
Introduction
     In 1802 Petrov discovered the phe-
nomenon of continuous electrical dis-
charge, and in 1911 Mathers de-
scribed the plasma as a heat source
for the first time (Refs. 1, 2). Subse-
quently, scientists proposed many arc
welding methods including sub-
merged arc welding (SAW), gas tung-
sten arc welding (GTAW), gas metal
arc welding (GMAW), and plasma arc
welding (PAW) (Ref. 3). Scientists
also proposed many hardfacing meth-
ods, including plasma spray, plasma
transferred arc weld surfacing
(PTAWS), and plasma transfer wire
arc (PTWA) thermal spraying (Refs.
4–8).

     As a special arc welding process,
PAW belongs to the category of high-
energy density welding. Its unique me-
chanical, heat, and magnetic compres-
sion in its small orifice results in its
distinguished directionality and high
restraint (Refs. 9–11) that are useful
for welding applications such as space
shuttles, airplanes, and rockets (Refs.
12–14). Similar to PAW, the heat
source of PTAWS is also plasma arc
(PA).The  PTAWS process has been
used in surface modification, repairing
techniques, and additive manufactur-
ing (Refs. 4, 15–18). Better controlla-
bility for the distribution of pressure
and heat flow undoubtfully will fur-
ther expand its use.
     Generally, scientists consider that

the pressure and the heat flow of PA
are coupled together. If the heat flow
increases, the pressure also increases.
It is also thought that the electron
flow as determined by the welding
current is carried by the arc plasma.
The arc plasma, consisting of equal
numbers of ions and electrons, and
the electron flow, which ionizes the
shielding gas to form the arc plasma,
are hard to separate. In our previous
study, the authors found (Refs. 19,
20) that the plasma arc can be sepa-
rated from the electron flow: as the
arc plasma has been formed through
ionization, the electron flow can be
separated from the arc plasma partly
or completely. For PA, because of the
directionality and high restraint, sep-
arating the electron flow has little ef-
fect on the form of arc plasma. How-
ever, the pressure and heat are
changed, providing an opportunity to
provide better controllability of the
plasma arc to meet different needs.
     This paper first presents results on
distributions of pressure and heat of
the separated, partially or completely,
arc plasma and electron flow for the
effects from major parameters includ-
ing the plasma gas flow rate, distance
from the cathode to workpiece, and
welding current. Then a novel sepa-
rated plasma transferred arc weld sur-
facing (SPTAWS) process is proposed
to realize the controllability made
possible by separating the arc, and
also to experimentally test for the re-
sults due to this improved controlla-
bility. The results from this study pro-
vided fundamentals to better under-

WELDING RESEARCH

Measurement and Application of Arc Separability
in Plasma Arc

The distribution of pressure and heat from a separated arc plasma was
analyzed for a novel welding system based on a split anode

BY S. J. CHEN, R. Y. ZHANG, F. JIANG, Z. Y. YAN, AND Y. M. ZHANG

KEYWORDS
     • Plasma Arc • Arc Separability • Arc Pressure • Arc Heat • SPTAWS

S. J. CHEN, R. Y. ZHANG, F. JIANG (jiangfan@bjut.edu.cn), and Z. Y. YAN are with the Ministry of Education Engineering Research Center of Ad
vanced Manufacturing Technology for Automotive Components, Beijing University of Technology, China. Y. M. Zhang is with the Institute for
Sustainable Manufacturing and Department of Electrical and Computer Engineering, University of Kentucky, Lexington, Ky.

JUNE 2016 / WELDING JOURNAL 219-s

ABSTRACT
     The authors recently demonstrated that the arc plasma and electron flow in an arc
could be separated. This separability provided the foundation to develop an ability to
adjust the heat and arc pressure distribution without changing the current. To better
understand this property, a novel system was developed based on the split anode.
The distribution of the pressure and heat from the separated arc plasma was analyzed
quantitatively. It was verified that the arc pressure mainly concentrated in the arc
plasma. Also, the heat input from the arc plasma exceeded that from the eletron flow.
To explore possible applications of this separability, a novel process, namely,
separated plasma transferred arc weld surfacing (SPTAWS) is proposed. Grade D steel
workpieces were hardfaced using this process. As the separated electron flow
increased, the heataffected zone (HAZ) of the deposited bead was reduced. The mi
crostructure with SPTAWS was found to be better than with conventional plasma
transferred arc weld surfacing (PTAWS), especially in the finegrain zone. The grain is
more refined and uniform.
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stand the PA and expand the applica-
tion range from the conventional PA. 

