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Highlights
e Electrochemical boriding has been performed to form very hard, dense and homogeneous
boride layers on Inconel 600.
e In 15min process duration resulted in very thick boride layers.

e Triboloigcal properties of borided Inconel 600 were superior to the unborided Inconel

600.

e Ni;B and Ni3B phases were obtained as the predominant phases on top of the borided

surfaces.
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Abstract

Inconel 600 and other nickel-based superalloys are used extensively for a variety of industrial
applications involving high temperatures and aggressive environments. They are particularly
resistant to high-temperature corrosion and oxidation, and boriding them can further enhance
their corrosion resistance and impart much improved tribological properties. In this study, we
investigated electrochemical boriding of Inconel 600 in a borax-based molten electrolyte bath at
950°C for a short period (just 15 minutes). This process yielded a very dense, uniform, and hard
boride layer of more than 80 pm in thickness. In the boride layer, a variety of boride phases were
identified by X-ray diffraction, and the morphology of the borided surfaces was further
characterized by optical microscopy. Microhardness measurements across the boride layer
indicated very high hardness values (between 1600 and 2100 HVy ;). In pin-on-disk wear tests
under dry sliding conditions, the borided surfaces exhibited much superior wear performance
compared to the base Inconel alloys (wear depth of 2-2.5 pum vs. 15-16 um). This study showed
that ultra-fast electrochemical boriding of Inconel alloys is feasible, and this method can be
considered as a viable alternative to producing hard and protective layers on Inconel 600 by

other techniques.
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1. Introduction

Nickel-based superalloys are used for a wide variety of demanding industrial applications
like pumps, ball valves, pneumatic transport systems, high temperature fasteners, boilers, nuclear
reactors, plungers for the glass industry, and turbine blades of aircraft engines [1]. They provide
excellent resistance against harsh environments involving high temperatures, acidic and saline
media, hot corrosion, and oxidation [1]. However, due to their high nickel content, these alloys
are relatively soft and hence susceptible to abrasive, erosive, and adhesive wear damage [2]. In
particular, galling, abrasion, and adhesive wear of the nickel-based superalloys may readily
occur under unlubricated and severe loading conditions and limit their applications in tribology.
The problems associated with nickel-based superalloy components arise due to their exposure to
high temperatures and aggressive environments, in which the protective oxidation-resistant layer
becomes damaged, and even under moderate contact pressures, the components tend to seize,
gall, or experience fretting wear [1,3-5].

The wear resistance of nickel-based superalloys can be enhanced further by applying hard
coatings (e.g., TiN-, ZrN-, and CrN-based coatings), which are already used on gears, bearings,
and ball valves made from Inconel 718 [6]. Coating techniques include chemical vapor
deposition (CVD) [7], physical vapor deposition (PVD) [8,9], and plasma assisted chemical
vapor deposition (PACVD). However, long processing times (typically 12 h) and the
unfavorable costs of the above-mentioned techniques make them less than ideal, especially when
a relatively thick (i.e., 10 to 15 um) and hard coating is needed to combat abrasive or erosive

wear and achieve durability for the intended applications.



Besides the PVD and CVD coating processes, a wide variety of thermochemical surface
treatments or thermal diffusion processes (like carburizing, nitro-carburizing, nitriding, and
boriding treatments) are available for the enhancement of the surface metallurgical and
tribological properties of most industrial components [10]. Among these processes, boriding
offers excellent potential to achieve much higher hardness with a  thick, dense, and
homogeneous layer [11] that is resistance to wear, corrosion, and oxidation [12]. Since the boride
layer is produced by a diffusion-based conversion process and is not an add-on coating like that
produced by PVD or CVD, adhesion to the substrate is expected to be very strong, and hence,
delamination will not be a major concern. Boriding (or boronizing) can be done in numerous
ways, including powder pack, molten salt, laser, fluidized bed, plasma, electrochemical
processes [10, 13, 14]. Among these, pack boriding has been found to be attractive and is
prevalent in today’s industry for the boriding of certain nickel-based superalloys for aerospace
applications. Boriding is a thermal diffusion process in which the boron atoms are extracted from
boron-containing media and deposited onto the specimen surface. Thereafter, the boron atoms
diffuse into the substrate, resulting in the formation of mixed boride phases that are typically
much harder and more wear resistant than the base metals or alloys [15]. In the case of nickel-
based superalloys, electrochemical boriding has been shown to produce a very thick and dense
layer of nickel and iron borides in a very short duration in intermetallics and steel [16—18].

