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Plasma transferred arc additive manufacturing (PTA-AM) was used to deposit
60 wt.%, 70 wt.%, and 80 wt.% WC-NiCrBSi metal matrix composites. The
60 wt.% samples had a homogeneous distribution of WC particles. At 70 wt.%
and 80 wt.%, two defects were found in the microstructure: areas completely
void of WC, termed denuded regions, and large pores. The microstructure of
the 60 wt.% sample consisted of blocky complex carbides [(NigW3CrsSi)Csl, 7-
Ni cellular dendrites, a halo around the primary dendrites, and a lamellar
eutectic of NigSi/NigB. There is increased thermal degradation of WC at
70 wt.% WC, causing a wider array of complex carbides and higher W contents
in the y-Ni dendrites and the halo. Thermo-calc software was used to model
the solidification of NiCrBSi with 10 wt.% W to determine the effect that W
addition has on the solidification of the Ni alloy, and the results were com-
pared to the 60 wt.% and 70 wt.% WC-NiCrBSi PTA-AM deposits. The abra-
sive wear resistance and the impact resistance of 60 wt.%, 70 wt.%, and
80 wt.% WC deposited with PTA-AM were comparable to a 60 wt.% WC-

NiCrBSi PTA overlay.

INTRODUCTION

Industries rangin% from agriculture'™ to pipeli-
nes*® and mining’™ encounter abrasive wear pro-
voking environments. The Canadian Energy Sector
incurs losses in the billions of dollars annually due
to the replacement of damaged comgonents that
have failed because of abrasive wear.'” To mitigate
the issue, traditional methods, such as material
substitution, surface treatments, and overlaying
equipment with a hard metal or some form of metal
matrix composite (MMC), are used. An MMC con-
sists of a tough metal matrix with a homogenous
distribution of a hard reinforcement phase, usually
in the form of chromium (e.g., Cr3Cs)**™*® or tung-
sten carbide (WC).'*"¢ Currently, NiCrBSi embed-
ded with 65 wt.% WC overlayed using plasma
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transfer arc (PTA) offers the best wear resistance
in mining applications with severe abrasion and
impact wear."*!” In PTA, a plasma arc is struck
between a substrate and a tungsten electrode, and
the material is mechanically fed into the arc and
deposited onto the substrate material. Under con-
ventional PTA conditions, the Ni matrix solidifies as
primagy 7»-Ni  dendrites, with Ni/NigB eutec-
tic.’®1%17 The high heat input from conventional
PTA causes convective mass transfer of W and C
from the WC particles, reducing the erosion and
corrosion resistance of the overlay.'>'®1® The intro-
duction of W and C into the matrix causes the
formation of high W-containing intermetallics
throughout the Ni matrix, including Cr3Cs, Cr;Cs,
and NigW,C or W2C (f) polymorphs and o-
W, 10,17:19,20

Plasma transferred arc additive manufacturing
(PTA-AM) is an advanced metal additive manufac-
turing technology that uses a plasma arc as a heat
source to deposit material in a layer-by-layer


http://orcid.org/0009-0004-8832-9675
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-023-06074-0&amp;domain=pdf

Microstructural Characterization and Wear Resistance of 60 wt.%, 70 wt.%, and 80 wt.% WC- 43
NiCrBSi Thin Walls Deposited Using Plasma Transferred Arc Additive Manufacturing

fashion. It is a variant of the more commonly known
method of PTA welding, but with the added capa-
bility of building up complex shapes in three
dimensions. PTA-AM is capable of printing cus-
tomizable material compositions at build rates up
2.1 kg/h, making it an ideal deposition modality for
the large parts required for the Canadian Energy
Sector.”! When depositing Ni-based super alloys
using PTA-AM, the microstructure consists of Ni
dendrites that grow epitaxially from the substrate
and the previously deposited material. Precipitation
of MC and Ms3Cg have been found in the interden-
dritic regions. A change in growth direction for the
topmost layers cause there to be anisotropic
mechanical properties.?>?3 PTA-AM has also been
used for the deposition of stainless steel,?*?° tool
steel,?® and titanium alloys.?”?®* There has been
limited research carried out on PTA-AM of WC-
NiCrBSi MMCs. Rojas et al.?” altered the operating
parameters during PTA-AM of a 60 wt.%WC-
NiCrBSi MMC, and found that the overall
microstructure contained WC, 7-Ni, NisSi, Ni3B,
and Crg3Cg. This varies from the microstructure
obtained using a laser heat source, where the
microstructure contained 7-Ni dendrites, y-Ni +
NisB eutectic, Cro3Cg, NisFe, Nig;Sije, and CrB.3°
The phases present in the microstructure do not
suggest the degree of carbide dissolution that is
experienced during PTA-AM, which could be attrib-
uted to the low heat input. However, no composi-
tional analysis was carried out on the various
phases of the microstructure to confirm the extent
of the dissolved W in the matrix.

The present study aims to investigate how
increasing the WC content from 60 wt.% to
70 wt.% and 80 wt.% in WC-Ni MMCs affects the
distribution of carbides, formation of complex car-
bides, solidification structure of the matrix, and
resistance to abrasive wear. The solidification of the
MMC was modeled using Thermo-calc’s Scheil
solidification simulation, which was compared to
the microstructure from the PTA-AM deposits. The
effects of varying levels of W in the matrix on the
solidification sequence of the microstructure is
discussed. Additionally, the abrasive wear resis-
tance and impact resistance of 60 wt.%, 70 wt.%,
and 80 wt.% WC-NiCrBSi PTA-AM deposit are
compared with a 60 wt.% WC-NiCrBSi PTA overlay.

