boronized steel showed the
presence of three zones, namely boronized region containing finer grains and columnar geometry
of (Fe, M),B (where M = Cr, Mn, Mo, and Ni), transition zone, and non-boronized core. The
concentrations of the alloying elements in (Fe, M),B were increased from the surface to the core
of the specimen. The pattern of slope variation of boron concentration-depth profile (obtained
using GDOES) was linked with the boride morphology and process temperature. Pack-boriding
of steel led to the development of systematic trend in slope variation of overall concentration-
depth profiles of the alloying elements. The composition and morphology of boride affected the
trend of slope variation for the boride-forming alloying elements. However, for Al and Si, the
trend of slope variation was connected to the boride morphology and the composition of the
matrix. Chemistry of the matrix was strongly dependent on the migration kinetics of the alloying
elements during the boride growth. The migration kinetics of Cr, Mn, Mo, and C were found
almost equivalent to the rate of boride growth. However, Ni, Al, and Si were migrated at a slower
rate. Si showed the lowest migration kinetics among the alloying elements. The concentrations of
the alloying elements having higher migration kinetics remained constant in the matrix during the

boride growth.

Keywords: boride; boronizing; steel; surface alloying; GDOES; EPMA
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1. Introduction

Pack-boriding has emerged as one of the most promising and effective surface
modification routes to produce hard boride phases at the surface of the engineering alloys,
enhancing its surface properties and thus, making it withstand against the surface degradation
phenomenon such as wear, corrosion, and oxidation [1-3]. Boronizing, a thermo-chemical
treatment, is accompanied by the controlled diffusion of boron into the metal surface producing
different phases of metal borides (M-B, M = Fe, Cr, Ti, Ni, V, Mo, Mn, W, etc.) [4-14]. A
considerable improvement in the quality of the surface layer is possible through combining the
boronizing treatment with other surface treatments (like borocaburising, laser treatment on the
boronized surface, etc.) [15, 16]. Boronizing is a proved lucrative option for many non-ferrous
alloys [15, 17-19]. However, boronizing of ferrous alloys has got considerable attention due to
their wide range of applications [20-22].

Typically, boronizing of iron-based alloys leads to the formation of iron-boride phases on
the surface layer [15-17, 20-22]. The alloying chemistry has a significant influence on the
boronizing behavior. The effect of various chemical elements on the boronizing response of pure
iron was the subject of attraction in many kinds of literature [5-12]. The microstructure of the
boronized layer, especially, the morphology of borides is dependent on the alloys, where the
alloying elements can modify the solubility and diffusion of constituents [16, 23]. Low alloy
steels show saw-tooth morphology of borides [20, 22, 24]. However, high alloy steels have an
almost flat interface between the boride layer and substrate [21, 23]. Presence of W and V as
alloying elements transforms the saw-tooth morphology into flat boride surface with smooth
interfaces, along with the formation of transition zone that is rich in precipitates of W and V [10,

11]. There, the alloying elements can lead to the formation of a mixed boride phase in the layer.
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The boronizing treatment of Fe-Cr alloy causes the formation (Fe, Cr)B phase at the top and (Fe,
Cr),B phase beneath it [4]. The presence of Mo within the matrix promotes the precipitation of
Mo,FeB; in the boride layer [7, 8]. Gencer et al. obtained a boride layer containing FeB, Fe,B,
and precipitates of TiB, during boronizing of Fe-Ti alloy [12]. It was noted that the alloying
elements could affect the kinetics, hardness, surface roughness, and tribological behavior of the
boride layer [7, 8]. The thickness of the boride layer decreases due to the addition of alloying
elements [10, 11]. Most of the archival literature has given a specific focus on the binary Fe-M
alloys. However, the combined effect of the alloying elements on the boronized layer of steels is
complex and least expounded. 34CrAlMo5-10 steel, popularly known as EN41B, belongs to the
category of medium carbon low alloy steels containing C, Cr, Mn, Mo, Ni, Si, and Al as alloying
elements. This steel is usually applied in valve stems, connecting rods, shackle pins and casting
dies, etc. Understanding the effect of boron, multiple alloying elements, and processing
parameters on the microstructure development and distribution kinetics of the alloying elements
during the layer growth is one of the critical challenges. Consequently, the current work presents
the effect of pack-boriding on the migration behavior of alloying elements in low alloy steel and
the accompanying mechanism of microstructure development. Pack-borided specimens were

investigated using optical microscopy, SEM, EBSD, XRD, EPMA, GDOES, and microhardness.

2. Experimental

A medium carbon low alloy steel (34CrAlMo5-10 / EN41B) with the following chemical
composition was used: 0.4% C, 1.45% Cr, 0.57% Mn, 0.14% Mo, 0.11% Ni, 0.27% Si, 0.91%
Al 0.04% P, 0.04% S and balanced Fe. The specimens were cut and prepared in a square shape

with dimensions 20 x 20 X 4 mm and ground up to 800 mesh size emery paper, followed by
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diamond polishing and cleaning with acetone before boronizing. A preconditioned stainless-steel
container was used to boronize the specimens at 850, 950, and 1050°C for 2, 4, and 6 h using the
commercially available Boropak™ powder (typically, the commercially available boronizing
powder contains about 5% B4C as a source of boron + 5% KBF, as an activator + 90% SiC as a
diluent). The specimens were embedded inside the powder bed at the center of a container. The
top portion of the container was covered with SiC powder. The detailed boronizing process is
mentioned elsewhere [20]. The container was air-cooled after boronizing.

