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Abstract

The Inconel 718 (IN718) alloy coatings were successfully fabricated using electron beam wire-feeding deposition technol-
ogy. The macrostructure, microstructure and elemental analysis of the deposited coatings were characterized by OM, SEM
and EDS. Moreover, the hardness and wear resistance were also investigated experimentally. The results showed that the
cross section of the deposited coatings can be divided into three different regions: clad zone (CZ), fusion zone (FZ) and heat
affected zone. Equiaxed dendrites appeared in the CZ while columnar dendrites occurred in the FZ, and discrete fine Laves
phase particles were formed under low beam current while continuous coarse Laves phase particles were found under high
beam current. The EDS results showed that the degree of Nb segregation in FZ is higher than that in CZ. More importantly,
the microstructure coarsened and the degree of Nb segregation increased with the increase of beam current. The deposited
coating under the lowest beam current (10 mA) has the highest hardness (263 HV0.2) and the minimum specific wear rate
(3.95391 x 10~"° m*/Nm), which is corresponding to the fine microstructure, discrete Laves phase particles and low degree

of Nb segregation under low beam current.
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1 Introduction

Additive manufacturing (AM) has been verified as a prom-
ising technique for component building and surface engi-
neering, especially in aerospace and industrial applications,
because of its very high efficiency in shortening time with
respect to conventional processing approaches [1-3]. In
terms of surface engineering, laser cladding technology has
been widely investigated to obtain a repair or strengthening
coating in the past years. Zhang et al. [4] repaired hemi-
spherical defects on H13 tool steel substrates using laser
direct deposition of Co-based alloy powders. They found
that the repaired samples exhibit higher mechanical proper-
ties than the substrates. Li et al. [5] laser cladded a new type
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Fe—Ni—Cr alloy coating on nodular cast iron, and the results
showed that the cladding layers illustrated good combination
of hardness, tensile property and wear resistance. Surface
repairing and strengthening using laser cladding technology
was also investigated in the literatures [6-9]. However, in
the above mentioned laser cladding process, metal powders
were used as the filler materials. There is a certain amount
of powders cannot be caught by the melt pool during the
powder deposition process [10]. The powders are blown to
the surrounding environment, which causes potential hazard
to the operators and the environment [11, 12]. Recent years,
as one of the AM technology, electron beam wire-feeding
deposition (EBWD) has attracted much attention for surface
repairing and strengthening. EBWD is a rapid, cost-effective
and flexible technology, which allows the use of premium
wire materials with superior physical and chemical proper-
ties to obtain a metallurgical bonded coating to repair or
strength the components which may have various defects
caused by wear, oxidation and corrosion in service [13—-15].
Compared to laser cladding, the wire-feeding deposition of
EBWD has a higher deposition rate and material usage effi-
ciency [16, 17]. Almost all the materials fed into the melt
pool during the process are used to form the deposits, which
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Table 1 Nominal chemical Ni Cr  Fe Nb Mo Ti Al Co C Mn Si P S
composition of the IN718 filler

wire (wt%) 51.55 19.87 Remainder 4.92 3.56 1.09 063 <1 <0.08 <035 <035 <0.015 <0.015

lowers the risks to the operators and reduces the waste of
materials. Besides, the metal wires are easily available and
cheaper than powders, which makes the wire-feeding deposi-
tion very cost-competitive. Regarding heat source, the elec-
tron beam has higher energy density than laser, which offers
it advantages such as minimal heat input, precise energy
control to a localised region and a well-bonded clad layer
[18]. Additionally, the EBWD process is conducted in a high
vacuum environment in which the impurities in air can be
effectively avoided. In view of these advantages of EBWD
and its great potential in surface repairing and strengthening
for aerospace and industrial components, such as turbine
blades, landing gears and pressure containers [14, 17], it is
necessary to investigate the suitability of this technology for
surface engineering.