MATERIALS AND METHODS
Thermodynamics of WC-NiCrBSi

To understand the solidification sequence of the
phases present in the microstructure of the PTA-
AM of WC-NiCrBSi, Thermo-cale (v2022b, TCNI12
database) thermodynamic software was used.
Thermo-calc results provide a framework for the
thermodynamic and microstructural literature
available for the WC-NiCrBSi system. The solidifi-
cation simulations were carried out on the Ni

matrix with the addition of 10 wt.% W, to provide an
understanding of how the addition of W affects the
microstructure of the NiCrBSi matrix. It should be
noted that the average overall W content found in
the Ni-matrix from the PTA-AM of 70 wt.% WC-
NiCrBSi was ~7.7 wt.% (~ 2.0 at%), and that no
carbon was included in the thermodynamic calcula-
tions due to the low solubility (2.8 at%) of C in Ni.3!
Additionally, with the addition of C in the Scheil
calculation, Thermo-calc always forms WC. Remov-
ing C would force W to be in a solid solution with Ni
and the W in the matrix phases could be compared
with PTA-AM. Scheil solidification was chosen as it
is one of the limiting conditions in solidification. The
concentration of the solute can be determined using:

Cs = kC(1 — V) (1)

where C; is the concentration of the solid, % is the
partition coefficient, V; is the volume fraction of
solid that has formed, and C is the nominal compo-
sition of the alloy.

Plasma Transferred Arc Additive
Manufacturing

The PTA-AM experiments were carried out using
a Stellite Starweld 300 M constant current power
source with a Stellite Excalibur PTA torch. A 4.8-
mm thoriated-tungsten electrode with a 4-mm set-
back was used, as recommended by the manufac-
turer. The electrode tip angle was maintained
between 10° and 20°. The current, voltage, travel
speed, and powder flow were set to 37 A, 20V,
600 mm/min, and 27 g/min, respectively. For com-
parison, the current, voltage, travel speed, and
powder flow used for conventional PTA overlays
are 130 A, 24 V, 230 mm/min, and 27 g/min, respec-
tively. It should be noted that the current is set
based on the PTA controller dial, which is analog
and was calibrated within the range of 100—200 A.
The values used in this experiment were lower than
the calibrated region and a linear extrapolation may
not be valid. The energy density was calculated by
dividing the power (current x voltage) by the
powder feed rate. The contrast in the energy density
(6.9 kJ/g for overlays and 1.6 kd/g for AM) would
create different thermodynamic conditions and
resultant microstructure between the two methods.
This reinforces the need for a complete microstruc-
tural analysis of the WC-Ni system under AM
conditions. The powder used for deposition was a
blend of WOKA Durit 6030 and Kennametal
SCNCO070 monocrystalline WC, whose composition
and size range is shown in Table I. To build the
single-track, multi-layer walls, the torch oscillated
using the built-in gantry system with a width of
27 mm, and the height was adjusted manually to
maintain a constant voltage. At the end of each
layer, a dwell time of 0.4 s was used to ensure an
even layer height. The Ni-WC MMC was deposited
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Table I. Composition and size of the matrix material used in this work

Composition (wt.%)

Matrix material Ni Cr Si w C Fe Size range (um)
WOZKA Durit 6030 Bal 5.0-6.5 0.8-1.2 3.8-4.3 - 0.2-0.5 < 1.5 +63—180
Kennametal SCNC070 monocrystalline  — - - 93.6 6.4 - +63—-180

onto sand-blasted 12.7-mm-thick (1/2”) mild steel
substrates with no pre-heat.

Infrared Imaging

A Mikron M7640 infrared camera was used to
monitor the build’s temperature to determine the
effects of balling on the part’s thermal history. The
infrared camera has a temperature range of 0—
2000°C and is equipped with a 640 x 480 focal plane
array microbolometer with a spectral bandwidth of
8-14 yum. The emissivity was not measured during
the deposition, and during the experiment, the
emissivity was set to 1. Therefore, the infrared
results were used as qualitative observations to
compare the heat build-up. LumaSpec™ Offline
Analyzer 5.0 software was used to set the range of
temperatures recorded to be from 200°C to 700°C to
reduce the saturation of the images.

Characterization

An in-depth characterization of the microstruc-
ture of 60 wt.% and 70 wt.% WC in a NiCrBSi
matrix was conducted. The optical microscopy
images were taken using an Olympus PMG3 optical
microscope, and images were captured using an
Olympus Q color 5 camera with Quartz PCI V5
software. Scanning electron microscopy (SEM) was
used to characterize the solidification structure of
the PTA-AM deposits. The SEM used in this work
was a Tescan Vega 3 equipped with a thermal
emission source. The microstructure was imaged
using an accelerating voltage of 20 keV and a
working distance of 15 mm. The SEM also contains
an Oxford election dispersive spectroscopy (EDX)
system which was used to acquire semi-quantitative
compositional data of all of the phases in the
microstructure. All compositional data in this sec-
tion are an average of 10 data points. The phase
distribution was determined using a Zeiss Sigma
field-emission SEM equipped with an AZtechSyn-
ergy electron backscatter diffraction (EBSD)
detector.