Measurement of
Experimental System

     This experimental study relied on
the analysis of the data from meas-
urements of pressure and heat associ-
ated with the arc. Scientists around
the world have made great progress in
the measurement of arc pressure. The
pressure of plasma arc has been meas-
ured by pendulum with rotary optical

encoder, U-tube
barometer, and
piezoelectric pres-
sure transducer
(Refs. 21–23). The
temperature field
in the arc column
was measured by
infrared radiation
(IR) and spec-
troscopy (Refs. 24 -
–26). The current
distribution was
measured by a se-
ries of annular an-

odes and split anode method (Refs.
27, 28). In the previous study, the au-
thors measured the distribution of
pressure and heat of the completely
separated arc plasma and electron
flow. However, systematic measure-
ments needed to study the properties
of the partially separated arc plasma
and electron flow were lacking. Such
properties and degree of the partial
separation were critical for free con-
trol on the pressure and heat. An ex-
perimental setup was thus established
to provide the ability to study the par-
tial separation. 

     Figure 1A illustrates the principle
of the test platform, which is based
on a split anode. Figure 1B and C
shows the systems for pressure and
heat measurement. A PAW power
source and a GTAW power source
(that are represented by A and B pow-
er sources in Fig. 1) were used to pro-
vide the total current that flows
through the PAW torch. The torch was
vertically fixed on a test stand and
driven by a travel mechanism to im-
plement translational motion and
connected to the negative terminals
of the both power sources. The work-
pieces were replaced by two water-
cooled copper blocks. One of them
served as the electron flow receiver. It
was connected to the positive termi-
nal of the GTAW power source and
used to separate the electron flow
from the arc plasma partly or com-
pletely. It also received heat from the
separated electron flow. Another
served as the arc plasma receiver,
which was connected to the positive
terminal of the PAW power source
and used to receive the heat and pres-
sure from the arc plasma, containing
the electron flow varying from 0 to
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Table 1 — Major Experimental Parameters

   No.          Experimental Type                PAW Current (A)            GTAW Current (A)             Plasma Gas Flow Rate (L/min)              Arc Length (mm)

     1                     Pressure                                  100–0                               0–100                                               3.0                                                   4
     2                     Pressure                                      50                                      50                                                  3.0                                                 4–8
     3                     Pressure                                      50                                      50                                              2.5–3.5                                               4
     4                         Heat                                      100–0                               0–100                                               3.0                                                   4
     5                         Heat                                         50                                      50                                                  3.0                                                 4–8
     6                         Heat                                         50                                      50                                              2.0–4.0                                               4

Fig. 1 — Test platform. A — Schematic diagram; B — experiment
system for pressure measurement; C — experiment system for heat
measurement.

A

C

B
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100%. There was a narrow gap (0.5
mm) to separate the two water-cooled
copper blocks, which had ceramic
coatings on their facing surfaces to
furtheensure insulation. A pressure
sensor was placed under the arc plas-
ma receiver to receive the arc plasma
pressure signal. A calculation based
on the circular segment principle was
used to analyze the distribution of
pressure. A high-speed video system
was used to image the arc separation
phenomenon occurring during the 
experiment.
     For the heat measurement, the re-
ceivers received the majority of the
heat from the arc plasma, except for
radiation loss of the arc column, and
all the heat from the electron flow.
However, these measurements repre-
sented the actual case for welding
where the radiation was also lost. The
method for the calculation of the heat
distribution was detailed in our previ-
ous study (Ref. 19). Two water-
cooling circulatory systems were built
for the two copper blocks, respective-
ly. To minimize the heat loss to better
ensure accuracy, enough thermal in-
sulation was used to enclose the water
flow pipes. Each water-cooling circu-
latory system was installed with two

sensors to measure the temperature
of the cooling water. Further, one sen-
sor was installed near the outlet of
the pump, and the other was fixed
near the outlet of the water-cooled
copper block. A multichannel oscillo-
scope was used to collect the signals
and a comprehensive algorithm was
used to analyze the data.