In the present study we investigate the ultra-fast electrochemical boriding of Inconel 600
alloy and its tribological properties, especially in terms of wear under dry sliding conditions. To
our knowledge, the electrochemical boriding of Inconel 600 has not been reported in the open
literature. Due to the very long processing times, energy intensiveness, high cost, and large

amounts of greenhouse and toxic gas emissions (especially fluorine), conventional boriding



processes are not well-suited for the Inconel alloys used in aerospace and defense applications
[19-22]. Additionally, with conventional boriding, there are issues related to the spallation and
extensive crack formation of the boride layers after the boriding operation due to the difference
in the coefficients of thermal expansion and very high residual stresses [23]. In this study, we
concentrated on the electrochemical boriding of Inconel 600 and its mechanical and tribological
properties so as to demonstrate the ultrafast nature of this process compared to conventional
boriding practices. In our boriding experiments, we were able to produce up to 80-um-thick
boride layers in about 15 min at a current density of 200 mA/cm®. The boride layers show
excellent adhesion to the substrate compared to the 50-pm-thick boride layer achieved in 10 h
with conventional pack boriding [1]. Additionally, the wear resistance increased dramatically
compared to the original substrate, ensuring long-term durability under harsh operating
conditions. Due to its electrolytic nature, this process also does not result in any gaseous
emissions, and the boride layers formed are very dense and hard. Accordingly, it holds high

prospects for large-scale application with nickel-based superalloy materials.

2. Experimental

Commercially available Inconel 600 plates (nominal composition of Ni 72 wt.%, Cr 14-
16 wt.%, and balance Fe) were obtained from a commercial source, and they were cut into
1.57x1.57x0.5’rectangular test coupons to fit into our electrochemical boriding unit. The Inconel
samples were ground and polished to 1200 grit size SiC emery papers to remove the surface
oxide layers and other contaminants from the surface. The samples were then ultrasonically
cleaned in acetone for 5 min. The electrochemical boriding experiments were carried out in

molten borax based (90% Na,B407 + 10% Na,CO3) electrolyte in a SiC crucible at 950°C and a



current density of 200 mA/cm’. The Inconel specimens acted as the cathode while two graphite
plates served as the anodes. The details of the experimental procedure and equipment used can
be found in our previous papers [16, 17]. To evaluate the tribological properties of unborided and
borided surfaces, both 9.5-mm dia ball and 1.57x1.57x0.5”flat samples were cleaned with
acetone in order to remove contaminants on the surface. Tribological tests were performed with a
ball-on-disk friction and wear test machine at room temperature and a relative humidity of 45%.
All tests were conducted for a total sliding distance of 230 m with a sliding speed of 63 mm/s
under a normal load of 10 N (corresponding to a maximum Hertzian contact pressure of 1 GPa).
After the friction test, the wear scar diameter and 3D morphology were measured using a
Olympus STM6 optical microscope and MICROXAM surface mapping microscope, respectively.
The wear volumes of the flat samples were determined from the width of the wear scars and
cross-sectional images of the wear track. The cross-sectional morphology of the boride layers
was determined with the Olympus STM6 optical microscope. The phases of the boride layers
were investigated by a Philips Xpert2 diffractometer with Cu-Ka radiation of 1.54 A wavelength.
Regular 20-o and glancing angle scans were performed to determine the phases on the top and in
the depth of the boride layers. Microhardness measurements were carried out using
Wilson/Tukon equipment (Model 300) with a 100 g load. Daimler-Benz adhesion tests were
performed to attain qualitative information on the adhesive strength of the boride layers to the
base alloy. For this purpose we used a Rockwell C indenter and a 150 kg load, as prescribed in

Ref. [24].