Cross-section of boronized specimens was metallographically prepared and etched using
2% Nital. The microstructural investigations were performed using an optical microscope (Make:
Zeiss Axio Vert.Al), scanning electron microscopy (SEM, Make: Zeiss Supra55), X-ray
diffraction (XRD, Make: Bruker D2-Phaser), and microhardness tester (Make: Walter UHL
VMH-002). XRD patterns were recorded using Cu-Ka radiation.

In order to obtain the grain structural morphology of the specimen boronized at 1050°C
for 4 h, cross-section was prepared using different grit paper (starting from 800 to 4000). Final
polishing was done using the diamond suspension (I pum for 8 min) and a standard colloidal
silica suspension (0.4 um for 25 min). The prepared specimen was observed for the
microstructure by a Hitachi 3400 SEM, which contains a Bruker e-flash electron-backscatter-
diffraction (EBSD) detector. The followings parameters were used during the measurements: 20
kV acceleration voltage, 10 mA current density, and the step size of ~1 um. The acquired images
were post-processed using ATEX [25] and MTEX software.

Elemental composition of the boronized layer was determined using electron probe
microanalysis (EPMA). EPMA measurements were done using a JEOL JXA-8530F instrument

having 3 WDS and 1 EDS channels. The accelerating voltage and the beam current were settled
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as 15 kV and 50 nA, respectively. Line scan was carried out within the boride column and the
adjacent non-boride region. Elemental mapping was performed in the boronized layer to
understand the distribution of B, Fe, Al, Cr, and Mo. Each map covers the area of 140 pm x 180
um. The measurements were taken under an acceleration voltage of 15 kV, beam current of 50
nA, dwell time of 10 ms/point at the intervals of 0.5 um.

Boronized specimens were further analyzed using glow discharge optical emission
spectroscopy (GDOES, Make: Horiba GD Profiler 2). Semi-quantitative depth profiles of B, Fe,
Cr, Mn, Mo, Ni, Si, and Al were obtained using GDOES. This technique allows to observe the
surface ejection of atoms in the excited state, which is detected due to optical emission after

decaying to the fundamental state by photoelectric sensors for specific wavelength [26].

3. Results and Discussion
3.1. Phase Analysis, Microstructure, and Hardness

Figure 1 shows the x-ray diffractograms (XRD) of boronized specimens at different
temperatures. The untreated specimen shows the diffracted peaks of ferrite (a-Fe). It was noticed
the characteristic diffraction pattern of Fe,B present in all boronized specimens. However, the
specimen boronized at 1050°C showed additional small peaks of FeB and SiC. The presence of
both iron-borides (FeB and Fe,B) indicates that the FeB phase may be formed only in some
places on the specimen surface. Therefore, the phase maps shown in Fig. 3(c)-(d) and the
micrograph incorporated in the later portion of Section 3 do not show the distinct layer or
evidence of FeB (Fig. 9(d)). Evaporation of boron oxides plays a vital role in controlling the
supply of boron for its reaction with the steel surface during powder-pack boriding using B4C as
a boron source [16]. Therefore, the high temperate can lead to a high boron potential with the

pack-mixture leading to the formation of FeB [16, 20, 21]. When is used high boronizing
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temperature, the sticky/diffused layer of boronizing pack-mixture (which contains SiC) is
relatively difficult to remove by cleaning, and therefore, XRD shows SiC peaks at 1050°C.

Figure 2(a) and (b) shows the microstructure in cross-section of the specimen boronized
at 950°C for 4 h. One can see a columnar morphology of iron-borides in the modified region.
The prominent anisotropy of the diffusion coefficient in the tetragonal lattice of Fe,B may is
responsible for the formation of columnar morphology [14, 23, 27]. The SEM micrograph shows
microstructural features that are difficult to be seen in the optical micrograph (Fig. 2(a) versus
(b)). The boride columns that appear thick in the optical micrographs are formed by clustering
thin columns.

A cross-sectional micrograph with the SEM analysis of pack-borided steel is presented in
Fig. 3(a). This reveals the formation of boride region, which is darker in respect to the non-
boronized core. Preferentially oriented grains in the surface region of the boronized cross-section
are observed in the IPF map, as shown in Fig. 3(b). These grains are Fe,B columns, formed
through the diffusion of boron atoms [28], which were noted to grow perpendicular to the surface
in a needle-like manner [29]. FeB is not considered due to the detection of its poor signals. The
IPF map shows that the Fe,B grains are mostly oriented around {100} and {110} (Fig. 3(b)).
Figure 3(e) shows the strong texture of Fe,B grains toward the horizontal extremities. Iron-
boride prefers to grow in the crystallographic direction [001] and by stacking crystal planes
{001} [27]. Texture in the Fe,B phase could occur due to the mutual compression between
adjacent grains and the lattice mismatch between the phases [27]. Small grains of Fe,B are
formed near the surface (Fig. 3(c)-(d)). Random orientation of grains is visible in the area

beneath the boronized region (Fig. 3 (b)).
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Boronized region consists of iron-boride phase and is surrounded by non-borided matrix.
The matrix shows a different contrast in the optical micrograph (Fig. 2(a) and Fig. 3) compared
to the underneath regions. Tiny particles are apparent in the matrix and on the front of boride
columns. These tiny boride particles are generally present at high-angle prior-austenitic grain
boundaries [4].