Experimental Procedure
     In all experiments, the plasma
torch had a 3-mm orifice diameter,
4.8-mm tungsten diameter, and 4-
mm tungsten setback. Pure argon
(99.99%) was used for the shielding
gas and plasma gas, and the flow rate
for the shielding gas was 12 L/min.
The major parameters for the de-
signed experiments are given in Table
1, including the current of the PAW
(CP), the current of the GTAW (CG),
plasma gas flow rate, and arc length.
The current flowing through the plas-
ma torch was 100 A. The electron
flow was separated from the arc plas-
ma, with the CG from 0 to 100 A rep-
resenting conventional PAW, partial
separation at different degrees, and
full separation. The CP reduced from
100 to 0 A, accordingly.

     In the pressure measurement ex-
periments, the arc was ignited on the
electron flow receiver without contact
to the arc plasma receiver — Fig. 2A.
After being ignited, the arc moved at
a speed of 8 mm/min. The arc of the
PAW power source started immediate-
ly when the fringe of the arc contact-
ed the border-right of the arc plasma
receiver. The torch kept moving until
it arrived in the middle of the plasma
arc receiver — Fig. 2D. The force sen-
sor under the arc plasma receiver was
sampled at 1 Hz. The data received
was filtered and then calculated based
on the circular segment principle. 
     In the heat measurement experi-
ments, a standstill welding arc was
used, as shown in Fig. 3. In order to
better understand the heat property
of the arc plasma, which contains part
of the electron flow, the CG was in-
creased and the CP was decreased,
and the arc was ignited by starting
the PAW power source and GTAW
power source at the same time. The
distance from the border-left of the
electron flow receiver to the axis of
the plasma torch was 6 mm. The heat-
ing time was 500 s after the arc was
ignited. The initial temperature of the
cooling water was 18°C, the flow rate
of each water circulation was 11
L/min, and the inner diameter of the
water flow pipes was 8.5 mm. The
heat was calculated based on the heat
balance equation (energy Equation 1),

     Q = cmDT (1)

where DT is the temperature eleva-
tion, c is the specific heat capacity of
water, and m is the total water mass
in circulation. In all experiments, the
c and m were the same. The energy
output (P) of the arc plasma can be
calculated based on power Equation 2,

     P = Q/t (2)

where Q is the heat of the workpieces
received and t is the heating time.

Measurement Results and
Discussion

Pressure Distribution

     As shown in Table 1, Experiments
1–3 were designed to measure the
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Fig. 2 — Pressure measurement experiment. A — Starting the GTAW power; B — starting
the transfer arc of PAW; C — crossing; D — ending.
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pressure distribution for the separat-
ed arc in different conditions. The re-
sults are shown in Figs. 4–6.
     The results from Experiment 1 are
shown in Fig. 4. In each legend of the
figure, the first number refers to the
CP and the second represents the CG.
As such, 100-0 implies the CP and CG
at 100 A and 0, respectively. In all the
experiments, the sum of the currents
was 100 A, i.e., the current flowing
through the plasma torch was un-
changed. As the electron flow separat-
ed from the arc plasma, it gradually
increased until completed. The plas-
ma gas flow rate remained 3 L/min
and the arc length remained 4 mm. As
known, the ionization starts at the
cathode and continues in the arc col-
umn. An electric field was thus

formed. The charged
particles accelerate
in the electric field.
As the electron flow
was separated from
the arc plasma, the
ionizability of the
arc plasma de-
creased, and the
number of the
charged particles de-
creased. The electric
field intensity thus
decreased and the
velocity of charged
particles decreased
when they reached
the arc plasma re-

ceiver. Hence, the pressure of the arc
plasma was reduced. As can be seen in
Fig. 4, the pressure of the arc plasma
decreased as the CG (the electron flow
that was separated from the arc plas-
ma) increased. With the increase in
the separated electron flow, both of
the peak pressure and the distribu-
tion radius decreased.
     When the arc length was changed
at three levels, i.e., 4, 6, and 8 mm,
the results are shown in Fig. 5. The
CP and the CG remained 50 A, respec-
tively, and the plasma gas flow rate
remained 3.0 L/min. When other con-
ditions were unchanged, the tempera-
ture of the arc plasma decreased, the
density and the voltage of the arc
plasma increased as the arc length in-