3. Results and Discussion

3.1. Morphology and thickness of the boride layers



The cross-sectional morphologies of boride layers formed on Inconel 600 alloys were
examined by optical microscopy. Figure 1 shows the optical images of the boride layers formed
for different process durations. The structure of the boride layers looks very dense and
homogeneous. Unlike boride layers produced by conventional methods, it does not have a
dendritic or tooth-like structure [22, 25]. Note that even after 5 min of boriding, a 30-um-thick
boride layer is produced by the current process. The boride layer thickness reaches 81 um after
15 min of boriding, demonstrating the ultra-fast nature of the electrochemical boriding method
used in our study.

Figure 2 is a plot of the thickness of the boride layer with respect to the boriding time. It
reveals a nearly linear trend up to the boriding time period covered. These samples were borided
at 950°C and a current density of 200 mA/cm”. Boriding of Inconel alloys by pack boriding
yields a 50-um layer in 10 h at 950°C [1], which is a growth rate of 0.083 pm/min. By
comparison, a 81-um layer was produced by electrochemically boriding in 15 min at 950°C,
yielding a growth rate of 5.4 pm/min. The industrial requirement for the thickness of the boride
layer on Inconel alloys for many applications is around 50 um, which can be achieved in 10 min
by the method used in our study as opposed to 10 h in the case of conventional pack boriding.

For most industrial applications, a huge concern is spallation of the boride layers from the
surface due to cyclic thermal and/or mechanical loading. In the case of electrochemical boriding,
spallation occurs after boriding of the sample for more than 15 min at 950°C and 200 mA/cm’
and then soaking it in the melt (applied current having been terminated) for an additional 1 h.
This practice results in the remaining boron on the surface diffusing into the substrate and
forming much thicker boride layers, especially in the case of steels [22]. However, as shown in

Figure 3, such a post-processing or soaking treatment results in partial spallation or delamination



of the boride layer from the Inconel surface. This problem occurs because all boride forms of
nickel are primarily brittle due to the difference in the coefficients of thermal expansions in the
respective nickel borides. Another potential reason could be the high residual stresses within the
mixed boride phases. This is one more reason why electrochemical boriding is superior to pack
boriding: with the former we can control the synthesis parameters effectively to obtain a desired
boride layer thickness needed for certain industrial applications, while with the latter, the sample
must be borided for substantially longer processing times. Thus, for an optimum boriding
operation, the post-processing or soaking period should be avoided in electrochemical boriding;
otherwise, undesirable spallation or delamination may occur, as shown in Fig. 3.
3.2. X-ray diffraction studies

X-ray diffraction (XRD) studies of the untreated and borided Inconel 600 samples (at
950°C for different durations) were carried out using CuKa (A = 1.54 A) radiation by applying
the regular 20-w and glancing angle (1°) scan procedure; the resulting XRD profiles are shown
in Figs. 4 and 5, respectively. In Table 1, the crystallographic characteristics of nickel and some

of its borides are given to interpret the results obtained from the XRD studies.

Based on the XRD data, we concluded that the top boride layer is composed of multiple
boride phases of Ni. Within the outermost or top layer, Ni,B and Ni3B phases exist as the most
prevalent phases. These phases have tetragonal and orthorhombic crystal structures, respectively.
The weight ratio of Ni,B to Ni3B is higher for the sample borided for 15 min and then held for 1
h in the electrolyte. The spallation of the boride layer from the surface might have been
associated with the increased formation or presence of Ni,B and perhaps with its crystal structure
and the coefficient of thermal expansion difference between the Inconel 600 substrate (11.4 x 10°

6/°C) and the two borides: Ni,B (7.64 x 10°/°C), NizB (7.9 x 10°/°C) [26, 27]. The major



element (Ni) in the base alloy has a cubic crystal structure (Table 1). During boriding, this
structure transforms to various nickel borides with different crystallographic orientation,
structure, and proportion. It is known that a coating is durable when the atoms are oriented in the
same direction and build up in the same crystal network. Deviation from the textural frame
decreases the mechanical strength of the multiple boride phases due to the lattice strains when
formed together [28]. Therefore, spallation can easily be detected, as there are internal stresses
between the boride phases. Spallation was also detected in the adhesion tests, which will be

discussed later.