Inconel 718 (IN718) is a precipitation-hardenable
Ni—Cr-Fe based superalloy widely used in highly aggres-
sive working environments, which is an excellent repair
and strengthen material because of its excellent mechanical
properties, wear resistance, fatigue resistance, as well as out-
standing welding performance [19, 20]. Most of researches
have focused on the microstructures and mechanical proper-
ties of additive manufactured IN718 blocks [21-24]. How-
ever, few studies on the IN718 alloy coatings fabricated by
EBWD technology have been reported. In this paper, IN718
alloy coatings were prepared on the surface of a carbon steel
plate by using EBWD technology with different processing
parameters, and the macrostructure, microstructure, hard-
ness and wear resistance of the coatings were systemically
investigated. This work would contribute insight on how the
processing parameter of EBWD would influence the micro-
structure, hardness and wear resistance of the IN718 coat-
ings, thus leading to high quality repairing or strengthening
coatings with promising applications.

2 Experimental

The coatings were fabricated by a THL-8 kW model high
power electron beam wire-feeding solid forming system.
The substrate used for the deposition was a steel plate
with a carbon content of 0.2%, and its dimension was
100 mm x 100 mm X 10 mm. The surface of the substrate
was polished to remove the oxide film by abrasive paper
and cleaned with acetone prior to the deposition. The IN718
wire, supplied by Special Metals Inc., with a diameter of
1.14 mm, was used as the deposition material and its nomi-
nal composition is listed in Table 1. The schematic of the
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Fig. 1 Schematic of the EBWD process

Table 2 Processing parameters used in the experiments

Samples U (kV) I (mA) V, (mm/min) V,, (mm/min)
A 60 10 300 324
B 60 12 300 324
C 60 14 300 324
D 60 16 300 324

EBWD process is presented in Fig. 1. The electron beam
configuration was mounted on a CNC table having 3 degrees
of freedom to traverse the substrate, and a vacuum system
was employed to guarantee the forming chamber under a
vacuum of 102 Pa to protect the molten metal during depo-
sition process. The IN718 wire was axially fed into the melt
pool generated by electron beam through a front feeding
nozzle coupled with a synchronous wire feeder mechanism
at an inclination angle of 30° from the surface of the sub-
strate where interception with the incident electron beam
occurred. In this work, single track coatings of different
processing parameters were fabricated firstly to investigate
the dimensions and macrostructures, and then multi-tracks
coatings with an area of 40 mm x40 mm were deposited
with the selected processing parameters. The overlapping
rate between two tracks is 50%, and each track was depos-
ited along a single deposition direction. The processing
parameters based on optimization experiments are selected
as shown in Table 2, where the accelerate voltage “U” was
fixed at 60 kV, the traverse speed of the substrate “V;” and
the wire feeding rate “V,,” were determined as 300 mm/min
and 324 mm/min respectively, and the electron beam current
“I” varied at four levels.
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The deposited coupon was sectioned using a precision
cut-off saw in a cross-section vertical to the traverse direc-
tion to extract specimens for microstructure observation and
microhardness evaluation. After sectioning, the specimens
were ground and polished to a surface finish of 0.04 pm,
followed by chemical etching in aqua regia. Macrostruc-
ture and microstructure of the coatings were observed by
an optical microscope (OM, SZN71) and a scanning elec-
tron microscope (SEM, ZIGMA) equipped with an energy
dispersive X-ray spectroscopy (EDS, Quantax). The micro-
hardness of the deposited coatings was measured using a
HX-1000TM Vickers microhardness tester with a load of
200 g and a dwell time of 15 s. Specimens with an area of
15 mm X 15 mm were cut from the deposited coupon for
wear resistance testing using a sliding reciprocating tribo-
tester (MFT-3000). The polished specimens were scratched
against the GCr15 sphere with a diameter of 4.5 mm under
dry sliding conditions, and the tests were performed at a
constant normal load of 10 N with reciprocating frequency
of 5 Hz and oscillating amplitude of 1 mm for 20 min. The
cross-section profiles of each wear track at three positions
were recorded via a profilometer (Alpha Step 1Q). The vol-
ume loss was obtained based on the calculation of the cross-
sectional area multiplied by the perimeter of the wear track.
Then the wear rate was defined as the ratio of the wear vol-
ume loss over the normal load multiplied by the total slide
distance [25]. Average of three replicas was reported as the
final result. The morphology of wear tracks was observed
by SEM, and the composition of wear debris was analyzed
by EDS.