Wear and Impact Testing

The abrasive wear and impact resistance of the
60 wt.%, 70 wt.%, and 80 wt.% WC-NiCrBSi PTA-
AM samples were tested and compared with a
conventional overlay. Testing the performance was

a means of determining if adding more WC would
lead to superior properties. Wear performance was
determined using a dry sand, rubber wheel abrasion
test, following procedure A in the ASTM G65-16
standard. The sand in the Athabasca oil sands are
generally angular %uartz particles, 95% of which are
less than 150 ym.?* The sand particles ranged from
50 to 70 mesh (297-210 um), and the size of the test
coupon was 25.4 mm x 76.2 mm x 12.7 mm. Pro-
cedure A, which is a 6000-revolution test as outlined
in the ASTM standard, was carried out twice per
sample. The first test is to remove any of the softer
surface matrix material and expose the carbides
underneath. The second test is performed on the
scar from the first test to mimic steady-state wear
conditions. The impact test is a non-standardized
test developed by Fisher et al. for testing the impact
resistance of overlays for oilsands applications.??
The test coupon was is 25.4 x 69.9 x 12.7 mm and
was struck by an S2 tool steel hammer at 150 rpm,
creating an impact of approximately 8 J. The test
was run for 3-min intervals and the coupon was
weighed before and after each interval, for 24 min
or until failure. A rotary impact test was chosen to
understand the material’s resistance to repeated
low-energy impacts and is a routine test for char-
acterizing overlays in the oil sands mining sector.

RESULTS
Thermodynamic Evaluation of WC-NiCrBSi

A Scheil solidification simulation was carried out
on the NiCrBSi matrix with 10 wt.% W (Fig. 1) and
the composition of the different phases are found in
Table II. Primary solidification begins with y-Ni
solid solution at (=~ 1220°C), containing W, Si, Cr,
and Fe. Since the TCNI12 database only contains
binary and ternary thermodynamic data, the
decrease in the melting point could be due to error
in the extrapolation to a 6-element system. The
equilibrium partition coefficient for W, Cr, and Fe in
the presence of Ni and Si are 2.0, 1.1, and 1.1,
respectively.>* The reductions in W, Cr, and Fe in y-
Ni as solidification progresses follow the values of
the partition coefficients.®* The NisSi phase had
trace amounts of Cr and Fe, while the NigB phase
contained the highest amounts of Cr, Fe, and B.
Additionally, there is the formation of WB during
the solidification of NizSi/NigB.
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Fig. 1. Scheil solidification simulation of Durit 6030 NiCrBSi matrix with 10 wt.% W. The compositions for the different phases are provided in

Table II.

Table II. The composition of the different phases shown in Fig. 1 using Thermo-calc

at%
Phase Ni W Si Cr Fe B
y-Ni 81.5-80.2 1.4-0.5 10.0-13.0 6.3-5.7 0.8-0.6 -
NisSi 75.4 - 23.5 0.9 0.2 -
NizB 63.1-64.2 - - 9.0-8.5 2.9-2.3 25.0
WB - 51.8-55.7 - - - 48.2-44.3

The range of values highlights the difference in composition as solidification progresses, where the first and last numbers are the
composition at the beginning and end of solidification, respectively. If no range is given the composition was constant.

PTA-AM: Comparison Between 60 wt.%,
70 wt.%, and 80 wt.% WC

The as-built samples for the 60 wt.%, 70 wt.%,
and 80 wt.% monocrystalline WC are shown in
Fig. 2, and the sample dimensions are 90 mm x
27mm x 6 mm, 75 mm x 27 mm x 8 mm, and
65 mm x 27 mm x 9 mm for the height, length, and
thickness, respectively. Comparing the builds in
Fig. 2, the higher loading of WC increased the
surface roughness of the wall. The 60 wt.% WC wall

had more slumping during the deposition, denoted
by the inconsistent layer geometry (red arrows in
Fig. 2a). The red square at the bottom of the
samples in Fig. 2 shows that the first few layers
have a slightly different texture and layer geometry.
Instead of being a uniform stringer bead, the first
layer was discontinuous balls; this is known as the
“palling effect” and is a common defect in AM.35737
The balling effect is due to insufficient wetting®’—>°
of the MMC with the substrate due to the lack of
substrate pre-heat, and low heat input from the
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Fig. 2. PTA-AM samples containing 60 (a), 70 (b), and 80 (c) wt.% monocrystalline WC in a Durit 6030 NiCrBSi matrix. The sample dimensions
for (a), (b), and (c) are 90 mm x 30 mm x 6 mm, 75 mm x 27 mm x 8 mm, and 65 mm x 27 mm x 9 mm, respectively. The writing on the
samples are identification numbers and should be ignored (Color figure online).

plasma. Once sufficient heat had been supplied, the
MMC was uniformly deposited. The balling effect is
exacerbated by the increased carbide content, which
could be due to the reduced flowability of the melt,*°
and an increase in the effective viscosity.*! The
balling effect can cause discontinuities in the build
in each subsequent layer.?? In some cases, the space
between the balling is filled in by the liquid, but in
others, the error cascades through the rest of the
build. The observation of balling is also a sign of
poor bonding with the substrate, which would
decrease the heat transfer efficiency between the
substrate and the part.