The ‘transition zone’ is labelled in the vicinity of boronized region that contains boride
particles in the non-transformed areas (see the subsequent sections for more details). The total
boronized layer is divided into the boronized region and the transition zone [20]. The non-
boronized core follows the transition zone.

Figure 2(c) shows the microhardness-depth profiles for the specimens boronized at 850,
950, and 1050°C for 4 h. The hardness measurements near to the surface (within ~20 pm) are not
representative for the real mechanical behavior; thus, the hardness is recorded after 20 um.
Maximum hardness of about 1050, 1500, and 1800 HV; are detected in the near-surface region
at 850, 950, and 1050°C, respectively. There, it is possible to obtain a constant hardness in the
boronized region if the iron-boride columns occupy the entire space of the region [1]. However,
the observed decrease in the hardness from the near-surface area to the core (Fig. 2(c)) is due to
the increase in the proportion of non-borided matrix surrounding the iron-boride columns [5, 20,
30]. Compositional analysis of the specimens borided at 850°C (Section 3.3) confirmed that
boride fraction in the surface region is less than one (i.e., the surface region is not occupied
entirely by the boride phase). Therefore, the lower surface hardness at 850°C is due to the
presence of softer non-boride regions surrounding the boride phase. At any depth within the
boronized layer, the reduced hardness for lower temperature is due to the smaller fraction of

iron-boride.
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3.2. Compositional Analysis: EPMA

Figure 4 shows the BSE image and the corresponding EPMA measurements from surface
to non-boronized region of the specimen boronized at 950°C for 4 h. The iron-boride phase
appears gray colored in the BSE micrograph (Fig. 4(a)) because of the significant presence of
boron (light element) [1, 20]. Porosities are distinguishable in BSE mode due to their black
appearance. One can see that the region with iron-boride shows the highest boron concentration.
From here, the ‘depth’ term refers to the distance from the surface up to a certain point in the
bulk. The concentration of the alloying elements is lower in the boride than the non-borided core.
The much lower content of Si and Al in the boride than the non-boronized area suggests that the
growing boride significantly rejects Si and Al atoms [31]. The elemental mapping of Al in Fig.
5(d) shows more concentration of Al in front/surrounding regions of the boride column than the
non-boronized region. The relevant GDOES results are discussed later. The fluctuation in the
elemental concentration-depth profiles is possible due to the presence of boundaries/gaps
between the clustered thin boride columns at the location of EPMA measurements.

The concentrations of alloying elements, except Si, Al, and C (see also the subsequent
section), never reaches zero in the boride phase (Fig. 4). The concentrations of Cr, Mn, Mo, and
Ni show an increasing trend from the surface to the tip of the boride column, which is possible
due to the redistribution of the alloying elements (boride has different solubilities for different
elements) and nonequilibrium conditions that prevail during the growth of boronized layer [1,
23]. A similar trend in the distribution of alloying elements is evident for the boronized Fe-Cr [1]
and Fe-Mn [5, 6] alloys. The presence of Si and Al in the boronized region at the location of

EPMA measurements, especially, near to the surface 1is associated with their
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segregation/entrapment between the growing boride columns (see the regions indicated by
arrows in Fig. 5(d)). Boride formed near to the surface could assimilate some Si from the
boronizing pack-mixture, which contains SiC powder [20].

Figure 5(b)-(f) shows the elemental mapping of vital elements in the boronized region
and some portion of the transition zone of the specimens boronized at 950°C for 4 h. The B and
Fe distributions confirm the presence of columnar iron boride in the boronized region due to both
chemical signals that follow quite well the morphology previously observed in the SEM
micrographs. In the elemental mapping, the near-surface region of the layer does not indicate the
formation of a higher B contained generally by the iron-boride (FeB) phase. Therefore, it agrees
with the XRD results shown in Fig. 1. Boride columns appear dark in the Al mapping. Al
enriches the regions between the boride columns and the growing front of the borides. These
results confirm that Al does not dissolve in the boride phase, and it is displaced away during
phase growth [31]. Unlike the mappings of B, Fe, and Al, the Cr and Mo mappings do not show
a clear distinction between the boride columns and the surrounding non-boride region, which is
due to the presence of Cr and Mo in both the boride phase and non-boride region [1, 7].
However, the Cr mapping shows dark patches within the boronized region. These patches are
mostly the narrow regions between the iron-boride columns, which are occupied by the boride
during subsequent growth. For better understanding, Fig. 5(d) and (e) shows the encircled such
regions between the iron-boride columns. The darker appearance indicates the Cr depletion.
However, it should be remembered that the iron-boride columns do not absorb the entire
concentration of the element present in the alloy (Fig. 4). Hence, some rejection occurs during
the growth of boride [23]. Therefore, Cr depletion in the narrow regions between the boride

columns hints the faster migration of Cr than the growth kinetics of the iron-boride columns.

