
Introduction

     Cladding the surface of a steel sub-
strate with a layer of nickel (Ni) alloy
embedded with hard tungsten carbide
(WC) particles can significantly im-
prove the wear and corrosion resist-
ance of the steel. Various processes
have been used for hardfacing with Ni-
WC, for instance, plasma transferred
arc welding (PTAW), submerged arc
welding (SAW), laser beam welding

(LBW) and cladding, and gas metal arc
welding (GMAW) (Ref. 1). The PTAW
process is the most common and effi-
cient method for shop production, but
it is impractical for field welding appli-
cations (Ref. 2). Gas metal arc welding
is a low-cost alternative to PTAW and
LBW. It is suitable for cladding over
small areas that need protection by
hardfacing, cladding small internal di-
ameters, or repairing small damaged
areas in existing cladding.
     Choi et al. (Ref. 2) made single-bead

Ni-WC cladding using a Lincoln Elec-
tric Power Wave 455M/STT power
source for GMAW. The filler metal was
1.6- mm-diameter Arctec Tungcore
FCS cored wire. The heat input varied
with the filler metal transfer mode:
lowest with the short-circuiting mode,
higher with the globular mode, and
highest with the spray mode. It was
shown that increasing the heat input
increased both dilution and carbide
dissolution. Vespa et al. (Ref. 3) made
single-bead Ni-WC cladding using a
Jetline Engineering process controller
called CSC-MIG along with a Miller
Electric XMT 350 CC/CV power
source. The filler metal was a 1.6-mm
PolyTung NiBWC cored electrode wire
manufactured by Polymet Corp. It was
also reported that increasing the heat
input increased WC dissolution. 
     In general, the microstructure of
Ni-WC cladding made by various
processes consists of “chunks of un-
melted tungsten carbide in a nickel-
base alloy matrix,” according to
ISO/TR Technical Report 13393 (Ref.
4). The microstructure of Ni-WC
cladding made by GMAW has been dis-
cussed by Choi et al. (Ref. 2) and Vespa
et al. (Ref. 3), which will be mentioned
subsequently in the present study. 
     The cladding of Ni-WC has excep-
tional abrasion resistance and moder-
ate corrosion resistance (Ref. 4). How-
ever, increasing the heat input can in-
crease the dissolution of tungsten car-
bide particles and reduce the abrasion
resistance. It also increases the dilu
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tion of the cladding by the substrate.
Dilution can have a significant effect
on the performance of the cladding. 
     For corrosion resistance applica-
tions, the corrosion performance of
some cladding can be rather sensitive
to the change in dilution. For wear re-
sistance applications, dilution can 
affect the severity of cracking encoun-
tered. For erosion plus corrosion appli-
cations, cracking of the hardfacing al-
loy can provide a corrosion path to the
substrate. Hence, a two-layer cladding
may help, with the first layer being the
corrosion resistant alloy and the sec-
ond layer being the hardfacing alloy.
A crack-free hardfacing alloy may also
help in some cases.
     The present study used GMAW-
CSC and 1.6-mm PolyTung NiBWC
cored welding wire to make the
cladding. However, it differed from
the study of Vespa et al. (Ref. 3) in
several ways. First, conventional
GMAW was also used and the results
were compared with those of GMAW-
CSC. Second, instead of just single-
bead cladding, a 3D printer-based
substrate manipulation table was
built to make the cladding over a
square area, both single layer and
multiple layers. Third, the overall
composition of the cladding was
measured. Fourth, the effect of Cr on
WC dissolution was shown by ther-
modynamic analysis. 

Experimental Procedure

Materials

     The workpiece was 1018 steel, 150
mm long, 50 mm wide, and 6.4 mm
thick. Single-bead welding was con-
ducted in the length direction along
the centerline of the workpiece, at
the travel speed of 15 mm/s and vari-
ous heat inputs. The filler metal for
depositing the cladding was a Poly-
Tung NiBWC flux cored wire of 1.6-
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Fig. 1 — 3D printer (lower left corner) supporting and generating 3D motion
of the steel workpiece under the welding gun to allow printing filler metal
on steel. 

Table 1 — Nominal Chemical Composition (wt%) of PolyTung NiBWC (Ref. 5)

                                             W                       Si                          B                                    Ni

           Wt%                    38–45                  2.2                       1.0                             Balance

Table 2 — Welding Parameters for Conventional GMAW

   Samples           Welding              Feeding          Traveling Speed       Electrode Extension      Heat Input        Gas Flow Rate       Shielding Gas
                           Voltage (V)        Speed mm/s                mm/s                             (mm)                      (J/mm)                  (m3/h)

        52                      18                       29.6                          15                                 22.5                         99.5                        1.1            75% Ar 25% CO2

        53                      19                       29.6                          15                                 22.5                          107                        1.1            75% Ar 25% CO2

        54                      20                       29.6                          15                                 22.5                          111                        1.1            75% Ar 25% CO2

        55                      21                       29.6                          15                                 22.5                          120                        1.1            75% Ar 25% CO2
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mm outer diameter. The nominal
chemical composition (wt-%) provid-
ed by the manufacturer is shown in
Table 1 (Ref. 5).

Welding Processes

     Two different versions of gas metal
arc welding (GMAW) were used to
clad. The first version was convention-
al GMAW, consisting of an Invision
456P power source, an XR-M wire
feeder, and a conventional welding
gun. The welding conditions are
shown in Table 2. The second version
was a controlled-short-circuiting (CSC)
type GMAW process called GMAW-
CSC, consisting of an Invision 456P
power source, a CSC process con-
troller, and a special welding gun
hooked up to the controller. The
process controller coordinates the
feeding and speed of the wire elec-
trode with the level of welding current
delivered by the power source (Ref. 6).