An infrared camera was used to monitor the heat
accumulation during the PTA-AM build process and
are shown in Fig. 3. Note that these walls differ
from those shown in Fig. 2 and the uneven build
height is due to poor operating conditions. Increas-
ing the energy density has been previously shown to
increase the wetting of the newly degosited material
and decrease the balling effect.?>***3 For Fig. 3a
and d, the current was increased to 95 A for the first
5 layers and then decreased to 37 A. Samples A and
C could be removed manually with ease, while the
higher current samples were metallurgically

bonded. Comparing the thermal profile from Fig. 3a
and b, as well as Fig. 3c and d, it can be seen that
the bonding with the substrate drastically changes
the amount of heat that is retained during printing.
For the 60 wt.% sample, the average temperature in
the sample decreased and significantly more heat
was transferred to the substrate based on the
increase in substrate temperature. The effects of
adding 10 wt.% more WC on the thermal history is
plainly shown when comparing Fig. 3a and b with
Fig. 3c and d. The 70 wt.% samples had more heat
accumulation than the 60 wt.% samples, which
could be attributed to the difference in thermal
properties between the two deposits. The heat
capacity for Ni and WC at 200-700°C is 7.8—
8.0 J/molK** and 27.6-36.0 J/molK,** respectively.
Additionally, the thermal conductivity of Ni is 906
and WC is 110*” W/mK. With the heat capacity and
thermal conductivity of WC being higher than Ni,
the more WC content in the sample, the more heat
that will be accumulated in the sample. The signif-
icant amount of porosity in the sample (Fig. 4)
would lead to poor heat transfer through the wall,
which could contribute to the higher amounts of
heat accumulation.
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200

Fig. 3. (a) 60 wt.% WC with constant 37A current, (b) 60 wt.% starting at 95A current, then dropping to 37A after 5 layers, (c) 70 wt.% WC with
constant 37A current, and (d) 70 wt.% starting at 95A current, then dropping to 37A after 5 layers. The sample dimensions for (a), (b), (c), and (d),
are 100 x 26 mm, 100 x 25 mm, 100 x 26 mm, and 100 x 35 mm, respectively. Note that the torch oscillates back and forth in the x-direction.

Microstructural Characterization

Microstructural Comparison of 60 wt.%, 70 wt.%,
and 80 wt.% WC in NiCrBSi

The microstructure of the 60 wt.%, 70 wt.%, and
80 wt.% WC in a NiCrBSi matrix are shown in
Fig. 4a, b, and c, respectively. The 60 wt.% sample
had a homogeneous distribution of WC particles with
very little porosity. With an additional 10 wt.% and
20 wt.% WC, two defects dominate the microstruc-
ture: areas void of WC, termed denuded regions'”
(labeled in Fig. 4c), and large pores. Due to the
undesirable microstructure obtained from both
70 wt.% WC and 80 wt.% WC, 80 wt.% WC was not
considered for further analysis. The large pores were
speculated to be a result of different mechanisms. The
large irregular-shaped pores could be manufacturing
defects resulting from sub-optimal deposition param-
eters and from poor flowability of the melt pool from
increased apparent viscosity.*! There has not been
any confirmed mechanism that causes denuded
region formation. Sundaramoorthy et al. proposed
that denuded regions could be from liquid Ni forming
in the plasma not mixing with the remainder of the

melt pool due to surface tension.'® Wolfe et al.
suggests that W vapor formed in the plasma may
diffuse into Ni droplets and enter the pool as a mushy
phase.'” The mushy spheres would then retain their
spherical shape during solidification. Backscatter
SEM was used to observe the microstructure of
60 wt.% monocrystalline WC in NiCrBSi matrix,
shown in Fig. 5. The monocrystalline WC are the
large white angular particles. The build direction did
not play a role in the microstructure that was
obtained. There were three primary morphologies of
secondary carbides that formed during solidification,
which include blocky carbide (A), small blocky car-
bides (B), and ring carbides (C), shown in Fig. 5b. The
Ni matrix formed a cellular dendritic structure (D),
most of which contained a halo (E) surrounding the
dendrite shown in Fig. 5c. The interdendritic region
contains a lamellar eutectic (F'). Previous literature
states that the eutectic of 60 wt.% WC in NiCrBSi
consists of 7-Ni and NigB.!%2%*® When a laser heat
source is used for the deposition, the eutectic struc-
ture is lamellar.**®® A phase with a ring-like mor-
phology (G) can also be found throughout the
microstructure, and, based on the cracks seen as
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Fig. 4. Optical microscopy images of the microstructures from the samples shown in Fig. 2, where (a) is 60 wt.% WC, (b) is 70 wt.% WC, and (c)
is 80 wt.% WC. The light green is the Durit 6030 matrix, the dark green particles are WC, and the black regions within the sample are pores

(Color figure online).

the black lines in the red square in Fig. 5d, this phase
is likely brittle. The cracks form when the ring phase
isin close proximity to a WC particle, and could be due
to thermal residual stresses during solidification.?!*2

The composition of the different phases are
located in Table III. It should be noted that carbon
is below the detection limit of EDX, so the carbon
content is likely incorrect. Since no W is found in the
matrix alloy, one of the mechanisms that could
introduce W to the microstructure is convective
mass transfer from the WC during the PTA-AM
deposition process. Convective mass transfer from
WC  durin PTA is a common phe-
nomenon.'%1®17:1920 The prighter phases have a
higher molecular weight, highlighting the distribu-
tion of W throughout the microstructure. Convec-
tive mass transfer of W and C resulted in three
different morphologies of secondary complex carbide
particles (A, B, and C) containing varying amounts
of alloying elements. The larger blocky carbides (A)
had higher W, C, and Cr content ((NigW2CrgSi)Cs),
while the smaller (B) ones had a higher Ni and Si
content ((NigWCrSi)Cs). The ring carbides (c) tend
to have the highest Ni and lowest W content
((NigW4Cr3Sis)Cg) of all of the carbides.