10
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Some of the regions indicated by arrows in Fig. 5 (as an example, Fe and Al mappings)
reveal the presence of small non-borided areas trapped between the columns. Open zones are
also observed between the boride columns (Fig. 5(a)). Based on the above observations, the
boride phase contains Fe and B with some concentration of Cr, Mn, Ni and Mo, i.e., the boride
formed is (Fe, M),B where, M = Cr, Mn, Mo, and Ni [4-7, 21, 23]. The concentration of the
alloying elements in the boride column decreases from the core to surface. In the text, Fe,B
designates (Fe, M),B for conciseness. Formations of separate borides of alloying elements (like
Cr,B or MnB,) in the Fe;B columns are ruled out because of the low concentrations of the

alloying elements in the investigated steel [1, 5].

3.3. Compositional Analysis: GDOES

Unlike the EPMA results, shown in Fig. 4, a gradual decrease in the concentration of B,
and some rise in the concentrations of the remaining elements (Fe, Cr, Mn, Ni, Mo, Si, and Al)
from the surface to the non-boronized region are observed in GDOES results (Fig. 6). This
difference is ascribed to the fact that the EPMA measurements are done within the boride
column (Fig. 4). However, GDOES gives the results at various depths from a considerably large
area (diameter of the crater is ~ 4 mm). Therefore, the obtained results from each depth within
the boronized region are the average concentration of the boride phase and the surrounding non-
boride area [23]. As an example, the EPMA concentration-depth profile and elemental mapping
confirm the absence of Al in the boride, while the concentration of Al in the surrounding regions
of boride is higher than the transition zone and core. Therefore, the decreasing trend of Al
content from zone-V to I in GDOES (Fig. 6) is a direct consequence of depleted proportion of

non-boride regions towards the surface.

11
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GDOES results (Fig. 6) show the presence of 5 compositional zones (I to V) in the
boronized region. These zones are identified based on the change in slopes (the first derivate of
concentration function versus depth or rate of change of concentration versus depth) of GDOES
profiles with the distance from the surface or core (Fig. 7). Most of the alloying elements achieve
stability in zone-I. Si and Al contents show a noticeable drop during the transition from zone-II
to I. Al content become almost zero in the zone-I. The Si content above zero in the zone-I is
possible due to its absorption from the surrounding pack-mixture [20]. The plateau in the
concentration profiles of boron (subsequent discussion explains the absence of plateau in boron
profile at 850°C) in the zone-I indicate the formation of vastly boride phase and a negligible
quantity of non-boride region near to the surface at 950°C. The B and Fe rich regions attempt to
wipe the other alloying elements during the growth [23]. The extent of migration of alloying
elements is one of the factors controlling the overall concentration of alloying elements at
various depths. The growth kinetics of boride columns regulates the extent of wiping [22, 23]. In
the process of boride formation, the iron-boride phase partially dissolves some of the alloying
elements (like Cr, Mn, Ni, and Mo) and entirely discards the other alloying elements (like C, Si,
and Al) [31]. GDOES results of the boronized Ti-alloy also showed the rejection of Al by the
growing boride [32]. In the transition zone-V, the sharpest drop in the concentration of B with
the increase of depth is associated with the steepest rise in the concentration of all elements,
except Si and Al. Finally, zone-V shows the accumulation of Si and Al.

The variation trend of slopes for concentration-depth profiles of alloying elements at
850°C is analogous to that of the specimen boronized at 950°C (Figs. 6(b) and 7(b)). Even if the
concentration-depth profile of B is steeper and variation in the slope with depth is not discerned

at 850°C, some similarity in its trend is noticeable in zones-III to V (Fig. 7). Variation in the

12
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slope of B profile becomes distinct as the boronizing temperature increases to 950°C. The slope
change in the concentration-depth profiles of all elements, except C, is observed in different
zones. In contrast to the other alloying elements, C content in zones-I to IV is absent at 950°C.
At lower temperature (850°C), carbon is not found in zone-I to IIl. The entire absence of C in
these zones indicates its faster migration away from the boronized region at both temperatures
[23]. Another reason for the lack of C could be its insolubility in the Al- and Si- rich matrix.
Accumulated Al and Si can form the complex compound in the matrix surrounding the boride
columns [31].

A sequence of the events occurred during the growth of the boronized region is
resembled to the course of development of zones from V to L. It is because, the journey of layer
growth starts with a non-boronized core (i.e., the deeper region near to zone-V) to the layer of
fully occupied boride phase (i.e., zone-I). Therefore, the subsequent discussion explains the
events occurring from core to surface. As mentioned above, the slope of the GDOES profiles
varies systematically, and the pattern for the alloying elements is almost identical at 950°C and
850°C (Fig. 7). The steeper slope is followed by, the shallower slope and vice-versa. The
increasing slope of all elements (either in the positive or negative direction) approaches towards
the zero and then, increases again. The pattern of slope change for Cr, Mn, and Mo profiles is
like a mirror image of the slope profile of B at 950°C. The sequence of slope variation in
different zones is identical for Si and Al. Moving from zone-V towards the surface, as the slopes
of B, Cr, Mn, Mo and Ni profiles approach towards zero (at the interface of zones-IV and III),
the slopes of Si and Al profiles move away from zero and reach the maximum either at the
interface of zones-IV and III (for 950°C) or in zone-III (for 850°C). However, the slopes of all

elements approach to zero and achieve better stability while moving in the zones-II and 1. The
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complete transformation of the surface region to boride causes the slight increase in the
composition (i.e., negative slope) of Cr, Mn, and Mo in zone-I. The slope of B profile becomes
positive in zone-I (i.e., B concentration decreases near to the surface) at 950°C, which is possible
due to the formation of macro-defects, like porosities [3, 6], in the near-surface region.
Segregation of Ni occurs at the interface of zones-I and II, which is also evident at the lower
boronizing temperature of 850°C. However, EPMA measurements within the boride column do
not manifest such segregation in the near-surface region suggesting that during the
transformation of the entire extension of the surface to the boride phase, some fraction of Ni
atoms are discarded in the surrounding matrix retaining some in the boride phase.