Briefly, the welding process has two
primary phases: the arc phase during
which heat is generated to melt the
base metal, and the short-circuit phase
during which the filler metal droplet is
deposited when the welding wire
makes contact with the weld pool (Ref.
6). The controller monitors the voltage
between the electrode and the work-
piece to determine which phase the
process is in at any given time. The
controller clears the short by retract-
ing the wire to the preset arc length
level. Once the arc is established again,
the controller begins feeding the wire
toward the weld pool, and the cycle re-
peats. GMAW-CSC was originally de-
veloped and called “CSC-MIG” by
Miller Electric Manufacturing Co. and
subsequently manufactured by Jetline
Engineering, Irvine, Calif.
     The waveforms of the welding cur-
rent in GMAW-CSC can be tailored in
great detail in order to optimize the
welding process and reduce spatter.
Examples of the operating parameters

that can be specified include: 1) cur-
rent levels and durations (for the start
and mid periods) of the arc phase and
those of the short-circuit phase, 2) the
wire down speed, the delay before wire
down, the wire up speed and the delay
before wire up, 3) the arc length, and
4) the penetration delay. The welding
conditions are shown in Table 3. The
design and selection of the welding pa-
rameters were based on the experience
of the authors in using the GMAW-
CSC process in the past few years. As
compared to conventional GMAW,
GMAW-CSC has been reported to re-
duce heat input and spatter (Refs.
7–9). Reducing heat input is desirable
because it can help reduce dilution of
the cladding by the base metal. Reduc-
ing spatter is also desirable to maxi-
mize deposit efficiency.
     The waveforms of the welding cur-
rent and arc voltage were recorded using
a computer data acquisition system to-
gether with LabView software.  The
data-sampling rate for each signal was
15,000 Hz. The heat input per unit
length of the weld Q was calculated us-
ing the following equation (Ref. 8): 

(1)

where I is the current, E is the voltage,
t is the welding time, and U is the 
travel speed. 

3D Printer

     A cladding may need to be de-
posited on a designated area on a
component that requires highwear
resistance or where the damaged
cladding requires repairing. In such a
situation, the pattern of motion of
the GMAW welding gun relative to
the workpiece may affect the quality
of the resultant cladding. To study
the effect of the motion pattern, a
3D printer can be useful, especially
when a much more expensive robot
or 3-axis CNC machine is not avail-
able. So, a low-cost open-source 3D
printer was built as shown in Fig. 1,
similar to that developed by Anza-
lone et al. (Ref. 10). Essentially, the
platform that supports the workpiece
can move the workpiece horizontally
according to the specific motion pat-
tern programmed by the computer,
and it can also move vertically to

Q = I E( )dt
0

t
/ (t U )
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Fig. 2 — PolyTung NiBWC tubular wire. A — Transverse cross section; B — particles re
moved from inside wire; C — identification of particles by EDS analysis.

A
B
C

Yu  12-16_Layout 1  11/9/16  8:26 AM  Page 453



keep the arc length constant as the cladding gets
thicker and thicker during deposition. The welding
gun stays stationary while the workpiece moves
around.
      So, in addition to single-bead cladding, single-layer
square cladding was made over a 27 ¥ 27 mm area on
the steel. Cladding was also made with four layers and
eight layers. The eight-layer cladding was used to de-
termine its overall chemical composition.

Overall Cladding Composition

      In order to provide enough material for the many
samples needed for chemical composition analysis, an
eight-layer cladding was made over a square area of
31.5 ¥ 31.5 mm on the 1018 steel plate. The cladding
was about 6.7 mm thick. After welding, the cladding
was cut off by electrical discharge machining (EDM)
for the purpose of chemical analysis, from 1 mm above
the steel plate. In other words, the amount of sample
for the chemical analysis was 31.5 ¥ 31.5 ¥ 5.7 mm in
volume. The cut-off sample was then broken up into
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Fig. 3 — Waveforms of current and voltage. A — Sample 53 (conven
tional GMAW); B — Sample 55 (conventional GMAW); C — Sample 50
(GMAWCSC).

Fig. 4 — Top views of welds made by conventional GMAW at
various voltages and heat inputs. A — Weld No. 52; B —
Weld No. 53; C —Weld No. 54; D — Weld No. 55. Travel
speed: 15 mm/s.
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granules and dissolved in various
chemicals for chemical analysis. The
chemical analysis was conducted at
the National Analysis Center of Iron
and Steel (NACIS) in Beijing, China,
according to the National Standards

of China (GB/T)
and NACIS stan-
dards (Refs.
11–16).

Microstructural
Analysis of the
Cladding

SXFiveFE, a
state-of-the-art
field emission
electron probe mi-
cro analyzer
(EPMA) for quan-
titative analysis
and x-ray map-
ping at high-spa-
tial resolution,
was used (Ref.
17). Up to five
wavelength dis-
persive spectrom-
eters (WDS) could
be fit into the mi-
croprobe for high-
precision quanti-
tative analysis.
The beam diame-
ter used was
80–100 nm
(called “0 m”),
the voltage and
current being 8
kV and 20 nA, re-
spectively. The
volume below the
sample surface af-
fected by the
beam was about
250  nm in diame-
ter (Ref. 18). The
samples were pol-
ished but not
etched, in order
not to affect the
composition
measurements by
EPMA. A plasma
cleaner (IBSS
GV10X) was used
to clean the sam-
ple surface. The
standards for cali-
bration for EPMA

included pure WC, W, C, Ni, Fe, Si,
and B. EPMA was done using Ka x-ray
lines of B, O, C, and Si, whereas the
W Ma line and the Ni Ll lines were
used for those elements. Crystals
used were: LPC2 for C and B; LPET

for W and Si; and LLIF for Fe, TAP for
Ni, and PCO for 0. Counting times
were 10 s on peak and 5 s each on
two backgrounds. During the initial
stage of the present study, SEM and
energy dispersive spectrometry
(EDS) were also used to identify the
particles removed from inside the tu-
bular filler metal. A Bruker D8 Dis-
cover diffractometer along with a mi-
crofocus x-ray source and a Vantec
area detector was also used to identi-
fy phases in the cladding. 