The primary phase (D) is a Ni solid solution
containing W, Si, Cr, and Fe. The halo (E) around
the primary phase contains no W, less Cr and Fe,
and more Si. The equilibrium partition coefficient
for W, Cr, and Fe in the presence of Ni and Si are
2.0, 1.1, and 1.1, respectively.?* In contrast, the

partition coefficient for Si is around 0.5. It should be
noted that the equilibrium partition coefficient
would be affected by the interaction between the
alloying elements, and by the change in the solid-
ification temperature caused by the alloying addi-
tions.>* However, the distribution of the alloying
elements in the Ni matrix is supported b4y the
ternary equilibrium partition coefficients.>* The
primary phase that solidifies first has higher con-
centrations of W, Cr, and Fe than phases that form
later in the solidification process (from the remain-
ing liquid after forming the primary phase). The
light phase in the lamellar eutectic (F) has less Si
and slightly higher levels of Cr compared to the
dark phase. The lamellar spacing is 1.04 um, and
the interaction volume for the emission of charac-
teristic X-rays in iron is approximately 1 pm3.%?
Therefore, it is possible that some of the detected
characteristic X-rays from the dark phase of the
eutectic are included in the signal from the light
phase of the eutectic, and vice versa. This would
mean that the Si content in the light phase and the
Cr content in the dark phase could be overesti-
mated. The ring phase (G ((NigWCr135i)Cq9)) con-
tained all of the alloying elements except for Fe.

Characterization of 70 wt.% WC in NiCrBSi

A low-magnification backscatter SEM image
mainly of a denuded region in a 70 wt.% angular
monocrystalline WC in NiCrBSi is shown in Fig. 6a.
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Fig. 5. Backscatter SEM images of 60 wt.% WC-NiCrBSi MMCs where (a) is a overview of the microstructure; (b) the dashed red square (7) in
(a); (c) the red square (2) in (a); (d) phases that form around a WC particle. The phases with a higher molecular weight are shown as brighter. The
letters correspond to the compositions presented in Table Il (Color figure online).

Higher magnification images of the microstructure
are presented in Fig. 6b, ¢, and d. The monocrys-
talline WC are the large white angular particles.
The convective mass transfer of W and C from the
WC is evident by the abundance of secondary W
phases growing on the monocrystalline WC, shown
in Fig. 6b.*®°*5 The W and C dissolved in the Ni
matrix resulted in different morphologies of

secondary carbide phases, such as star carbides
(A), needle carbides (B), and blocky carbides (C).
The Ni matrix contains a primary dendritic phase
(D), most with halos (E) around the primary phase,
similar to what is found at 60 wt.% WC. The
interdendritic region contains a lighter gray phase
(F), and a darker gray phase (G). There are regions
where there is eutectic growth (H and I).



50

Rose, Wolfe, and Henein

Table III. The composition of the different phases shown in Fig. 5 using EDX

PTA-AM (at%)

Thermo-cale (at%)

Letter Description Ni W Si C Cr
A Blocky carbide 312 17.7 82 223 20.6
B Small blocky carbide 37.8 18.3 13.3 30.0 15.3
C Ring carbide 429 214 11.0 174 173
D Primary phase 82.1 24 6.7 - 6.2
E Halo around primary 85.5 - 10.2 - 4.2
phase

F Eutectic: light phase 85.7 - 99 - 3.0

Eutectic: dark phase 80.7 - 168 - 2.0
G Ring phase 11.2 3.6 3.8 38.8 4538

Fe Ni W Si Cr Fe B
- - 51.8— - - - 48.2—
55.7 44.3
— - 51.8— - - - 48.2—
55.7 44.3
— — 51.8— — — — 48.2—
55.7 44.3
26 815- 14-05 10.0- 6.3— 0.8 -
80.2 13.0 5.7 0.6
2.1 - - - - - -
1.3 63.1- - - 9.0- 29- 25.0
64.2 8.5 2.3
1.2 754 - 23.5 0.9 0.2 -
- 51.8— - - - 48.2—
55.7 44.3

The range of values provided by Thermo-calc highlights the difference in composition as solidification progresses, where the first and last
numbers are the composition at the beginning and end of solidification, respectively. If no range is given the composition was constant.
Note that the compositions provided are averaged from multiple points and may not sum to 100%.

Additionally, there is a ring-shaped carbide (J)
found in the interdendritic regions.