Even if the trend in the variation of slopes for alloying elements at 850°C is almost
comparable to that of at 950°C, the position of the slope peaks concerning each other in different
zones is not identical at both temperatures (Fig. 7). The slope profiles show a backward shift in
the peak positions at 850°C. For example, the locations of the peaks for Cr, Mn, Mo, and Ni,
concerning the position of peaks for Si and Al at the interface of zones-V and IV, are shifted
towards the leftward at 850°C. This observation confirms the role of temperature on the growth
behaviour of boride and the compositional adjustments between boride and its surrounding
matrix. It also reflects the difference in migration kinetics among alloying elements during the
boronizing process.

The depth corresponding to the maximum accumulation in zone-V (i.e., the intersection
of slope profiles to X-axis at Y = 0) is lower for Si than Al. The peaks positions in the slope
profiles are at lower depths for Si than Al (however, the difference in the peak positions of Si
and Al is smaller at 950°C than 850°C). These signals suggest slower migration kinetics of Si

than Al.

14
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For Ni, the position of the first peak while moving from zone-V to I occurs at a
considerably lower depth than that for Cr, Mn, and Mo. It indicates the absence of Ni migration
even though the other alloying elements start depleting (during the formation of boride particles).
This situation is possible due to the lower migration kinetics of Ni than Cr, Mn, and Mo.
Positions of peaks for Cr, Mn, and Mo are almost at the same depth that demonstrates the
inconsequential difference in their migration kinetics.

Figure 8 shows the normalized concentration-depth profiles of B and their corresponding
slope variations for the specimens boronized at 850, 950, and 1050°C for 4 h. The thickness of
the layer increases with temperature. For the relative comparison of these concentration-depth
profiles at different temperatures, they are normalized by making the maximum B concentration
in Fe,B layer as the unity. A considerable jump in B content near to the surface at 1050°C is
possibly due to the presence of FeB phase, as detected by XRD (Fig. 1), at some locations on the
surface. Unlike 850 and 950°C, the increasing concentration of B from the core to surface is very
gradual at 1050°C, and the slope of the profile approaches towards almost zero at the 50% of the
boronized layer thickness (thickness of boronized region plus transition zone). This gradual
change indicates the presence of unreacted Fe in the broader transition zone. Tiny particles of
boride are apparent in areas close to the core and surrounding the boride columns (Fig. 9 and Fig.
2(b)). The equilibrium solubility product (K) of the boride controls the extent of the transition
zone [33]. Typically, K increases with temperature [33, 34]. Therefore, the tendency for
dissolution of boride at higher temperature causes a broader transition zone.

Typically, the growth of boride is faster in the forward direction than the transverse
direction causing a columnar morphology (i.e., a sharp change in the average width or volume of

boride) [23, 24] and therefore, an abrupt change in boron profile is expected in this case.
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However, at 1050°C, a gradual change in B profile from the surface to the steel core is possible.
It is due to the higher rate of nucleation and growth of boride particles in the matrix [4] or
accelerated growth of boride columns in the transverse direction as compared to the forwarding
direction. Hence, variation in the slope of B profile is a direct indication of boride morphology.
Moreover, a slope change in the B profiles on different zones indicates a non-uniformity in the
growth kinetics of boride columns. The extent of region (above the transition zone) having the
slope of B profile, d(B)/dx, close to zero is considerably broader at 1050°C than that of at 950°C
(see inserts in Fig. 8(b)). It may indicate the constant boride fraction (fg) in this region. At the
interface of zones-III and IV (Fig. 6(a)), for the same value of B on either side, Si and Al
contents are lower in zone-III than zone-IV that suggests the possible role of reducing their
accumulation for further growth of boride.

Figure 9 shows the change in the appearance of boride morphology with temperature.
Tips of the boride columns show considerable thickening (or blunting) and branching at 1050°C
leading to the decrease in gaps between the columns. In contrast, the boride columns are
relatively narrow and have sharp tips at 850°C. In case of 950°C, the tips of boride columns are
sharper than that of at 1050°C and show more thickening towards the surface than at 850°C.
These boride morphologies support the trend in variation of B content (and hence, f5) with depth
in the boronized layer. The continuous rise in the B content even in zone-I at 850°C indicates
that fg is possibly close to 1, but not equal to 1. The boride growth kinetics is concurrent with the

change in slopes of the concentration-depth profiles of other alloying elements.
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3.4. Effect of Process Time