Results and Discussion

     Figure 2 shows a transverse cross
section of the PolyTung NiBWC flux-
cored wire and the particles removed
from inside. EDS analysis indicates the
tube sheath as Ni and the main parti-
cles as Ni, WC, and W.   

SingleBead Cladding

     Figure 3 shows example waveforms
of current and voltage recorded during
welding. Consider conventional
GMAW first. Welds No. 53 was made
at 19 V. Its waveforms in Fig. 3A show
the voltage approaches zero periodi-
cally. This suggests the short-circuit-
ing mode of metal transfer. Weld No.
55 was also made by conventional
GMAW but at a slightly higher voltage
of 21 V. As shown by its waveforms in
Fig. 3B, the voltage approaches zero
only occasionally and not quite as
close to zero. This suggests the mode
of metal transfer is more like globular
than short circuiting. As for the
GMAW-CSC, the waveforms of Weld
No. 50 in Fig. 3C are typical of con-
trolled short circuiting. When short
circuiting occurs, the maximum cur-
rent is always kept low (< 150 A) in-
stead of being allowed to have a sud-
den surge to cause spatter (e.g., about
400 A in Fig. 3B).  
     It was found that the window of
welding parameters was significantly
wider with GMAW-CSC than conven-
tional GMAW. Consider conventional
GMAW first. As shown in Fig. 4A,
Weld No. 53 made at the arc voltage
19 V (107 J/mm) is smooth with only
slight spatter. However, Weld No. 52
made at the arc voltage 18 V (99.5
J/mm) is highly irregular and discon-
tinuous in shape. For Weld No. 55
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Fig. 5 — Top views of welds made by GMAWCSC at various volt
ages and heat inputs. A — Weld No. 46; B — Weld No. 47; C —
Weld No. 48; D — Weld No. 49; E — Weld No. 50; F — Weld No. 51.
Travel speed: 15 mm/s. Window for welding is significantly wider in
GMAWCSC than in conventional GMAW (Fig. 4).
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made at 21 V (120 J/mm), the bead
was continuous but with large spatter.
With GMAW-CSC, on the other hand,
a smooth single bead with slight spat-
ter could be made over the much wider
range of 56.3 to 120 J/mm as shown
in Fig. 5. 
     Examples of the transverse cross-
sections of single-bead cladding made
by conventional GMAW are shown in
Fig. 6. Similar results are shown in Fig.
7 for cladding made by GMAW-CSC. In
either case, the cladding is not very
densely packed with large tungsten
carbide particles. To increase the frac-
tion of large tungsten carbide particles
in the cladding, a tubular welding wire
with a thin sheath and small crimp
overlap can be used as pointed out by
Mendez et al. (Ref. 1). The PolyTung
NiBWC flux-cored wire of 1.6-mm out-
er diameter, which has a relatively
thick sheath and large crimp overlap
as can be seen in Fig. 2A, was selected
for the present study mainly because
of the intended comparison with the
study of Vespa et al. (Ref. 3), in which
the same wire was used.
     From the transverse cross section of
the cladding, the extent it is diluted by
the melted base metal can be deter-
mined. Table 4 summarizes the dilu-
tions in the single-bead cladding. As
shown in Fig. 6, with conventional
GMAW, the dilution varies from 2.6% at
107 J/mm to 12% at 120 J/mm. With
GMAW-CSC, as shown in Fig. 7, the di-
lution varies from 0.6% at 75 J/mm to
5.4% at 107 J/mm and 5.7% at 120

J/mm. Thus, the dilu-
tion varies less in
GMAW-CSC than con-
ventional GMAW. The
dissolution of WC par-
ticles appears to in-
crease with increasing
heat input as can be seen by comparing,
for instance, Fig. 6A with 6B.

Square Cladding Made 
with 3D Printer

     Since the dilution increases less
with increasing heat input in GMAW-
CSC than conventional GMAW, the
former was used to deposit cladding
over a square area (about 27 ¥ 27
mm). Three single-layer square
claddings, made at the travel speed of
15 mm/s, are discussed below. 
     The pattern of the welding gun/
steel relative motion was found to af-
fect the thickness uniformity and
overall dilution of the resultant
cladding. Figure 8 shows a single-lay-
er square cladding (No. 13) made with
a square spiral pattern. The cladding
becomes thinner and thinner as its
center is approached. Based on the
enlarged transverse cross section of
the cladding (not shown), the overall
dilution is 2.28%. The micrographs
taken at three different locations in
the transverse cross section show WC
particles are fewer and smaller near
the center of the cladding. Figure 9
shows a single-layer square cladding