The composition of the different phases are shown
in Table IV. The secondary carbide phases all
contained varying amounts of W, C, and Cr, with
the star morphology (A) containing the most W
((NiW3Crg)Cs), and the ring phase (J) having the
most Cr ((NigWCrg)Cg). The blocky carbide phase
(C) had small amounts of Si detected
(NigW5CreSi)Cs). The W primary M characteristic
X-ray and Si primary K, have an energy of
1.774 keV and 1.739 keV, respectively. The similar
magnitude of characteristic X-rays makes them
difficult to distinguish during EDX analysis. In the
presence of Si, W’s L, peak of 8.396 keV helps to
distinguish between the two. Si only has the single
L, peak that is detectable with EDX; therefore, the
Si content could be influenced by the presence of W.
The primary phase (D) of the Ni matrix had a higher
W and Cr content but lower Si content than the halo
(E) surrounding the primary phase. Having higher
concentrations of Cr and W in the primary phase is
supported by the equilibrium partition coefficient
being greater than unity in the presence of Si.>* In
the interdendritic region, the phases contained
higher levels of Si and lower levels of Cr and Fe.
The composition of the light interdendritic phase in
the non-lamellar (F) and lamellar (H) structures are
slightly different, due to the elevated Si content in
the lamellar structure. The average lamellar spac-
ing is 1.02 um for 70 wt.% WC-NiCrBSi, and the
interaction volume for the emission of characteristic
X-rays in iron is approximately 1 um3.?® Therefore,
it is possible that some of the detected characteristic
X-rays from phase I was included in the signal from

phase H causing elevated levels of Si and reduced
levels of Cr and Fe. Based on the EDX compositional
data, it is possible that the light (F and H) dark
phases (G and I) are the same phase.

EBSD was used to determine the phase distribu-
tion in 70 wt.% monocrystalline WC in NiCrBSi, as
seen in Fig. 7. The image is 200 x 200 pixels with a
step size of 1 yum. The blue phase is y-Ni, the red
phase is Ni3sB, the yellow phase is WC, and the teal
phase is W5C. None of the black pixels were able to
be classified. NigW3C was included in the phase
database during data collection, but was not con-
tained within the sample. NigSi was also included,
but due to the similarity in cell spacing between Ni
(0.345 nm) and Ni3Si (0.351 nm), Ni3Si was unable
to be distinguished from Ni. It was found that the
halo around with primary phase was also y-Ni. The
interdendritic regions contained mostly NigB, and y-
Ni. The large step size of 1 yum would not be able to
resolve the eutectic, resulting in just y-Ni or NigB
being detected. Additionally, the needle phase (B)
was found to be WyC, which forms in the interden-
dritic regions and around the edge of the primary
WC. Although the composition of the needle phase
measured with EDX (B in Table IV) contains Cr and
Ni, the EBSD results are based on crystal structure
and not composition.

DISCUSSION
Solidification of WC-NiCrBSi
60 wt.% WC-NiCrBSi

From the SEM images (Fig. 5), the solidification
sequence for 60 wt.% WC-NiCrBSi can be hypoth-
esized. Due to their high W content, the first phases
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Fig. 6. Backscatter SEM images of 70 wt.% WC-NiCrBSi MMC where (a) is a microstructural overview of a denuded region; (b) secondary
carbide phases around WC particles; (c) the red square in (a) showing higher magnification of the matrix; (d) the ring phases found in the
microstructure. The heavier elements are shown as brighter highlighting the distribution of W throughout the sample. The letters correspond to

the compositions presented in Table 1V (Color figure online).

to form are likely the secondary carbide phases
(Table ITTA-C). Additionally, CrC’s (Table IIIG)
found in the interdendritic regions likely form prior
to 7-Ni since the melting point of CrsCs is 1900°C.57
Following the formation of the high W phases, the
primary 7-Ni phase (Table IIID) forms. Dendrite

coring could cause there to be micro segregation in
the dendrites as they grow, resulting in a difference
in composition during the primary solidification.
The higher levels of W, Cr, and Fe in the primary
phase are supported by the partition coefficients
being higher than unity.®* Therefore, it could be
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that the formation of the halo (Table IIID) is due to
dendrite coring. The continued growth of the pri-
mary phase would then bring the composition of the
liquid to the eutectic composition, after which there
is eutectic growth of Ni and NigB (Table IIIF).

70 wt.% WC-NiCrBS:

The SEM, EDX, and EBSD data can be used to
estimate the solidification sequence for 70 wt.%
WC-NiCrBSi. Due to their high W content, the first
phases to form are the different varieties of sec-
ondary carbide phases (Table IVA-C) found in the
microstructure. Based on the composition, it is
difficult to determine the order the secondary
carbides form due to their similarities in W content.
The next phase that forms could be the CrC
(Table IVJ) since the melting point of CrsCq is
1900°C.%" After the carbides have formed, the first
Ni phase to form would be the primary dendritic
phase (Table IVD). The halo surrounding the pri-
mary dendrites (Table IVE) could be due to dendrite
coring during primary solidification. After the for-
mation of the halo, the next phase to form is the
eutectic solidification of NigB and a Ni-Si solid
solution.

Comparing Thermo-calc to PTA-AM

A comparison of the compositions from the
Thermo-calc (Fig. 1) simulations and the PTA-AM
of 60 (Fig. 5a) and 70 wt.% WC (Fig. 6a) are shown
in Tables III and IV, respectively. The solidification
sequence proposed by the Sheil solidification simu-
lation from Thermo-calc (Fig. 1) does have some
resemblance to what is experienced during PTA-

o0 I - L
Fig. 7. Phases detected using EBSD, where blue is Ni, red is NizB,

yellow is WC, and teal is W,C. The grid is 200 x 200 pixels with a
step size of 1 um (Color figure online).