3 Results and Discussion
3.1 Macrostructure

Figure 2a—d shows the macro-morphology of the cross sec-
tion of single track coatings under different beam current.
For all of the samples, the cross section morphology can
be clearly differentiated into three regions: clad zone (CZ),
fusion zone (FZ) and heat affected zone (HAZ), and no obvi-
ous porosities and macro-cracks were found in the samples.
Figure 2e demonstrates of the cross section of multi-tracks
coating. It can be seen that several tracks overlapped to form
a certain area, and the overlapping rate between two tracks is
50%. In order to further investigate the macrostructure of the
deposited coatings, dimensional analyses were carried out
with the single track samples. The dimensions of the single
track samples under different beam current were measured
according to the schematic in Fig. 3a. The macrostructure
features of the single track samples can be estimated by
aspect ratio (n) and dilution rate ({), and they are calculated
according to following equations [26]:

1265
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where “w” is the width, “h” is the height, “S,” is the area
of CZ and “S,” is the area of FZ, as schematically shown
in Fig. 3a.

Figure 2a, b reveals sample A and B have the features of
small aspect ratio and low dilution rate, while sample C and
D have biggish aspect ratio and high dilution rate shown in
Fig. 2c, d. The effect of beam current on the aspect ratio
and dilution rate of the deposited coatings is indicated in
Fig. 3b. It can be seen that both the aspect ratio and dilution
ratio show an increasing tendency with the increase of beam
current. There is a range of aspect ratio (about 2—7) which is
favorable for processing efficiency and accuracy [27]. Thus
the deposited coatings under low beam current (sample A
and B) have the appropriate aspect ratio for improving the
processing efficiency and accuracy, while the aspect ratio is
too biggish to benefit the process under high beam current
(sample C and D). Furthermore, a low dilution rate is an
important criterion to evaluate a coating with high quality.
Under low beam current, sample A and B have a low dilution
rate which contributes to the substrate protection. For sam-
ple C and D under high beam current, the dilution rate is too
high to remain the substrate material properties unchanged.
Actually, there is a linear energy in the EBWD process, and
it can be calculated as E=U-I/V, [28]. The energy linearly
depends on beam current when the traverse speed and wire
feeding rate are determined. The heat input is low under
small linear energy at low beam current, which results in
low aspect ratio and dilution rate. In contrast, higher heat
input under larger linear energy at higher beam current is
corresponding with higher aspect ratio and dilution rate.

3.2 Microstructure

The SEM micrographs of CZ and FZ of the deposited coat-
ings under different beam current are presented in Fig. 4.
The micrographs of all samples show a typical dendritic
microstructure which consists of non-uniform columnar den-
drites and close-packed equiaxed dendrites. Nevertheless,
the morphology of the dendrite demonstrates significant dif-
ference between the CZ and FZ of the coatings, and it also
varies with the beam current. It can be obviously seen that
the equiaxed dendrite appears in the CZ of all the coatings
(Fig. 4a, c, e, g), while the columnar dendrite occurs in the
FZ of all the coatings (Fig. 4b, d, f, h). This microstructure
distinction between CZ and FZ is due to the ratio of the
temperature gradient (G) to the growth rate (R) based on
the solidification theory. Equiaxed growth of the dendrite
appears at a low G/R ratio, while columnar growth occurs at
a high G/R ratio [29]. At the initial stage of the solidification
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Fig.2 Cross section morpholo-
gies of the deposited coatings:
single track coatings: sample A
(a), sample B (b), sample C (c)
and sample D (d); multi-tracks
coating (e)
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process, the substrate acts as a heat sink, the temperature  stage of the solidification, the temperature gradient of CZ
gradient at the bottom of the molten pool is higher than  is lower than that of FZ since the heat dissipation of the
that of other regions. Therefore, columnar dendrites form  melt pool is hindered by the bottom solidified structure
in the FZ of the coatings, and they grow almost along the =~ with high temperature, which results in the formation of
direction of temperature gradient. In contrast, at the terminal ~ equiaxed dendrites in the CZ of the coatings. Remarkably,
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Fig.4 SEM micrographs of the
deposited coatings: CZ (a) and
FZ (b) of sample A; CZ (c) and
FZ (d) of sample B; CZ (e) and
FZ (f) of sample C; CZ (g) and
FZ (h) of sample D