(No. 14) made with a short serpen-
tine motion pattern that covers the
left one-third of the square cladding,
reverses its direction to cover the
middle one-third, and then reverses
its direction again to cover the right
one-third. As compared to cladding
No. 13 in Fig. 8, its thickness is more
uniform but the dilution was higher
at 6.01%. 
     Figure 10 shows a single-layer
square cladding (No. 11) made with a
longer serpentine motion pattern
that covers the entire square cladding
without reversing its direction like in
cladding No. 14 — Fig. 9. The overall
dilution is at 4.6%. As compared to
cladding No. 13, No. 11 appears to be
more uniform in thickness and have a
more uniform distribution of tung-
sten carbide particles. It is likely that,
with a closed-loop control strategy,
the pool size can be better controlled
to reduce variations in the uniformity
and thickness of the cladding and its
dilution by the substrate. However,
the same pool size on the surface may
not necessarily mean the same pool
depth, which affects the level of dilu-
tion. By the way, some soot is visible
in the middle of the top surface of
cladding No. 11 — Fig. 10B. The soot
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Fig. 7 — Transverse cross sections of singlebead cladding de
posited by GMAWCSC. A — Sample No. 47; B — sample No.
50; C — sample No. 51. The average of three dilutions at
three different locations along each sample is shown.

Fig. 6 — Transverse cross sections of singlebead cladding de
posited by conventional GMAW. A — Sample No. 53; B —
sample No. 55. The average of three dilutions at three differ
ent locations along each sample is shown.

A

B

A

B

C

Yu  12-16_Layout 1  11/9/16  8:28 AM  Page 456



was likely caused by surface oxidation
after welding as the current and volt-
age waveforms indicated the welding
process was stable.
     The results of the single-layer
square cladding indicate that, out of
the three motion patterns investigat-
ed, the long serpentine pattern shown
in Fig. 10A seems to yield the best re-
sults, that is, uniform cladding thick-
ness and moderate dilution of 4.6%.
Thus, a four-layer cladding was made
with the serpentine pattern, that is,
cladding No. 9. As shown in Fig. 11,
the cladding is essentially uniform in
thickness and in the distribution of
WC particles. To help reduce overheat-
ing, the travel speed was gradually in-
creased from 16.7 mm/s at the begin-
ning of the first layer to 26.7 mm/s at
the end of the first layer. It was fur-
ther increased gradually to 33.3 mm/s
before the end of the second layer. To
help distribute heat more uniformly,
the pattern was rotated 90 deg after
each layer. 
     It was noticed that the tip of the Ni
sheath was deformed into a bell shape,
as shown in Fig. 12. The foam-like ma-
terial visible outside the bell is likely
to be a flux or binder added during the
fabrication of the welding wire. As
compared to GMAW-CSC with a solid
wire (Refs. 8, 9), the level of spatter
shown in Figs. 5 and 12 is much high-
er even though GMAW-CSC is known
to be very effective in eliminating
spatter. When the tip of a solid wire
forms a liquid bridge with the weld
pool, the controller can clearly sense a
voltage of nearly zero — Fig. 3C. How-
ever, with the tip of a tubular wire like
that shown in Fig. 12, the liquid bridge
may not be as easy to form and con-
trol. Consequently, more spatter can
be expected with a tubular wire. Some
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Fig. 8 — Singlelayer square cladding No.
13 made by GMAWCSC. A — Pattern of
motion of workpiece relative to welding
gun; B — top view; C — transverse cross
section; D, E, F — optical micrographs. Di
lution = 2.28%.
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Fig. 9 — Singlelayer square cladding
No. 14 made by GMAWCSC. A — Pat
tern of motion of workpiece relative to
welding gun; B — top view; C— trans
verse cross section; D, E, F — optical mi
crographs. Dilution = 6.01%.
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distortion of the workpiece is visible,
which probably can be minimized by
using a stronger frame and heavier
motors for the 3D printer system to
allow the use of a metal fixture for
clamping down the workpiece tightly
before welding. 

Overall Composition of
Cladding
     To prepare a sample for determin-
ing the overall chemical composition
of the cladding, an eight-layer square
cladding was made with the long ser-
pentine motion pattern — Fig. 9A. As
mentioned previously, the upper half
of the cladding was cut off by electri-
cal discharge machining (EDM), bro-
ken up into particles, and dissolved in
various chemicals for chemical analy-

sis. As shown in Table 5, the overall
composition of the cladding is 53.36
± 2.80 wt-% Ni, 42.09 ± 0.93 wt-% W,
1.15 ± 0.003 wt-% C, 0.64 ± 0.004 wt-
% B, 0.34 ± 0.01 wt-% Fe, and 0.33 ±
0.004 wt-% Si. Due to accumulation
of errors, the summation of these
concentrations is 97.91 wt-% instead
of 100 wt-%, the difference being

2.09 wt-%. For simplicity, the compo-
sition will be taken as Ni-42.09W-
1.15C-0.64B-0.34Fe-0.33Si by wt-%,
which implies the balance is 55.45 wt-
% Ni (= 53.36 + 2.09). This composi-
tion is more reliable than that provid-
ed by the supplier of the welding
wire. As shown in Table 1, the carbon
content was not even measured.
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Table 3 — Welding Parameters for GMAWCSC