Rose, Wolfe, and Henein

AM. In Thermo-calc and PTA-AM, the solidification
of the matrix begins with the primary solidification
of a y-Ni solid solution. In the Scheil simulation, the
composition of the alloying elements varies as
solidification progresses. The composition of the
alloying elements in the primary phase for the
60 wt.% and 70 wt.% WC samples under PTA-AM
are outside of the compositional ranges simulated
by Thermo-calc. The Cr, W, and Fe contents are
higher, while the Si content is lower in PTA-AM
compared to Scheil solidification.

Where Thermo-calc deviates from PTA-AM is not
including the solidification of the halo. In the
60 wt.% (Fig. 5¢) and 70 wt.% WC (Fig. 6¢), there
is generally a distinct line between the primary
phase and the halo. It is likely that the halo is the
continued growth of the primary phase at a differ-
ent composition. In the Scheil solidification simula-
tion, the formation of the halo should be a separate
phase that is formed after y-Ni solidification. The
lack of halo formation would contribute to the
compositional differences of the other phases
between PTA-AM and Scheil (Tables III and IV).
The NisSi formation prior to the formation of the
eutectic is also not representative of PTA-AM. The
solidification of the NigSi/NigB is in agreement with
what is found in PTA-AM, although the composi-
tions are different. The last phase to form is WB in
the Scheil solidification, which could be the tiny
white spherical spots in the eutectic in Fig. 6¢c. TEM
could be carried out on the eutectic to confirm
whether the white points in the eutectic are WB.
The Scheil solidification simulations are a good tool
for attempting to understand the solidification
sequence of the NiCrBSi matrix in PTA-AM, but
the rapid solidification conditions of PTA-AM are
different than Scheil resulting in major microstruc-
tural differences. Additionally, since the TCNI12
database only contains binary and ternary thermo-
dynamic data, the extrapolations that are made to a
6-element system could be incorrect and result in a
difference in the composition of the predicted
phases.

Microstructural Comparison Between 60 wt.%
and 70 wt.% WC in NiCrBSi

From the compositional data gathered using EDX
(Tables III and IV), increasing the WC content from
60 wt.% to 70 wt.% appears to increase the amount
of thermal degradation of WC. The secondary
dendrite arm spacing (SDAS) was measured to
estimate the cooling rate for 60 wt.% and 70 wt.%
WC. It was found that the locations in the sample
shown in Fig. 5a (60 wt.%) and Fig. 6a (70 wt.%)
had a SDAS of 115 £ 2.0 and 12.7 £ 2.4 um,
respectively. With the significant overlap of the
standard deviations, it was assumed that the cool-
ing rates at these two locations were similar. The
area fraction of secondary carbides were compared
between Figs. 5a and 6a and it was found that the



Microstructural Characterization and Wear Resistance of 60 wt.%, 70 wt.%, and 80 wt.% WC- 53
NiCrBSi Thin Walls Deposited Using Plasma Transferred Arc Additive Manufacturing
Table IV. The composition of the different phases shown in Fig. 6 using EDX
PTA-AM (at%) Thermo-calc (at%)
Letter Description Ni W Si C Cr Fe Ni W Si Cr Fe B
A Star carbide 6.1 195 - 359 385 - - 51.8— - - - 48.2—
55.7 44.3
B Needle carbide 132 142 - 359 36.7 - - 51.8— - - - 48.2—
55.7 44.3
C Blocky carbide 31.0 18.8 79 227 196 - - 51.8— - - - 48.2—
55.7 44.3
D Primary phase 835 33 6.1 - 72 3.0 815- 14-05 10.0- 6.3— 0.8- -
80.2 13.0 5.7 0.6
E Halo around primary 81.1 1.8 8.3 - 6.0 2.9 - - - - - -
phase
F Eutectic: light phase 915 - 38 - 46 1.7 63.1- - - 9.0- 29- 25.0
(NL) 64.2 8.5 2.3
G Eutectic: dark phase 777 - 178 - 3.1 1.3 754 - 23.5 0.9 0.2 -
(NL)
H Eutectic: light phase 824 - 123 - 3.7 1.6 63.1- - - 9.0- 29- 25.0
L) 64.2 8.5 2.3
I Eutectic: dark phase 788 - 174 - 29 1.0 754 - 23.5 0.9 0.2 -
(L)
J Ring phase 7.8 4.8 - 443 431 - - 51.8— - - - 48.2—
55.7 44.3

The range of values provided by Thermo-calc highlights the difference in composition as solidification progresses, where the first and last
numbers are the composition at the beginning and end of solidification, respectively. If no range is given the composition was constant.For
the eutectic NL stands for non-lamellar and L stands for lamellar.

60 wt.% sample had a secondary carbide area
fraction of 2.9% while the 70 wt.% samples was
4.28%. The semi-quantitative EDX measurements
show that there is more W in the primary phase of
the 70 wt.% sample (Table IV) and W present in the
halo around the primary phase. No W exists in the
halo around the primary phase in the 60 wt.% WC
sample (Table III). Therefore, with a higher volume
fraction of secondary carbide phases and higher
levels of W in the Ni matrix, it is deduced that the
70 wt.% WC did have higher levels of convective
mass transfer of W. Comparing the microstructure
of 60 wt.% and 70 wt.% WC is thus determining the
effect W has on the microstructure of rapidly
solidified NiCrBSi.