3.3. Rockwell C adhesion and Vickers hardness tests

To evaluate the adhesion characteristics of the thick boride layers formed on Inconel
alloy, we conducted Rockwell C indentation tests on borided surfaces according to the protocol
prescribed by the Daimler-Benz methods. The results are shown in Fig. 6. As evident from Figs.
6a and 6b, there was no evidence of delamination or crack network formation, and excellent
adhesion with a thick and homogeneous layer forming after very short durations of boriding.
When the time of boriding was increased with the soaking time of 1h, the adhesion tests resulted
in a gross delamination. Spallation occurs for longer duration of electrolysis and diffusion times
due to the thermal expansion difference between Ni,B and Ni3B, as well as the brittleness of the

nickel boride phases.

Based on the indentation results, 5 and 15 min of boriding results in almost no
delamination, which fits the HF1 category, whereas the 15 min boriding with one-hour soaking
indicated cracks and gross delamination, which fits the HF5 category with respect to the

Daimler—Benz adhesion chart due to the presence of brittle nickel borides.



The hardness of the boride layers was measured by using a Vickers micro-hardness
machine with a load of 100 g. The cross-sectional indentation marks and the hardness profiles
are shown in Figs. 7 and 8, respectively. The hardness of base Inconel 600 substrate was around
200 HV. However, different regions in the thick boride layers exhibited different hardness values
depending on the phases where the measurement was taken. The outer layer, which was
determined by XRD to consist primarily of nickel borides, had hardness values ranging from

1600 HV to 2100 HV when a 100 g load was used.

3.4. Tribological characterization

Fig.9 shows the variations in the friction coefficients of the unborided and borided
surfaces under dry sliding conditions against an alumina ball. The unborided Inconel surface
against Al,O; exhibited the highest friction coefficient (=0.8) at the beginning of the test. Toward
the middle, the friction coefficient decreased slightly to 0.7 but increased again to ~0.8 toward
the end of the test. The friction coefficients were 0.65 for 15-min boriding and 0.7 for 15-min
boriding plus 1-hour soaking; these friction coefficients are lower compared to those of the
unborided samples. These high values in friction result from a combination of adhesive and
abrasive wear interactions during the sliding contacts. Specifically, adhesive interactions may be
more dominant for un-borided Inconel slid against Al,O3 while hard and abrasive wear particles
trapped at the sliding interface dominate for borided Inconel slid against Al,Os3 In fact, some
metallic-looking Inconel material had transferred to the ball side, as shown in Fig. 10a,
confirming that adhesive interaction between original and transferred Inconel was perhaps
occurring and creating higher friction. For the borided Inconel tests, we could not see any

evidence of adhesive material transfer; instead, we observed some debris particles in and around



the contact spots on the ball side as well as deep scratches on the flat side, suggesting that severe
plowing or scratching due to abrasive wear particles had occurred (see Figs. 10b and 10c).

Although these unborided and borided Inconel samples have similar friction coefficients,
wear on the flat samples differed after the tribological tests. The optical micrographs of the worn
surfaces for both the ball and the flat side reveal that the borided surfaces had much lower wear
damage compared to the unborided surfaces. Visual examination of Figs. 10b and 10c revealed
that boriding for 15 min resulted in lesser wear compared to boriding of 15 min with the
additional 1-hour soaking treatment. We attributed this difference to the sporadic spallation of
the nickel borides in the soaking treatment compared to boriding by itself. All three surfaces in
Fig. 10 showed grooved features, demonstrating the two-body wear mechanism. Figure 10a
indicates that the unborided Inconel 600 surface was completely worn out compared to the
borided surfaces (Figs. 10b and 10c), with the load being 10 N. The borided surfaces (Figs. 11b
and 11c¢) had the least wear depth compared to the unborided surface (Fig. 11a). Interestingly, the
borided surface with 1-hour of soaking (Fig. 11c) had more wear compared to the borided
surface without that treatment (Fig. 11b). Furthermore, the measured wear volumes for the
unborided and borided surfaces on Inconel alloys show a remarkable difference, as apparent in
Fig. 12. The measured wear volume is 7.2 x 10’ um’ for the unborided Inconel, but much less for
the borided surfaces, approximately 1.7 x 10° um’. Furthermore, the wear loss after the 15-min
boriding (1.7 x 10° um) is lower than that of the sample with the soaking treatment, which is 6.2
x 10° um’. This difference is due to the latter surface spalling off due to the brittleness of nickel
borides and the difference in coefficients of thermal expansion.