Figures 10 and 11 show the concentration-depth profiles of various elements and their
slopes (rate of change), respectively, of specimens boronized at 950°C for different process
times. The trend in the variation of slopes is similar to the Figs. 6 and 7. Peaks designated as p1
in Fig. 11 correspond to depths at (i) the sharp drop in the concentration of alloying elements
(i.e., the maximum slope in the positive direction), and (ii) the sharp rise in B content (i.e., the
maximum slope in the negative direction) while moving from core to surface. Peaks labelled as
p2 correspond to the accumulation of Al and Si towards the core. For Al and Si, Al-2 and Si-2
designate the depths at p1, and Al-1 and Si-1 assign the depths at p2. Fig. 12(a) shows the depths
corresponding to pl and p2 for the elements present in the boronized steel. The horizontal dashed
lines indicate the depths for B. As a general observation, the depths for Ni, Al, and Si are lower
than that of B. For example, Fig. 12(b) compares the profiles of B and Ni, where the depth that
corresponds to the beginning in the drop of Ni content is leftward to the depth corresponding to
the start in rising of B content. Al-1 and Si-1 are nearer to the depth for B as compare to Al-2 and
Si-2, which suggests that the system prefers accumulation of Al and Si over the depletion during
the boride formation.

Typically, in the surface alloying process, the square of the depth is proportional to the
duration of the process. There, the proportionality constant indicates the rate of events occurring
during the process [1, 23]. The coefficient of determination (R?) for a linear regression of the
square of depths for the elements (Fig. 12(a)) with time is 0.94 = 0.04. The slope of the linear
regression line for boron indicates the boride growth rate. However, the slopes corresponding to
other alloying elements show their migration kinetics during the boride growth. Figure 12(c)

shows such determined rates of the events.
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Figure 12(c) shows that Cr, Mn, Mo, and C migrate at slightly higher rate than the rate of
boride growth causing the lower tendency of these elements to accumulate (in the non-boride
areas surrounding the boride columns: see Fig. 5(e)-(f)) [1, 5, 6, 23]. However, Ni, Al, and Si
migrate at a slower rate than Cr, Mn, Mo, and C. The kinetics of migration of Al and Si that
cause the accumulation in the transition zone (near the core) is faster than the rate determined at
Al-2 and Si-2. The lower migration kinetics of Al and Si in the matrix than in the transition zone
caused the higher concentration of these elements in the matrix than the transition zone (for
example, see Fig. 5(d)).

At the locations of Al-2 and Si-2, the slope of the B profile is approached to zero (i.e.,
stagnation in the boride growth: see Figs. 7 and 11). Therefore, f5 is constant at those locations,
and the decreased accumulation in the matrix should be responsible for the sharp depletions in
the overall concentrations of Al and Si at Al-2 and Si-2 locations, respectively. Concentrations of
the alloying elements affect the growth kinetics of borides [7, 9]. The lower migration kinetics of
Al and Si at the locations where stagnation in the boride growth occurs suggest that the reduction
in accumulation in the matrix is required to overcome the stagnation and, hence, to generate a

further growth of boride.

3.5. Theoretical Interpretation of EPMA and GDOES Results

The discussion mentioned in the previous sections is further apprehended as follows. Due
to the columnar morphology of iron-boride, GDOES measures the composition of boride and the
surrounding non-boride regions (matrix) at every depth. Therefore, the trend in the
concentration-depth profiles of various elements (Fig. 6) and their slopes (Fig. 7) are directly

associated with the variation in compositions and proportions of boride and matrix. Assume, i is
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the alloying element in the steel, which is further subclassified as i-B (element present in boride
(i.e., Cr, Mn, Mo, and Ni)) and i-NB (element absent in boride (i.e., Si and Al)). The carbon is
excluded because of its absence in the pack-borided surface region. It is considered, the
concentrations of alloying element i at depth j in the boride phase and the matrix are ¢}/ and c%,
respectively (here, i can be i-B or i-NB). If fg and f;, are the fractions (concerning weight or
volume) of boride and matrix respectively, f5 + f,,, = 1. The total composition of i at depth j is
given by,

ct/ =clf - fg+ci:fm (1)
EPMA (Fig. 4) and GDOES results (Fig. 6) have confirmed that the boride phase contains a
lower concentration of the alloying elements than the matrix. Let assume, Ac% is the difference
in the composition of matrix and boride, i.e., Ac®” = c% — c¥/. Therefore,

et/ = (cid = AcY) - fz+ ¢l fm @
which, further is simplified as

i = clif — (Ac¥ - fp). 3)

In the case of i-B, Ac' ~ 5/ has a positive value, and it increases from the core to surface.
However, in the case of i-NB, ¢~ VBJ ~ 0 (confirmed by EPMA and GDOES results). Hence,
el = VB @
As established in the previous section, the migration rate of i-B is almost close to the rate

of boride growth, which indicates that the rejection of i-B by the growing boride and its
migration in the matrix strike at the same rate. Therefore, c’; 5/ remains constant during the

boride growth (as a confirmation, varying contents of the elements in the matrix is not evident in

Fig. 5(e)-(f)).
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In zone-Il, i-NB has almost horizontal concentration-depth profiles (i.e., slope = 0) with
an increased f; (or decreased f;,). A considerable increase in ¢t VB/ (see Eq. (4)) is required to
maintain this situation. Figure 5(d) confirms this by showing the higher concentration of Al in
the matrix. Accumulation in the matrix indicates that the rejected i-NB diffuse away from the
growing boride front at a slower rate causing c.,;” V57 as a variable during the boride growth.