Adding more dissolved W in the matrix causes
significant changes to the overall microstructure.
The 70 wt.% samples had a wider array of sec-
ondary carbides that formed, as opposed to the
60 wt.% samples that contained mainly the large
blocky morphology ((NigW2CrySi)Cs). The large
blocky morphology ((NigW3CrsSi)Cs3) was still pre-
sent in the 70 wt.% sample with similar composi-
tion. However, the ring carbide (C
((NigW4Cr3Siz)Cg)) in Fig. 5b) was not found in
the 70 wt.% sample. In the 70 wt.% samples, the
secondary carbides are finer plates in a needle
((NiWCr3)C3) or star ((NiW3Crg)Cg) morphology,
with higher concentrations of Cr. The difference in
the secondary carbide morphology may be

attributed to the increase in the dissolved W and
C in the Ni matrix from the increased convective
mass transfer. Additionally, the carbides in the
70 wt.% samples tended to have more W and Cr
than those found in the 60 wt.% sample. Both
samples formed a high Cr (CrC) ring phase that is
typically found in close proximity to the WC parti-
cles. This could be due to the convective mass
transfer of C from the WC particles reacting with
the Cr in the Ni solution to form the high Cr
carbides.

One of the significant differences between the
60 wt.% and 70 wt.% WC samples was the structure
of the Ni matrix. The 70 wt.% sample showed more
obvious dendritic structure, than the 60 wt.% sam-
ple. The primary y-Ni dendrites in the 70 wt.%
sample had more dissolved W (9.9 wt.%) than those
found in the 60 wt.% sample (7.5 wt.%). The differ-
ence in W content is due to the increased thermal
degradation of WC in the 70 wt.% sample. The
higher W content in Ni could result in a finer Ni
structure. Both samples had halos that formed
around the primary 7-Ni dendrites. The halo in
60 wt.% WC has no W, while the halo for 70 wt.%
WC had 5.9 wt.% W. The increased convective mass
transfer of W caused W to be rejected from the
primary phase into the liquid, which is then
retained in the halo phase. Additionally, the con-
trast of the halo compared to the primary dendrite
in Fig. 5¢ supports that W is likely not present in
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Fig. 8. (a) and (b) are the results comparing the samples shown in Fig. 2 and a 60 wt.% overlay for ASTM G65 and rotary impact test,

respectively.

the halo in the 60 wt.% sample. The halo for the
70 wt.% sample has more Cr and Fe, and less Si.
There have been no studies on the effect of W on the
partitioning of Cr and Fe in Ni. In ternary Ni-5Si-
3W alloys, W does not affect the partition coefficient
of Si compared to Ni-55i.>* However, this may
change with higher W content. The halo formation
in both the 60 wt.% and 70 wt.% samples is postu-
lated to be from dendrite coring causing continued
growth of the primary phase at a different
composition.

The interdendritic regions for 60 wt.% have a
higher tendency to be a lamellar eutectic. In
70 wt.% WC, the increased W content appears to
reduce the amount of lamellar eutectic found.
However, drawing any conclusions from a 2-D
cross-section of the microstructure is difficult. Addi-
tionally, the eutectic structure could be too fine to be
resolved using SEM and may require higher mag-
nification techniques like TEM. A better under-
standing of the differences in the eutectic structure
could be established using serial sectioning using a
focused ion beam SEM (FIBSEM). Using FIBSEM, a
3-D rendering of the entire microstructure could be
created and a more thorough comparison of the
microstructure between 60 wt.% and 70 wt.% WC
could be conducted.

Wear and Impact Testing

The results from the ASTM G65 tests are shown
in Fig. 8a. The lower first scar mass loss from the
higher WC samples is likely due to the higher
amount of WC on the surface of the sample, shown
by the rough surface in Fig. 2. Based on the second
scar mass loss, the AM samples had comparable
abrasive wear resistance under the test conditions.
Additionally, the AM samples performed slightly

better in the repeated rotary impacts, as presented
in Fig. 8b. For the case of 70 wt.% and 80 wt.%,
even with the manufacturing defects and denuded
regions, the abrasive wear and impact resistance
were similar to 60 wt.% overlays. This implies that
with the removal of these defects, the performance
may surpass conventional overlays. However, the
displayed results are from a single sample, and
more tests would be required to definitively compare
the performance of AM and conventional WC-Ni
MMCs.

CONCLUSION

PTA-AM was used to deposit thin walls of a
60 wt.%, 70 wt.%, and 80 wt.% WC-NiCrBSi metal
matrix composite. Increasing the WC content from
60 wt.% to 70 wt.% caused large irregular and
spherical-shaped pores and denuded regions. The
increased WC content also caused more thermal
degradation of the WC, causing more W and C to be
dissolved in the Ni matrix. Having more W dis-
solved in the Ni matrix caused precipitation of more
complex carbides, higher levels of W in the Ni
dendrites and halo. The Scheil solidification simu-
lations did not include the solidification of the halo
around the primary phase. The difference between
the Scheil simulations and PTA-AM samples high-
lights the need for more thermodynamic and
microstructural characterization data that need to
be generated for the NiCrBSi-WC system. The
abrasive and impact resistance are comparable
between the 60 wt.%, 70 wt.%, and 80 wt.% PTA-
AM samples, and the 60 wt.% overlay, showing that
the superior abrasive wear resistance of WC-
NiCrBSi overlays could be applied to additively
manufactured parts.
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