                 Sample                                                                                 46                       47                   48                   49                     50                    51
                Arc Time                      Initial arc current (A)                     40                       50                   60                   65                     70                    77
                                                               Time (ms)                               4                         4                     4                      4                       4                       4
                                                       Mid arc current (A)                      80                     100                 120                 130                   140                  154
                                                               Time (ms)                               4                         4                     4                      4                       4                       4
                                                       End arc current (A)                      40                       50                   60                   65                     70                    77
            Short Circuit                  Start short current (A)                   40                       40                   40                   40                     40                    40
                   Time
                                                               Time (ms)                               7                         7                     7                      7                       7                       7
                                                     Mid short current (A)                    40                       40                   40                   40                     40                    40
                                                               Time (ms)                               7                         7                     7                      7                       7                       7
                                                       End arc current (A)                      40                       40                   40                   40                     40                    40
             Ramp Rates                            Rise (A/ms)                            250                    250                 250                 250                   250                  250
                                                              Fall (A/ms)                            250                    250                 250                 250                   250                  250
            Wire feeding                       Down wire feed                          8                         8                     8                      8                       8                       8
                    Rate                                 speed (mpm)                                                                                                                                                          
                                              Delay before wire down (ms)              0                         0                     0                      0                       0                       0
                                               UP1 wire feed speed (mpm)               8                         8                     8                      8                       8                       8
                                                 Delay before wire up (ms)                 0                         0                     0                      0                       0                       0
                                               Up2 wire feed speed (mpm)               8                         8                     8                      8                       8                       8
                                                          Arc length (mm)                        0.7                     0.7                  0.7                  0.7                    0.7                   0.7
                                                    Penetration delay (ms)                    0                         0                     0                      0                       0                       0
          Start Sequence                     Preflow time (s)                        0.5                     0.5                  0.5                  0.5                    0.5                   0.5
                   Data                                                                                                                                                                                                                  
                                             Runin wire feed speed (mpm)           1.0                     1.0                  1.0                  1.0                    1.0                   1.0
                                                Process starting current (A)               50                       50                   50                   50                     50                    50
                                                    Initial arc length (mm)                   2.0                     2.0                  2.0                  2.0                    2.0                   2.0
                                                       Preheat current (A)                      60                       60                   60                   60                     60                    60
                                              Preheat timestart delay (ms)             50                       50                   50                   50                     50                    50
          Stop Sequence                Stop arc length (mm)                    2.0                     2.0                  2.0                  2.0                    2.0                   2.0
                   Data
                                                           Stop time (ms)                          50                       50                   50                   50                     50                    50
                                                       Arc stop current (A)                      50                       50                   50                   50                     50                    50
                                                         Postflow time (s)                        0.5                     0.5                  0.5                  0.5                    0.5                   0.5
Electrode Extension (mm)                                                                16                       16                   16                   16                     16                    16
            Shielding Gas                                                                       75% Ar              75% Ar           75% Ar           75% Ar             75% Ar            75% Ar
                                                                                                          25% CO2                        25% CO2                 25% CO2                  25% CO2                     25% CO2                    25% CO2

  Gas Flowing Rate (m3/h)                                                                 1.1                     1.1                  1.1                  1.1                    1.1                   1.1
     Travel Speed (mm/s)                                                                     15                       15                   15                   15                     15                    15
       Heat Input (J/mm)                                                                     56.3                   74.8                90.6                99.5                107.1               119.5

Table 4 — Dilutions in SingleBead Cladding Made by GMAWCSC and Conventional
GMAW

                                                      GMAWCSC                                           Conventional GMAW

 Sample                     46          47         48        49       50         51                53           54         55
 Dilution       1         0.124      1.25      2.95    1.38    5.76      1.24            1.05       9.81     14.21
     (%)           2         0.098      0.49      2.35    1.81    4.50      5.37            4.53       2.35          
                      3         0.247      0.072    1.0      3.68    5.98    10.37            2.23       0.82      9.21
 Average                  0.16        0.6        2.1      2.29    5.41      5.66            2.60       4.33     11.71
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Optical Micrographs
     Figure 13 shows the microstruc-
ture of single-bead cladding No. 47
(74.8 J/mm) and No. 50 107 J/mm).
As shown by the transverse optical
micrographs in Fig. 13A and B, the
large tungsten carbide particles are
those from the filler metal that were
not melted completely during weld-
ing. Dendrites of Ni-rich primary so-
lidification phase -Ni are visible in
the matrix between large tungsten
carbide particles. The secondary den-
drite arm spacing is larger with
cladding No. 50 than No. 47. It is well
known that the higher the heat input
is, the slower the cooling rate during
welding (Ref. 19). It is also well
known that the slower the cooling
rate is, the more time is available for
dendrite arms to coarsen and increase
the secondary dendrite arm spacing

(Refs. 19, 20). So, the higher the heat
input is, the larger the secondary
dendrite arm spacing can be expect-
ed. Thus, the higher heat input used
for depositing cladding No. 50 can be
expected to result in larger dendrite
arm spacing. 

Local Composition
Measurements by 
HighResolution EPMA

     Figure 14 shows a big tungsten car-
bide particle in cladding No. 9 (Fig.
11), and the various phases in it iden-
tified by EPMA. As mentioned previ-
ously, with the high-resolution EPMA
used in the present study, the diame-
ter of the electron beam was only
80–100 nm in diameter and the vol-
ume below the sample surface affected
by the beam was 250 nm in diameter.