both the dendrites in CZ and FZ are varying with different
beam current, as shown in Fig. 4. When the beam current is
low, the columnar dendrites in FZ are lathy with a cellular
structure (Fig. 4b, d). However, with the increasing of beam
current, the columnar dendrites are becoming longer and
coarser with some secondary dendrites (Fig. 4f, h). Mean-
while, the equiaxed dendrites in CZ under low beam cur-
rent are fine, while the coarser equiaxed dendrites occur in
CZ under high beam current, as shown in Fig. 4a, c, e, g.
With the increase of beam current, the heat input of melt

pool increases, which consequently produces a larger and
warmer melt pool. Thus the dendrites under high beam cur-
rent have more thermal energy to grow coarser and longer
than those under low beam current. Similar microstructures
were observed in many laser deposited samples. Moussaoui
et al. [30] investigated the microstructure of as-deposited
IN718 fabricated by selective laser melting (SLM), which
revealed that the morphology of dendrites is correlated to
the volumetric energy density (VED) effect. Nie et al. [31]
numerically simulated the microstructure evolution during
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laser additive manufacturing of nickel-based superalloy and
predicted similar microstructure. It is noteworthy that both
the electron beam and laser deposition process are rapid
solidification process, whereas the difference between them
is diverse cooling rate [32].

As shown in Fig. 4, the microstructure of all samples con-
sists of grey matrix and white precipitates, and the white pre-
cipitates are found in the inter-dendrite area. Previous works
[33-35] have proved that the grey matrix is y phase and the
white precipitates are Laves phase. It can be clearly seen that
the Laves phase in the CZ exhibits a circular pattern, and the
circle becomes bigger with the increase of beam current.
However, the Laves phase of chain pattern is found in the
FZ and the chain becomes longer with the increase of beam
current. From the inserted magnified graphs, discrete fine
Laves phase particles are observed in sample A and B while
the continuous coarse Laves phase particles are formed in
sample C and D. The solidification condition has great effect
on the morphology and size of Laves phase, such as the
cooling rate and the ratio of temperature gradient to dendrite
growth rate (G/R) [31, 36]. Under low beam current, sample
A and B have low G/R ratio and high cooling rate during the
solidification, giving rise to the formation of discrete fine
Laves phase particles in the inter-dendritic area. For sample
C and D with relatively high G/R ratio and low cooling rate
under high beam current, it has continuous coarse Laves
phase particles.

Nb is a critical element for the formation of Laves phase
in IN718 alloy [37], which is attributed to the dependence
of phase transition on the segregation of this element. In
order to clarify the segregation of Nb in different region of
the deposited coatings under different beam current, several
spots shown in Fig. 4 were selected to analyze by EDS and
the results are listed in Table 3. Interestingly, the concentra-
tion of Nb of the Laves phase in the CZ and FZ of the depos-
ited coatings is discrepant, and it varies with the increase of
beam current. According to Table 3, the concentration of
Nb of spot 1, 3, 5, and 7 is lower than that of spot 2, 4, 6,
and 8, respectively, which indicates that the Nb concentra-
tion of the Laves phase in CZ is lower than that in FZ. The
different cooling rate between CZ and FZ may contribute to

the discrepant concentration of Nb of the Laves phase [38,
39]. With the increase of beam current, the mean concentra-
tion of Nb of the Laves phase for sample C and D is higher
than that for sample A and B. For sample A and B with low
beam current, the cooling rate is so fast, which indicates that
more Nb atoms are dissolved in the y austenite and a low
degree of Nb segregation. Comparatively, for sample C and
D with higher beam current, the cooling rate is relatively
slow, which results in a higher degree of Nb segregation.
In conclusion, all those results indicate that the segrega-
tion of Nb and the formation of Laves phase can be greatly
suppressed under low beam current in the EBWD process.