creased. The velocity of the arc plas-
ma was influenced by voltage and
temperature, and the effect of the
voltage depended on the polarity of
charged particles and the direction of
the electric field. Based on the funda-
mental law of electricity that like
charges repel and opposite charges at-
tract, the acceleration direction of the
cations was toward the cathode, and
the acceleration direction of the nega-
tively charged particles was toward
the anode. The temperature had a
negative effect on the velocity of all
the particles in the arc plasma as the
temperature decreased. In this case,
compared to temperature, the voltage
had a smaller influence on the veloci-
ty of the arc plasma. The velocity of
the arc plasma thus decreased as the
arc length increased. As shown in Fig.
5, the peak of the pressure curve de-
creased as the arc length increased.
     The results from Experiment 3 are
shown in Fig. 6. The plasma gas flow
rate was changed at three levels, 2.5,
3.0, and 3.5 L/min. The arc length re-
mained 4 mm and the CP and the CG
remained 50 A, respectively. When
other conditions were unchanged, the
initial velocity of the arc plasma in-
creased as the plasma gas flow rate in-
creased, based on the fluid dynamics.
In addition, the running distance of
the arc plasma remained unchanged.
The final velocity of the arc plasma,
when reaching the workpiece, in-
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Fig. 3 — Heat measurement experiment.

Fig. 5 — Arc pressure distribution under different arc lengths in
Experiment 2. CP, 50 A; CG, 50 A; plasma gas flow rate, 3 L/min.

Fig. 4 — Arc pressure distribution under different currents in Ex
periment 1. Arc length, 4 mm; plasma gas flow rate, 3 L/min. The
currents are given as CPCG.
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creased as the plasma gas flow rate in-
creased. As can be seen in Fig. 6, the
peak value has been significantly in-
creased as the plasma gas flow rate in-
creased, the pressure of the arc plas-
ma was reducing as the arc radius in-
creased, and the pressure mainly dis-
tributed within the 2.5 mm radius. 

Heat Distribution

     As shown in Table 1, Experiments
4–6 are designed to measure the heat
from the arc plasma and electron flow
under different conditions. The re-
sults are shon in Figs. 7–9. The points
on the lines are the measurements. In
the Y-axis, the energy output is calcu-
lated based on Equations 1 and 2. 
     As illustrated in Fig. 7, the current
is applied at seven pairs; and in the X-
axis, the first number represents the
CP and the second represents the CG.

The sum of the two currents re-
mained 100 A. In all experiments, the
arc length was 4 mm. As seen from
Fig. 7, as the separated electron flow
(the CG) decreases (i.e., toward the
right in the current axis in the figure),
the heat of the electron flow (the low-
er curve in the figure) decreases, but
the heat of the arc plasma (the upper
curve) (as reflected by the tempera-
ture elevation of the cooling water)
increases because the proportion of
the electron flow that is not separated
increases. Further, as can be ob-
served, the heat of the arc plasma was
greater than the electron flow. The
first reason was that the heat being
received by the electron flow receiver
mainly came from the anode spot and
decreased as the separated electron
flow (the CG) decreased. The heat of
the electron flow receiver decreased
as the separated electron flow de-

creased. However, when the separated
electron flow was zero, the tempera-
ture elevation of the cooling water
that flowed through the electron re-
ceiver was not zero because of the
thermal radiation of the arc plasma.
Another reason was the heat received
by the workpiece mainly comes from
the ionized gas, highly compressed
and with a high temperature. The ion-
ization starts at the cathode and con-
tinues in the arc column. Due to the
total current flowing through the
plasma torch was unchanged, the ion-
izability of the ionized gas was un-
changed until the electron flow start-
ed to separate from the arc plasma.
The ionizability of the arc plasma in-
creased as the separated electron flow
decreased. With the decrease in the
separated electron flow, the electron
flow, which is still contained within
the arc plasma, increased, and the an-
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Fig. 6 — Arc pressure distribution under different plasma gas
flow rates in Experiment 3. CP, 50 A; CG, 50 A; arc length, 4 mm.