Concisely, the trend of alternate steeper and shallower slopes of ¢~ 5/ profiles are related
to the variation in f3 and c5~V8/ (Eq. (3) and constant c’; 5Y). In other word, profiles of c. =5/
are mainly dependent on the composition and morphology of boride, which explains why the Cr,
Mn, and Mo profiles appear like the mirror images of the B profiles (Figs. 6, 7, 10, and 11).
However, the pattern of variation in the slopes of the ci~VBJ profiles are associated with the

changes in the morphology of boride (linked to f3) and chemical structure of matrix (ci; V57)

(Eq. (4)). Here, the morphology of boride is a common factor in controlling the trends in ¢ =5/

and cL = VBJ profiles.

3.6. Mechanism

The obtained results indicate the occurrence of the following events during pack-boriding
of the 34CrAlMo5-10 low alloy steel surface.

In the boriding pack-mixture, activator (KBF,) generates boron halide gases (like BF3),
which (along with O, trapped in the boriding mixture) reacts with the source of boron (B4C) and
diluent (SiC), and generate a favorable atmosphere for the boronizing of steel through the

following reaction [16, 20, 22, 35]:

BF3, SiF
B4C + 3SiC + 30,——=4B + 2Si + Si0; + 4CO (5)
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Like the other surface alloying techniques [36, 37], boron enters the steel surface (B —
[B]) due to its high chemical potential in the surrounding pack-mixture, and then, achieves a
steady-state. The dissolved boron at surface reacts with the elements (M) present in the steel
through the reaction (6):

[B] + 2M — M;B (6)

Initially, boride starts nucleating at the high-angle austenitic grain boundaries [4] and
multiple locations on the surface (Fig. 13(a)). The nucleating and growing boride particles
discard alloying elements because the boride has low or no solubility as most of the alloying
elements present in the steel (Figs. 4-6) [4-13]. Boride has the lower solubility (as compared to
the non-boride region or core) for Cr, Mn, Mo and Ni, and almost zero solubility for C, Si, and
Al. The overall content of the elements at any depth within the boronized layer depends on the
composition and proportions of boride and matrix. Due to the formation of iron-boride, B content
increases sharply during the initial stages causing the sharp decrease in the overall content of Cr,
Mn, Mo, and Ni without much change in their concentration in the matrix. Here, a delay in the
reduction of Ni content is possible due to its lower migration kinetics. However, the overall
content of Si and Al increases with increasing B content due to the sharp increase in their
concentration in the matrix. Figure 13 shows the difference in composition of matrix region
(surrounding the boride) and the core using the gray and white colors, respectively.
Accumulation of Al occurs before Si. Initial boride formation leads to a significant reduction of
C content, which is finally displaced away from the borides [23]. However, further formation of
boride particles leads to increase in the C content to some extent (due to the sudden rise in the
supply of rejected carbon by the growing boride particles) and subsequently, sharp depletion to

almost zero content [23]. Rejected C in front of the growing boride can form cementite (Fe;C) or
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borocarbides (Fe;(B,C)) in the transition zone [4, 16, 20, 38]. The following sequence of
migration kinetics (MK;) of the alloying elements, i, causes these differences in their response
during the growth of boride: MK¢r/mn/mo/c > MKy; > MK 4> MKg;. The region containing
boride particles and the matrix containing the accumulated or rejected (by boride) alloying
elements is called the transition zone. A higher temperature increases the extent of the transition
zone (Figs. 8 and 9). The matrix region (grey shaded regions shown in the schematic diagrams in
Fig. 13) could penetrate/extend in the transition zone at high boronizing temperature (Fig. 9(d)).
Composition of boride and matrix changes continuously as the boronizing process progresses.
The growth of already nucleated borides in the forwarding direction gives them a columnar
morphology ([001]. It corresponds to a maximum atomic density of B and is the most natural
path for the diffusion of B in Fe,B [24]). In parallel, new boride particles nucleate in the
transition zone (which later become a part of the growing boride columns) (Fig. 13(b)-(e)).
During this growth, the concentration of Si and Al in boride remains almost zero, and their
accumulation in the matrix decreases to some extent (to accelerate the boride growth) and then,
increases again at a later stage (due to the mismatch between rejection rate and migration
kinetics of the elements). The extent of the region accumulated with Si and Al increases during
further growth. The concentration of Cr, Mn, Mo, and Ni in iron-boride decreases without
changing their content in the matrix (because the rejection and migration of these elements occur
at the same rate) during the growth of boronized region. During the transformation of the entire
region to boride (fg = 1) near to the surface, the concentration of the alloying elements in boride
could increase slightly (possibly, to accommodate the change in equilibrium situation from two
phases to a single phase). Porosities could form at the interface of boride columns (especially,

near to the surface) due to the persistent exposure of the specimen surface at the generated gases
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and oxygen in the pack-mixture [2, 6]. The porosities could increase with boronizing temperature

(Fig. 9) [6]. Due to the continuous supply of boron from the surface, the boundaries of the boride

grains at the fully transformed surface can act as the nucleation sites for the formation of small

grains of the boride (Fig. 3).

4. Conclusions

1)

2)

3)

Pack-boriding of 34CrAIMo5-10 (EN41B) steel revealed the presence of mainly (Fe,
M),B layer, where M = Cr, Mn, Mo, and Ni. The concentrations of the alloying elements
in (Fe, M),B were increased from the surface to core. The solubilities of C, Al, and Si
were found almost zero in iron-boride phase.