The original electron image taken
during EPMA has been replaced by a
SEM image taken after EPMA. The
SEM image, which is shown in Fig. 14,
has a higher contrast, which is needed
to show the different phases in the
particles more clearly.
    WC exists along the edge of the big
particle as shown by the compositions
at Points 1, 2, and 3. The presence of
WC along the edge is consistent with
the observation of a WC “shell”
around big tungsten carbide particles
by Vespa et al. (Ref. 3), who used the
same welding wire used in the present
study, that is, PolyTung NiBWC. It is
also consistent with the observation
of a “halo” around big tungsten car-
bide particles by Choi et al. (Ref. 2),
although they used a different weld-
ing wire, that is, an Arctec Tungcore
FCS cored wire. 
    Figure 14 shows that inside the big
tungsten carbide particle WC exists
at Points 4 and 5, and W2C exists at
Points 10, 11, and 12. The presence
of both WC and W2C inside tungsten
carbide particles was also reported by
Vespa et al. (Ref. 3) and Choi et al.
(Ref. 2). According to Fig. 14, W3C2
also exists inside the big tungsten
carbide particle, which was not re-
ported by Vespa et al. (Ref. 3) or Choi
et al. (Ref. 2). Further identification,
e.g., by x-ray diffraction (XRD), is

needed to confirm the presence of
W3C2. It is interesting to note that
Huang et al. (Ref. 21) showed XRD
peaks corresponding to -Ni, WC,
W2C, and WC1-x. If x = 1/3, WC1-x be-
comes WC2/3 or W3C2. 
     Figure 15 shows the composition
measurements in an interdendritic area
in cladding No. 9. At Points 1, 2, and 3,
the -Ni dendrites are Ni-rich as expect-
ed. However, they also contain signifi-
cant amounts of W and C. The inter-
dendritic eutectic is composite-like,
consisting of a small lighter contrast-
phase like -Ni and a small darker-con-
trast phase. The darker-contrast phase
at Points 4 and 5 appears to be Ni3B,
but it also contains a significant
amount of C. The lighter-contrast
phase at Points 6 and 7 are similar to 
-Ni in composition.  
     Figure 16 shows the x-ray diffrac-
tion pattern obtained by directing the
x-ray over an area of 0.1 mm diameter
on the transverse cross section of
cladding No. 9 (Fig. 11). The diffrac-
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Fig. 10 — Singlelayer square cladding No. 11 made by GMAWCSC. A — Pattern of motion
of workpiece relative to welding gun; B — top view; C— transverse cross section; D, E, F —
optical micrographs. Dilution = 4.6%.
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tion angles of various phases are
shown at the bottom of the diffrac-
tion pattern, including Ni, Ni-0.09W,
WC, W2C, WC1-x, and Ni3B. As shown,
the presence of Ni-0.09W, WC, W2C,
and Ni3B is confirmed. It is interest-
ing that Ni-0.09W matches the dif-
fraction pattern better than Ni. As
shown previously in Fig. 15, the -Ni
dendrites contain 7.86 to 9.31 at-%
W. The small peak at 37 deg matches
WC1-x, but it also matches Ni3B. Like-
wise, the small peak at 61.8 deg

matches WC1-x but
it also matches
W2C. So, the pres-
ence of WC1-x still
needs further 
confirmation. 

According to the
binary W-C phase
diagram in Fig. 17
(Ref. 22), however,
-WC1-x does exist
from about 38 to
50 at-% C or a
range of the C/W
ratio of about 0.6
to 1.0. This range
does cover WC1-x
with x = 1/3, which
is equivalent to
WC2/3 or W3C2 .

Figure 18 shows
the electron im-
ages of cladding
No. 47 taken dur-
ing composition
measurements by
EPMA. This small
beam size helped
determine the
compositions of
small interden-
dritic features.
These features are
away from the big
tungsten carbide
particles from the

filler metal, suggesting their forma-
tion from the liquid pool during so-
lidification. As shown by Fig. 18B
and the compositions at Points 1 and
2 in the table, the angular bright-
contrast particle is WC. Other bright-
contrast particles are also W-rich as
shown by the compositions at Points
3 through 5. The small Ni contents of
these particles might be real or at-
tributed to the neighboring Ni-rich
matrix. 
     Similar results are shown in Fig. 19

for cladding No. 51. As shown, the an-
gular bright-contrast particle is again
WC as indicated by the compositions
at Points 8 and 9. However, unlike the
W-rich interdendritic particles in Fig.
18 for cladding No. 47, the bright-
contrast interdendritic phases in
cladding No. 51 contain about 18 to
30 at-% Ni and some Fe and B in addi-
tion to more than 40 at-% W and 20
at-% C. As shown previously (Fig. 7),
cladding No. 51 was made with a heat
input (120 J/mm) higher than that
for weld No. 47 (70 J/mm). Thus, it is
likely that under a higher heat input
big tungsten carbide particles dis-
solved to a greater extent during
welding and formed these interden-
dritic particles during solidification.

Thermodynamic Analysis

     The thermal spray and hardfacing
industries have included Cr in many
commercially available Ni-based alloys
as it aids in hardenability and increas-
es corrosion resistance. However, it
has been noted (Ref. 1) that brittle Cr-
containing phases form in cladding
coatings when WC/W2C particles par-
tially dissolve into the matrix during
PTA, laser, or GMAW processing.
These brittle phases will be detrimen-
tal to performance when impact
events occur during service. The ef-
fects of Cr additions to the Ni alloy
need to be understood and considered
for cladding coatings. 
     To help understand the effect of
the Cr addition on Ni-WC cladding,
thermodynamic software and data-
base were used to calculate the solidi-
fication path of the cladding based on
its composition. Obviously, the nomi-
nal composition of the filler metal
provided in Table 1 by the supplier
cannot be used because it does not
even show the C content. This is why
an eight-layer square cladding was
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Fig. 11 — Fourlayer square cladding No. 13 made by GMAW
CSC. A — Pattern of motion of workpiece relative to welding
gun; B — top view; C — transverse cross section; D, E, F — opti
cal micrographs. Dilution = 3.61%.