Fig. 8 — Energy output of the arc plasma and the electron
flow under different arc lengths in Experiment 5. CP, 50 A; CG,
50 A; plasma gas flow rate, 3 L/min.

Fig. 7 — Energy output of the arc plasma and the electron flow
under different currents in Experiment 4. Arc length, 4 mm;
plasma gas flow rate, 3 L/min. The current is given as CPCG.

Fig. 9 — Energy output of the arc plasma and the electron
flow under different plasma gas flow rates in Experiment 6. CP,
50 A; CG, 50 A; arc length, 4 mm.
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ode spot transfered heat to the arc
plasma receiver. Hence, the heat of
the arc plasma increased as the sepa-
rated electron flow decreased.
     The results from Experiment 5 are
shown in Fig. 8. The arc length is at
three levels, 4, 6, and 8 mm. The
plasma gas flow rate remained 3.0
L/min, and the CP and the CG both
remained at 50 A. As shown in Fig. 8,
the heat from the arc plasma (the
temperature elevation of the cooling
water flowing through the arc plasma
receiver) exhibited a slow decrease as
the arc length increased, while the
heat from the separated electron
flow illustrated a reversal trend. The

increment of the heat from the sepa-
rated electron flow was smaller than
the reduction of the heat from the
arc plasma. As the arc length in-
creased, the distance from the orifice
exit to the workpiece increased. The
travel distance and the radius of the
arc plasma both increased. The heat
loss through the radiation and air
convection both increased. The heat
received by the arc plasma receiver
thus reduced as the arc length in-
creased. For the electron flow receiv-
er, the separated electron flow (the
CG) was unchanged despite the in-
crease in the arc length. The heat
from the electron flow was thus un-

changed. With the increase in the arc
length, the radius of the arc plasma
increased. The thermal radiation
transfer of the arc plasma thus in-
creased. Hence, the heat received by
the electron flow receiver tends to in-
crease, but very slightly.
     The results from Experiment 6 are
shown in Fig. 9. The plasma gas flow
rate was applied at five levels, 2.0,
2.5, 3.0, 3.5, and 4.0 L/min. The arc
length remained 4 mm. The CP and
CG both remained at 50 A. As the
plasma gas flow rate increased, the
heats from the arc plasma and elec-
tron flow (the temperature elevation
of the cooling water) both increased.
In this case, the ionized gas needed
more energy to keep the degree of
ionization in the plasma arc flowing
through the plasma torch with a
fixed diameter, which was attained
by increasing the voltage. The arc
plasma thus carried additional ener-
gy to the arc plasma receiver. Based
on the fluid dynamics, the initial ve-
locity and the final velocity of the arc
plasma increased as the plasma gas
flow rate increased, and the dynamic
energy that was transformed into the
internal energy of the arc plasma re-
ceiver increased. Hence, the heat of
the arc plasma receiver increased as
the plasma gas flow rate increased.
For the electron flow receiver, the
heat from the electron flow was un-
changed. Due to the arc plasma con-
taining part of the electron flow, the
degree of ionization in the arc plasma
increased as the plasma gas flow rate
increased, and the thermal radiation
of the arc plasma increased.

Separated Plasma
Transferred Arc Weld
Surfacing 

Principle and System

     As verified previously, the heat input
and arc pressure on the base metal can
be both reduced from the conventional
PAW and adjusted by changing the de-
gree of the separation. A novel process,
namely the separated plasma trans-
ferred arc weld surfacing (SPTAWS), is
thus proposed and developed. Its test
platform is shown in Fig. 10. As illus-
trated, the system includes a power
source (transferred arc power source or
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Fig. 10 — Schematic of the separated plasma transferred arc weld surfacing (SPTAWS)
where 1–4 are the plasma gas, powders, powder feeding gas, and shielding gas.

Fig. 11 — Appearance of typical deposited bead by conventional PTAWS.