3.3 Hardness

Figure 5a shows the microhardness variations along the
depth in the cross section of the deposited coatings under
different beam current. Each value on the microhardness
profile is the average of 5 test points in a horizon line per-
pendicular to the deposition direction. Interfaces between
the CZ and FZ for individual profiles were located at
0.4-0.6 mm away from the surface of the coatings, depend-
ing on the macrostructure of the samples. It can be seen
that the microhardness near the surface is the highest, and
it is gradually decreases with the increase of the distance
from the surface. The microhardness of sample A can reach
about 263 HVO0.2 near the surface which is the highest value
among the samples. The hardness values of sample B, C and
D decrease in turn, which indicates that the microhardness of
the coating is reducing with the increasing of beam current.
Literatures [40] and [41] investigated the Vickers hardness
of IN718 coating fabricated by laser cladding technology,
and the results showed that the hardness of the as-deposited
coating is about 250 HV which is consistent with the hard-
ness results of EBWD. They found that the variation of hard-
ness was influenced by the Laves phase morphology and
the refined Laves phase contributed to the increase of the
hardness. As is illustrated in Fig. 4, the discrete fine Laves
phase particles appear under low beam current while the
continuous coarse Laves phase particles occur under high

Table 3 EDS results on the

g Spectrum Ni Fe Cr Nb Mo Ti Si
Laves phase in CZ and FZ of
the deposited coatings Sample A 1(CZ) 49.56 18.84 12.77 11.08 4.09 2.34 1.33
2 (FZ) 42.03 21.29 13.93 14.67 471 2.31 1.06
Sample B 3(CZ) 35.16 32.92 11.46 12.14 424 2.56 1.52
4 (FZ) 30.69 28.26 12.88 18.84 4.45 3.44 1.44
Sample C 5(CZ) 23.5 38.23 8.16 18.81 4.92 4.62 1.75
6 (FZ) 24.5 3224 11.37 21.35 451 421 1.82
Sample D 7(CZ) 15.58 4923 6.1 19.90 4.24 3.87 1.07
8 (FZ) 16.59 41.06 5.91 25.09 4.86 5.33 1.17
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beam current. It may account for the decrease of the hard-
ness as the increase of the beam current.

Figure 5b shows the average microhardness in the CZ and
FZ of the deposited coatings under different beam current.
For all of the samples, the average microhardness in the CZ
is higher than that in the FZ. From the analysis in previ-
ous sections, the degree of Nb segregation in CZ is lower
than that in FZ, which indicates that more Nb atoms are dis-
solved in the y austenite in CZ. Therefore, the solid solution
strengthening of Nb atoms facilitates the increase of micro-
hardness in CZ [41], and the strengthening effect decreases
with the increase of beam current. In addition, the differ-
ence of the microhardness between CZ and FZ is related to
the different dendritic microstructures of them. The refined
equaxied dendrites in CZ contribute to the increase of the

Fig.6 Typical friction coeffi- (a) 0.8

microhardness. It is worthy to note that both the average
microhardness of CZ and FZ of all the samples are higher
than that of the substrate (175 HVO0.2).

3.4 Wear Resistance

The typical friction coefficient curves, wear track profiles
and specific wear rates of the deposited coatings are pre-
sented in Fig. 6. As shown in Fig. 6a, for all of the samples,
the friction coefficient curves consist of two stages: deceler-
ating wear stage and steady wear stage. The sample A shows
a lower steady-stage friction coefficient with smaller fluc-
tuation compared with other samples. With the increase of
beam current, the friction coefficient increases and accom-
panied with a little bigger fluctuation. Figure 6b displays
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the typical wear track section profiles of the deposited coat-
ings. It is obvious that the wear scar becomes wider and
deeper with the increase of beam current. The specific wear
rates of the deposited coatings are calculated and shown
in Fig. 6¢c. As expected, the minimum specific wear rate
(3.95391 x 10~"° m*/Nm) was obtained for sample A, and
the specific wear rate has an obvious increasing tendency
with the increase of beam current.