Table 5 — Chemical Composition (wt%) of EightLayer Square Cladding

                                                       W                              Si                                   B                                Ni                                C                                Fe

Chemical Composition,           41.82                        0.337                           0.640                         54.01                         1.149                         0.349
                wt%                           41.83                        0.337                           0.645                         54.93                         1.145                         0.334
                                                    42.75                        0.332                                                              51.14                                                             0.334
                                                    41.65                                                                                                                                                                            
                                                    42.40                                                                                                                                                                            
             Average                   42.09 ± 0.93            0.33 ± 0.004               0.64 ± 0.004             53.36 ± 2.80             1.15 ± 0.003              0.34 ± 0.01
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B

C
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prepared for detailed chemical analy-
sis. As mentioned previously, the
overall composition of the cladding
was Ni-42.09W-1.15C-0.64B-0.34Fe-
0.33Si by wt-%. 
     Since the weld pool and hence the
resultant cladding contained the un-

melted portion of tungsten carbide
particles as well as liquid metal, the
composition of the liquid metal need-
ed to be found in order to calculate its
solidification path. To do this, two dif-
ferent methods were tried in the pres-
ent study. The first method was to de-

termine the local average composition
of the Ni-rich matrix away from un-
melted tungsten carbide particles, that
is, to determine the local average com-
position in an area significantly larger
than dendrites and away from big
tungsten carbide particles. The new
SXFiveFE EPMA machine allowed a
50-m-diameter beam size to be used
to measure the average composition at
a location. However, it was found that
the measured composition of the Ni-
rich matrix varied significantly from
location to location in the cladding
and an overall composition of the ma-
trix as a whole could not be deter-
mined accurately.   
     The second method, on the other
hand, was based on the overall com-
position of the cladding measured by
chemical analysis. As mentioned pre-
viously, an eight-layer square cladding
was cut off by EDM from 1 mm above
the steel substrate and broken up and
dissolved in chemical solutions for
wet chemical analyses. Thus, the dis-
solved cladding included not only the
Ni-rich matrix, but also the unmelted
portions of the big tungsten carbide
particles, which need to be excluded
in order to have an accurate composi-
tion of the liquid metal in the weld
pool to calculate its solidification
path. According to image analysis by
Image J (Ref. 23), tungsten carbide
particles larger than 15 m in equiva-
lent diameter occupied 13.53% of the
cross-sectional area of the cladding.
Examination of representative exam-
ples of such tungsten carbide parti-
cles revealed that the “halo” around
the particle occupied about 25.7% of
the area of the particle. Thus, the un-
melted portions of such tungsten car-
bide particles represented about 10%
of the cladding, that is, 13.53% ¥
(100% – 25.7%). 
     As an approximation, assume the
tungsten carbide particles are WC.
Since the measured W content of the
cladding is 42.09 wt-% (Table 5), the
W content in the liquid portion of the
weld pool should be 42.09 wt-% ¥
(100% – 10%) = 37.88 wt-%. Similarly,
since the measured C content of the
cladding is 1.15 wt-% (Table 5), the C
content in the liquid portion of the
weld pool should be 1.15 wt-% ¥
(100% – 10%) = 1.035 wt-%. Thus,
based on 37.88 wt-% W and 1.035 wt-
% C and the measured contents of all
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Fig. 13 — Microstructure of cladding. A, B — Optical micrographs; C, D — SEM images
showing Wrich interdendritic features (lightcontrast). Secondary dendrite arm spacing is
higher with higher heat input.

Fig. 12 — Expansion at the lower end of the tubular welding wire after GMAWCSC of
cladding No. 9 (Fig. 11). Such expansion is likely to contribute to spatter, which usually is
effectively eliminated in CSCGMAW with a solid welding wire.
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other elements in Table 5, the total
contents of all the elements in the
weld-pool liquid is now 95.675 wt-%
(= 37.88 wt-% W + 0.33 wt-% Si + 0.64
wt-% B + 55.45 wt-% Ni + 1.035 wt-%
C + 0.34 wt-% Fe). Since the total
should be 100%, each alloying content
should be multiplied by a factor of
1.045 (= 100 / 95.675). Thus, the com-
position of the liquid in the weld pool
is as follows: 39.58 wt-% W, 0.34 wt-%
Si, 0.67 wt-% B, 57.95 wt-% Ni, 1.08
wt-% C, and 0.36 wt-% Fe or just Ni-
39.58W-1.08C-0.67B-0.36Fe-0.34Si 
by wt-%.
     Figure 20A shows the solidification
path of the liquid metal in the weld
pool based on the composition of Ni-
39.58W-1.08C-0.67B-0.36Fe-0.34Si.
The solidification path is the curve of
temperature T vs. fraction of total sol-
id fS during solidification. The curve
was calculated using thermodynamic
software Pandat (Ref. 24) and Ni-alloy

database PanNickel
(Ref. 25) of Com-
puTherm, LLC.
The arrowheads
indicate the points
at which solid
phases start to
form from the liq-
uid during cooling.
As shown, before
-Ni starts to form
at about 1380°C,
WC forms from the liquid at about
1650°C. This WC formation probably
occurs on the unmelted portions of
the tungsten carbide particles, that is,
by epitaxial growth as “halos” around
the unmelted portions of the particles.
Epitaxial growth is much easier since
WC does not have to nucleate from the
melt. 
     Figure 20A shows -Ni starts to
form just below 1400°C. So, in Fig.
20B the big hump in the WC curve just

below 1400°C indicates WC forming
while -Ni dendrites grow, and this
WC is likely to exist in the interden-
dritic areas. At about 1300°C M2B
boride begins to form, where M con-
tains Ni, Fe and W. At about 1060°C,
Ni3B boride begins to form in the form
of eutectic Ni-Ni3B. Figure 20B shows
the fractions of solid phases during so-
lidification. The Ni-rich phase -Ni,
which has a much higher fraction than
all other solid phases, is not included
in order to show other solid phases
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Fig. 14 — Composition measurements of a big tungsten carbide
particle in cladding No. 9 (Fig. 11) showing W3C2 as well as the
previously reported WC and W2C inside partially melted tungsten
carbide particles. Points of measurements are superimposed on
an SEM image for better contrast between phases. 