Fig. 12 — Appearance of typical deposited bead by SPTAWS.
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TAPS) to provide the electron flow with
an amperage I1 and a constant current
power (separated power source or SPS)
to provide the separated electron flow
I2. Their equivalences in Fig. 1 are pow-
er source A and B, respectively. The neg-
ative terminals of both power sources
were connected together to the plasma
torch. The positive terminal of the
TAPS was connected to the base metal
and that of the SPS was connected to
the guidance terminal. In this way, the
total current through the PAW torch
was the sum of the currents: I = I1 + I2.
Thus, the SPS controls the electron flow
that was separated from the arc plasma.
This is similar to the double-electrode
GMAW (DE-GMAW) (Refs. 29–32) and
the arcing wire GTAW (Refs. 33, 34),
but the SPTAWS separated the electron
flow from the stiff arc plasma while in
the two comparative processes, the arc
plasma was distributed and no electron
flow was separated from the distributed
arc plasma.

Experimental Procedure
     Plasma transferred arc weld surfac-
ing (PTAWS) is a standard technology
used for hardfacing. Surfacing experi-
ments were thus conducted using
both the SPTAWS process and the
PTAWS to compare. Grade D steel
plates were used as the base metal
with dimensions 250 ¥ 100 ¥ 10 mm.
The high-chromium, iron-based alloy
powders were used for cladding. The
particle size was between 53 and 150
mm. The guidance terminal was re-

placed by a tungsten
electrode. 99.99%
pure argon was used
as the shielding gas, plasma gas, and
powder feeding gas. Their pressures
were 800, 400, and 400 kPa, respec-
tively. The plasma torch traveled at
0.08 m/min and oscillated with a
fixed magnitude of 16 mm. The arc
length was 15 mm.

Results and Discussion
Formation and Macro
Appearance of the 
Deposited Bead

     The bead shown in Fig. 11 is the
appearance of the deposited bead pro-
duced by conventional PTAWS, using
130 A. Figure 12 shows the SPTAWS
deposited bead made using 11 = 110
A and 12 = 20 A, and the sum of cur-
rents is 130 A. Adjusting these two
currents while maintaining their sum
constant, the deposited bead appear-
ance was not significantly changed
because of the torch oscillation. Thus,
the separation did not significantly
control the deposited bead appear-
ance, while the oscillation did.
     Macro metallurgical graphs of the
bead cross section made using the con-
ventional PTAWS are shown in Fig. 13.
The base metal after surfacing can be di-
vided into three zones as illustrated in
Fig. 14, where Zones I and II belong to
the heat-affected zone (HAZ) and Zone
III is the unaffected base metal. In Zone
I, the size of the grains were reduced

when away from the weld interface ex-
periencing a change from the overheat-
ed subzone where the grains were
coarse toward the less heated subzone,
where grains were finer. In Zone II, the
annealing was incomplete and finer
grains were mixed with unaffected base
metal grains.
     It can be further observed from
Fig. 13 that as the base metal heat in-
put decreases, the thickness of Zones
I and II are both reduced. In particu-
lar, for A with 150-A current, Zone I
approximately extends over 70% of
the base metal and Zone II reaches
the bottom of the base metal. In B
with 130 A current, Zone I approxi-
mately reaches 60% of the base metal
and Zone II also reaches the bottom
of the base metal, but the extent is
less than that of A. When the current
was further reduced to 110 A in C,
Zones I and II only reached 25 and
35% of the base metal, respectively.
This suggests that adjusting the heat
input may provide an effective way to
control the microstructure of the de-
posited beads. Unfortunately, for
conventional PTAWS, the needed
current was dictated by the needed
melting rate of the powders and was
thus not allowed to be freely adjusted
to control the microstructures. In
Fig. 13A–C, the deposition is appar-
ently different. 
     On the other hand, for the pro-
posed SPTAWS, while the sum of the
total currents can be determined
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Fig. 13 — Bead cross section made using conventional PTAWS.

Fig. 14 — Illustration of zones in base metal after surfacing.
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based on the needed melting rate of
powders to produce the desired de-
posited bead appearance, the heat in-
put can be adjusted by the degree of
the separation (CP-CG rate) to
achieve the desired microstructures.
As such, SPTAWS experiments were
conducted with different degrees of
separation, thus different heat inputs.