The worn morphologies of the deposited coatings after
wear resistance test were characterized by SEM and EDS,
as shown in Fig. 7. It can be clearly seen from Fig. 7a, b
that the sample A and B have some grooves parallel to the
sliding direction, indicating the mechanism of the abrasive
wear. The abrasive particles are found in the worn tracks of
sample A and B, which may be is the Laves phase (EDS ele-
mental analysis: Ni 43.28 at%, Fe 19.46 at%, Cr 13.98 at%,
Nb 12.38 at%, Mo 3.99 at%, O 3.74 at%, Ti 2.05 at%, Si
1.12 at%). The existence of O element reveals the mech-
anism of oxidation wear, which is related to the elevated
frictional heat and the high chemical activity of certain ele-
ments in IN718 alloy [42]. Besides, several small pits are
also found in the worn tracks of sample A and B, which is
the result of some small fragments were peeled off during
the sliding process [43]. Comparatively, there are no evi-
dent grooves are observed in the wear tracks of sample C
and D, but some obvious cracks and delamination appear
in them, as shown in Fig. 7c, d. Due to the effect of plastic
deformation in the friction process, the cyclic stress gener-
ated by sliding motion would be easily concentrated at the
interfaces between precipitate phase and matrix [44, 45].

Fig.7 Worn morphologies of i e
~ .. sliding direction .

the deposited coatings: (a) sam-
ple A, (b) sample B, (c) sample
C and (d) sample D
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Thus the cracks generate and propagate near these weak
regions and then the delamination emerges when the cracks
further propagate to the ultimate, which is a typical feature
of the fatigue wear [46, 47]. In the subsequent sliding pro-
cess, the delamination transformed into spalling sheets and
wear debris. For sample A and B under low beam current,
the interface between discrete fine Laves phase and y matrix
is small, thus the crack is hard to propagate. However, the
coarse Laves phase of sample C and D under high beam
current provides a larger interface which contributes to the
propagation of cracks. As a consequence, several pits formed
in the worn tracks of sample A and B while large spalling
sheets formed in the worn tracks of sample C and D. Curi-
ously, the wear debris in the worn tracks of sample C and
D has been severely oxidized (the white debris in Fig. 7c,
d). The EDS analysis showed that the white debris is iron
oxide (EDS elemental analysis: Fe 58.25 at%, O 32.97 at%,
Cr 8.78 at%), indicating that the white wear debris is derived
from the friction pair and it adhered to the worn surface.
The adhesion is the result of “cold welding points” [48]. For
samples under high beam current, the coarse microstructure
and low hardness facilitate a severe plastic contact during
the sliding process, which causes the cold welding occurs
at the asperity contacts. In addition, the Fe element in fric-
tion pair and IN718 alloy is chemically active and has a
high ductility, leading to a strong oxidation and adhesion
tendency [49]. Therefore, the adhesive wear occurs and the
wear debris has been oxidized in the subsequent sliding
process. In summary, the wear mechanism for the depos-
ited coatings under low beam current (sample A and B) is

P e

— 2 N

spalling sheet
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wear debris
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abrasive wear, fatigue wear and slight oxidation wear, while
the fatigue wear, adhesive wear and severe oxidation wear
are responsible for the deposited coatings under high beam
current (sample C and D).

4 Conclusions

The IN718 alloy coatings were deposited by using
EBWD technology with various beam currents. The
cross section of the deposited coatings can be divided
into three regions and the microstructures of these
regions are discrepant.

Equaxied dendrites appear in the CZ while colum-
nar dendrites occur in the FZ of the coatings, and the
dendrites grow and coarsen with the increase of beam
current. Discrete fine Laves phase particles are formed
under low beam current while continuous chained Laves
phase particles are found under high beam current.

The average Nb concentration of the Laves phase in CZ
is lower than that in FZ, which is attributed to the higher
cooling rate in the CZ. The degree of Nb segregation
increases with the increase of beam current.

The average microhardness of CZ is higher than that
of FZ, which is ascribed to the microstructure of CZ is
finer than that of FZ. The wear resistance of the depos-
ited coatings under low beam current is higher than that
under high beam current. The wear mechanism of the
deposited coatings under low beam current is abrasive
wear, fatigue wear and slight oxidation wear, while the
fatigue wear, adhesive wear and severe oxidation wear
are responsible for the deposited coatings under high
beam current.
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