4. Conclusions



Electrochemical boriding of Inconel 600 can be performed in 5 tol5 min and results in a
nominal boride layer thickness of 30 to 80 um, as opposed to a 10-h long process that produces a
50-um boride layer in the conventional pack boriding technique currently used by industry. The
boride layers formed by electrochemical boriding were denser, more homogeneous, and more
adherent to the base alloy compared to the pack-borided Inconel surfaces, which often suffer
from premature delamination or spallation failures. The boride layers consisted of different types
of nickel borides, and they were much harder than the unborided Inconel substrate, 1600-2100

HV vs. 200 HV.

The spallation of the layers in the soaking process may be attributable to some micro
cracking in the boride layers due to differences in thermal expansion between the Inconel 600
substrate (11.4 x 10°/°C) and the two boride layers: NipB (7.64 x 10°/°C) and NizB (7.9 x 10°
6/°C) [26, 27] . We also believe that the spallation may be due to the high residual stresses

produced while cooling down the sample from 950°C.

In sum, the tribological properties of the nickel boride layers compared to the unborided
surfaces were far superior. As much as two orders of magnitude reduction in wear volume was
attained after electrochemical boriding of Inconel 600 compared to the unborided Inconel in dry

conditions.
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Figure 1. Cross-section morphology of boride layers after (a) 5 min, (b) 10 min, (¢) 15 min at
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Figure 2. Variation of total boride layer thickness with process duration at 950 °C.

Figure 3. Cross-sectional optical micrograph of the spalled boride layer borided at 950°C for 15

min with 1 h of soaking time.

Figure. 4. XRD profiles (regular 26— scans) of Inconel 600 alloys after (a) 15 min boriding and

1-h hold and (b) 15 min boriding and (c) base material.

Figure. 5. XRD profile (with glancing angle of 1°) of Inconel 600 alloys after (a) 15 min

boriding and (b) 15 min boriding and 1-h hold at 950°C in borax-based electrolyte.

Figure. 6. Differential interference optical microscopy images of Rockwell C indentation marks
on substrates borided at 950°C for (a) 5 min, (b) 15 min, and (c) 15 min plus 1-h hold in borax-

based electrolyte.

Figure 7. Cross-sectional micro-indentation marks (100 g load) of Inconel 600 alloy after (a) 15

min of boriding and (b) 15 min of boriding plus 1-h hold at 950°C.

Figure. 8. Cross-sectional hardness profiles from surface to matrix: (a) 15 min of boriding and

(b) 15 min of boriding plus 1-h hold at 950°C.

Figure 9. Variation of friction coefficients of Al,O3 balls during sliding against

unborided and borided Inconel as a function of sliding distance.



Figure 10. Wear images of surfaces on ball and Inconel in dry air: (a) unborided Inconel alloy,

(b) 15 min boriding, and (c) 15 min boriding plus 1-h hold.
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Tablel

Table 1. Crystallographic parameters of nickel and nickel borides

Phase Ni Ni,B Ni;B NisB3 NiB
#70-1849 #82-1697 #89-3822 #73-1793 #74-1207
Crystal Cubic Tetragonal Orthorhombic Orthorhombic ~ Orthorhombic
structure
Space Group Fm m [4/mcm Pbnm Pnma Cmcm
Volume, A’ 43.80 105.82 151.38 234.10 64.16
a=13.525 a=4.992 a=4.389 a=11954 a=2925
Lattice b=3.525 b=4.992 b=5211 b=2.9815 b=7.396
Parameters, A
c=3.525 c=4.2465 c=6.619 c=6.5684 c=2.966
Density, g/em®  8.90 8.05 8.20 7.58 7.20
26 (Typ0, %), © 44481 45.8386 46.004 43.676 45.195
d (L1oo, %), A 2.0352 1.9761 1.9713 2.0708 2.0047
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