Macro metallurgical graphs of the
bead cross section made using the
SPTAWS process are shown in Fig. 15.
In all experiments, the total current
flowing through the torch remained
130 A. The heat input of the base
metal was controlled through CP-CG
rate. Figure 15 clearly suggests that as
the CG (electron flow separated) in-
creased, Zones I and II both became
thinner. In particular, for A without
the separation, Zone I approximately
extended to 60% of the base metal
and Zone II reached the bottom of the
base metal. In B with 20 A of separat-
ed electron flow, Zone I approximate-
ly extended to 50% of the base metal;
Zone II also reached the bottom of
the base metal but the extent was less
than that in A. In C with 40 A of sepa-
rated electron flow, Zone I apparently
did not reach half of the base metal
and Zone II apparently did not reach
the bottom of the base metal, and
only extended to 90% of the base
metal. In the meantime, from the
cross sections of all these deposited
beads, the amounts of the melted
powders are approximately the same.
The same deposited bead appearance
and powder melting were thus

achieved using
different heat in-
puts. Of course,
the microstruc-
tures changed ac-
cordingly and the
separation was
determined to
achieve the de-
sired microstruc-

tures without affecting the deposited
bead appearance and powder melting.

Microstructure of the Bead
Cross Section

     Figure 15 suggests that the separa-
tion with 40 A of electron flow pro-
duces the most desirable results for
hard surfacing, which prefers minimal
heat input. This bead cross section
was thus compared with the one made
using conventional PTAWS, i.e., the
one given in Fig. 15A. To examine the
micrographs, samples were cut, pre-
pared, and etched following standard
procedures for being examined by a
confocal laser scanning microscope.
The micrographs for the bead cross
sections shown in Fig. 15A and C are
given in Figs. 16 and 17, respectively.
That is, Fig. 16 is the microstructure
of the bead cross section made using
the conventional PTAWS process with
130 A current and Fig. 17 is the mi-
crostructure with a separated electron
flow of 40 A. In Figs. 16 and 17, the
dark organization represents pearlite
and the light represents ferrite (Ref.
35). The microstructure characteris-
tics changed obviously from A to C
when away from the weld interface.
     Comparison between Fig. 16A and
Fig. 17A clearly suggests that the
grain-size distribution in Fig. 17A by
the proposed method is more uniform
than that in Fig. 16A by the conven-
tional method. The comparison be-
tween Figs. 16B and 17B and the com-

parison between Figs. 16C and 17C
also show the same trend, especially
in the fine-grain zone. The peak tem-
perature was one of the key factors
that controlled the microstructure of
bead cross section, and the coarse
grains formed because of high tem-
peratures. The microstructure of bead
cross section was also affected by the
heating speed. As the heating speed
increased, the temperature of Ac3 and
Ac1 (which can be found in the iron
carbon metal alloy equilibrium dia-
gram) increased, the tendency of ele-
ment migrating decreased, and the
degree of homogenization decreased
(Ref. 36). The grain-size distribution
was nonuniform. As the separated
electron flow was 40 A, the heat input
decreased, and the microstructure of
bead cross section was favorably mod-
ified. The microstructure of SPTAWS
bead cross section was better than
that of the conventional PTAWS bead
cross section.

Conclusions
     In this study, the property of arc
separability was analyzed by measure-
ment. It was verified that the pres-
sure distribution of arc plasma was af-
fected by the ratio of the CP and the
CG (the electron flow separated from
the arc plasma), arc length, and the
plasma gas flow rate, but the ratio of
the currents was the main factor and
the effects from the arc length and
the plasma gas flow rate were in-
significant. The heat applied into the
workpiece through the electron flow
was less than that from the arc plas-
ma. Based on the measurement and
the property of the arc separability,
the separated plasma transferred arc
weld surfacing (SPTAWS) process is
proposed and was tested on Grade D
steel for surfacing. The influence of
current on the macro profile and mi-
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Fig. 15 — Bead cross section made using SPTAWS.
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crostructure of the bead cross sec-
tions was investigated. For conven-
tional PTAWS, increasing the current
from 110 to 150 A expanded the
HAZ. For SPTAWS, the HAZ de-
creased as the separated electron flow
increased. According to microstruc-
ture analysis, it was found that the
SPTAWS produced beads with finer
and more uniform grains than the
conventional PTAWS, especially in the
fine-grain zone, because of the effect
from the separated electron flow.
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