Fig. 15 — Composition measurements in interdendritic area in
cladding No. 9 (Fig. 11). 

A

B

Yu  12-16_Layout 1  11/9/16  8:32 AM  Page 462



more clearly. As shown, the fraction of
WC is about 0.125.
     The effect of substituting Ni with
Cr on the fraction of WC is shown as
follows. Figure 20C and D shows the
calculated results for 39.58 wt-% W,
0.34 wt Si, 0.67 wt-% B, 52.95 wt-%
Ni, 1.08 wt-% C, 0.36 wt-% Fe, and 5
wt-% Cr or just Ni-39.58W-1.08C-
0.67B-0.36Fe-0.34Si-5Cr. In other
words, 5 wt-% Ni is substituted with 5
wt-% Cr and the contents of other al-
loying elements such as C, B, Fe, and Si
remain unchanged. As shown, WC still
starts to form from the weld-pool liq-
uid at about 1650°C. However, the for-
mation of M6C carbide soon follows at
about 1500°C. The amount of WC af-
ter solidification is only about 7.5 wt-
%, instead of 12.5 wt-% as in the case
without Cr. On the other hand, the
amount of M6C is as high as 15 wt-%. 
     With 10 wt-% of Ni substituted by
10 wt-% Cr, the composition of the
weld-pool liquid becomes 39.58 wt-%
W, 0.34 wt Si, 0.67 wt% B, 47.95 wt-%
Ni, 1.08 wt-% C, 0.36 wt-% Fe, and 10
wt-% Cr or just Ni-39.58W-1.08C-
0.67B-0.36Fe-0.34Si-10Cr. As shown
in Fig. 20E and F, WC no longer forms
during solidification. Instead, M2C car-
bide forms at about 1630°C and M6C
carbide about 1570°C. The resultant
content of M6C carbide is as high as 30
wt%. These results suggest that Cr
tends to form undesirable Cr-contain-
ing carbide M6C at the expense of WC.  
     Liyanage et al. (Ref. 26) used three
Ni-rich matrix alloys containing 0, 8.4,
and 13.8 wt-% Cr in PTAW of Ni-WC
cladding. It was shown that the WC
volume fraction in the cladding was
lower with than without Cr. The solidi-
fication paths of the three matrix al-
loys were calculated based on the
Scheil solidification model. No frac-
tions of solid phases were shown. It
was pointed out that the solidification
paths showed that the stability of WC
is reduced when Cr is added, which re-
duces WC and promotes Cr-containing
carbides.
     Landwehr (Ref. 27) also showed Cr
addition increased WC dissolution.
Ni-WC claddings were made by using
a defocused laser-beam and adding
Ni-WC powder to the weld pool. The
cladding made with a powder contain-
ing 14 wt-% Cr showed significantly
more WC dissolution than one made
with a Cr-free powder. Although the
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Fig. 16 — Xray diffraction pattern of cladding No. 9 (Fig. 11) identifying the presence of
phases, including Ni, Ni0.09W, WC, W2C, WC1x and Ni3B. 

Fig. 17 — Tungstencarbon phase diagram (Ref. 22).
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Ni-WC differed from the filler metal
used in the present study, this effect 
of Cr on WC dissolution is consistent
with that shown in Fig. 20 based on
thermodynamic analysis.

Conclusions

     1) The operation window for
preparing a smooth cladding of Ni-WC
without severe spatter is significantly
wider with controlled-short-circuiting
GMAW, i.e., GMAW-CSC, than with
conventional GMAW.
     2) The undesirable melting of the
steel substrate, that is, the dilution of
the hard Ni-WC cladding by the melt-
ed steel, can be better controlled with
GMAW-CSC than with conventional
GMAW. Increasing the heat input
tends to increase dilution much more
significantly with conventional
GMAW than with GMAW-CSC. 
     3) The weaving pattern of the weld-
ing gun can significantly affect the
uniformity of the thickness of the
cladding and its dilution by the base
metal. The optimum pattern can be
found by using a low-cost 3D printer
to move the workpiece under a sta-
tionary gun, which is especially con-
venient when a much more expensive
welding robot or 3-axis CNC milling
machine is unavailable.
     4) High-resolution electron probe
microanalysis (EPMA), with a very
small electron beam of 80–100 nm in
diameter, can allow the compositions
of various phases in partially melted
tungsten carbide particles and small
W-rich interdendritic features to be
determined. 
     5) As the heat input increases,
which increases the partial melting of
tungsten carbide particles during
welding, the W-rich interdendritic fea-
tures can change from essentially Ni-
free to containing 18–30 at-% Ni. 
     6) Thermodynamics analysis
demonstrates that increasing the Cr
content can cause Cr-containing car-
bide to form at the expense of the WC
needed to provide the wear resistance.
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Fig. 18 — Compositions of interdendritic particles in singlebead cladding No. 47 (Fig.
7A) made with a lower heat input. A — Overview; B — enlarged.

Fig. 19 — Compositions of interdendritic particles in singlebead cladding No. 51 (Fig.
7C) made with a higher heat input. A — Overview; B, C, D — enlarged.
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other solid phases more clearly.
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