The microstructure in the cross-section of boronized specimens, starting from the surface
to core, showed the presence of (i) small grains of iron-boride near the surface, (ii)
columnar iron-boride and the surrounding non-boride region (called as ‘matrix”), (iii)
transition zone that contains tiny boride particles in the non-transformed areas, and (iv)
non-boronized core. The morphology of iron-boride and extent of the transition zone
were dependent on the temperature. IPF map showed that the columnar grains of Fe,B
were oriented mostly around {100} and {110}. The strong texture of Fe,B grains was
observed in [001] crystallographic direction. Maximum hardness of about 1050, 1500,
and 1800 HV,; were detected in the near-surface region at 850, 950, and 1050°C,
respectively.

EPMA and GDOES prove to be promising tools to elucidate the boride growth behavior.
The trend of variation in the slope of the boron concentration-depth profile was linked

with the boride morphology and process temperature. Concentration-depth profile of
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boron was steeper, and the change in its slope with depth was not discerned at 850°C.
However, the variation in the slope of the boron profile became distinct at higher process
temperature.

Pack-boriding of steel led to the formation of a systematic trend in the slope variation of
overall concentration-depth profiles of the alloying elements. The steeper slope was
followed by, the shallower slope and vice-versa. The pattern of change in the slopes of
the boride forming alloying elements was connected to the composition and morphology
of boride. However, for Al and Si, it was related to the boride morphology and the
composition of the matrix.

The chemical composition of the matrix was dependent on the solubility and migration
kinetics of the alloying elements. The migration kinetics of the alloying elements and the
rate of boride growth were interlinked. The migration kinetics of Cr, Mn, Mo, and C were
almost equivalent to the rate of boride growth. However, Ni, Al, and Si were migrated at
slower rates. Si showed the lowest migration kinetics among the alloying elements. The
migration kinetics of Al and Si was lower in the matrix than in the transition zone, which
caused the higher concentration of these elements in the matrix than the transition zone.
Carbon was entirely missing in the boronized region. The concentrations of the alloying
elements having higher migration kinetics remained constant in the matrix during the

boride growth.
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List of the fisure captions

Figure 1: XRD patterns recorded from the surface of the non-treated and boronized specimens.

Figure 2: (a) Optical and (b) SEM micrographs in the cross-section of the specimen boronized at
950°C for 4 h. (c) Microhardness-depth profiles for the specimens boronized at 850, 950 and

1050°C for 4 h.

Figure 3: (a) SEM, (b) IPF, (c)-(d) phase maps and, (e) Pole figures of the specimen boronized

at 1050°C for 4 h. White spots in (¢) indicate unindexed areas.

Figure 4: (a) BSE micrograph of specimen boronized at 950°C for 4 h. (b) Elemental

concentration-depth profiles by EPMA from the surface to the non-boronized region, as shown in

(a).

Figure 5: Distribution of vital elements in the cross-section of the specimen boronized at 950°C
for 4 h) shown in (a) as BSE micrograph and (b) B, (¢) Fe, (d) Al (e) Cr and (f) Mo as chemical
mappings. The colored scale bars at the right show relative concentration of the elements (low

(bottom) to high (top)).

Figure 6: GDOES concentration-depth profiles of the elements in the surface layer for the

specimens boronized (a) at 950°C for 4 h and (b) at 850°C for 4 h.

28

http://mc.manuscriptcentral.com/pm-pml Email: phil.mag@informa.com

Page 28 of 43



Page 29 of 43

oNOYTULT D WN =

Philosophical Magazine & Philosophical Magazine Letters

Figure 7: Variation in the slope of the GDOES concentration-depth profiles (shown in Fig. 6) of
boron and alloying elements present in the surface layer of the specimens boronized at (a) 950°C

for 4 h and (b) 850°C for 4 h.

Figure 8: (a) GDOES concentration-depth profiles of boron and (b) corresponding slope

variations in the surface layer for the specimens boronized at 850, 950, and 1050°C for 4 h.

Figure 9: Micrographs in the cross-sections of the boronized specimens. Arrows indicate some

of the boride particles formed at grain-boundaries in the transition zone.

Figure 10: GDOES concentration-depth profiles of the elements in the surface layer for the

specimens boronized at 950°C for 2, 4, and 6 h.

Figure 11: Variation in the slope of the GDOES concentration-depth profiles (shown in Fig. 10)

of the elements in the surface layer for the specimens boronized at 950°C for 2, 4, and 6 h.

Figure 12: (a) Depths corresponding to p1 and p2 (shown in Fig. 11) for the elements present in
the specimens boronized at 950°C for 2, 4, and 6 h. (b) Magnified view of the B and Ni profiles
near to the non-boronized core of the specimen boronized at 950°C for 4 h. (c) Rates determined

using the data shown in (a) for the elements present in the steel.
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Figure 13: Schematic presentation of the boronizing mechanism: (a)-(e) Steps in the
development of microstructure and elemental profiles. Positions of the elemental profiles

(concerning each other) are arbitrary.
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Figure 2: (a) Optical and (b) SEM micrographs in the cross-section of the specimen boronized at 950°C for 4
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