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Abstract Cascaded arc plasma torches have now become

mainstream in thermal spray industry incorporating both

multiple and single cathode configurations. Although there

are anecdotal descriptions available for cascaded arc tor-

ches in terms of enhanced melting capability and overall

process reliability, a critical and direct comparison of

material interaction between the two technologies (cas-

caded arc and conventional torch configurations) through

robust scientific methods is not available. In this article,

two commercially available APS torches, namely, the

conventional torch (F4MB) and the cascaded arc plasma

torch (Sinplex Pro), were compared in the same spray cell

using the same control equipment by adopting a systematic

set of experiments involving voltage measurements, parti-

cle behavior, deposit formation dynamics, and infrared-

based spray footprint heat flux quantification. The analysis

of the data has led to quantitative correlations between

torch configurations. The powder loading study indicated

the enhanced melting capability of cascaded arc at equiv-

alent parameters along with expanded and more uniform

particle temperature over larger feed rates. The combina-

tion of higher feed rate and melt efficiency leads to dis-

tinction in coating stress evolution and microstructure. The

integrated measurements suggest a scaling parameter that

can establish process equivalency parameters to guide the

transition from conventional to cascade torches.

Keywords atmospheric plasma spray (APS) � diagnostics �
in-situ monitoring � on-lineparticle behavior � spray
efficiency � stability ofTS process � zirconia

Introduction

Among the thermal spray processes, the atmospheric

plasma spray (APS) process is the most flexible and widely

used technology for depositing alloys, composites, and

ceramics. Despite being a well-established industrial

technology, the reliability and reproducibility of APS

coatings are limited due to the transient and dynamic nat-

ure of the process (Ref 1). The properties of an APS

coating can be a function of three interdependent subsys-

tems: (1) the formation of the plasma jet, (2) injection and

processing of the powder material in the plasma jet issuing

from the torch and mixing with the surrounding gas, and

(3) impact and solidification of the particles on the sub-

strate (Ref 2). These subsystems must be diligently moni-

tored, finely controlled, and made to work in a synergistic

manner to obtain reliable and repeatable coating deposits.

It is well known that the electrode life, thermal efficiency,

and performance of the plasma devices are directly or

indirectly attributed to the nature of arc fluctuations (Ref

3). A high specific enthalpy along with enough heat

transfer from plasma and particle is generally a precondi-

tion for high-throughput spraying of refractory materials as

it helps to improve the deposition efficiency and spray rate

and produce more homogeneous coatings on large com-

plex-shaped parts (Ref 4). Increasing the arc current and/or

diatomic gas content can result in an increase in enthalpy,

but this is accompanied by a higher rate of anode erosion at

the arc attachment point. One solution is to increase the

voltage rather than the arc current, and generally, it can be
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done by means of cascaded anode consisting of a stack of

copper rings insulated from each other (called neutrodes)

and ending with an anode ring on which the arc attaches.

This solution improves arc stability, as the movement of

the arc is restricted to a small portion inside the anode ring

(Ref 5). A commercial plasma torch with a cascaded anode

(APG torch from Metco Perkin Elmer) was proposed in the

mid-1980s. Today, a few torches are available in the

market that uses multiple cathodes, split/extended anodes,

cascaded anodes, and the combination of all these modi-

fications (e.g., Triplex Pro, Mettech Axial III, C? Plasma,

HE100, Plazjet, etc.) (Ref 6). The latest leap forward

concept to stabilize the arc is to use a single cathode, a

cascaded anode, and divide the last anode ring into three

parts insulated from each other. This concept is imple-

mented in the commercial Sinplex ProTM torch from Oer-

likon Metco (Ref 7). With the advent of cascaded arc

plasma technology, the APS process has expanded into

large-scale manufacturing driven by improvement in pro-

cess stability, deposition rate, deposition efficiency, and

economics. In addition, the development of process control

using specialized software that controls the process hard-

ware (powder feeder, plasma torch, part handling, etc.) and

sensors that are able to monitor the in-flight characteristics

of particles (trajectories, velocity, and temperature), sub-

strate temperature, in situ and ex situ stress–modulus

measurements has drastically improved the performance

and consistency of plasma spraying (Ref 8-10). However,

further steps are needed to address the more stringent

demands of the traditional applications of plasma spraying

and explore emerging markets, e.g., the electronics indus-

try, aero-engine industry, etc., that will require robust and

reliable plasma torches (Ref 11). As mentioned earlier, the

thermal spray industry is shifting its focus toward high

efficiency and high-throughput torches. When coating

deposition is made using high enthalpy torches with high

throughput, the behavior of particles in the spray plume,

i.e., how they interact with plasma/plume, the heat trans-

ferred by the particles to the substrate, the transient heat

transfer within the coating layers, and the stresses gener-

ated in the coating layers, becomes considerably different

than coating deposited under normal spray conditions. The

effects of such high enthalpy—high-throughput deposition

on the parts being sprayed and on the properties of deposits

made under such conditions are not clearly deliberated and

understood till date. For instance, higher efficiency torches

with more uniform plume temperature distribution enable

sprayability of significantly higher powder feed rates with

associated meltability (Ref 12). However, at higher load-

ing, the coating temperature and stress buildup can be

significantly larger leading to major microstructural dif-

ferences. In order to understand the implications of the

plasma spray torch advances mentioned above, an attempt

has been made in this research article to understand the

particle plume behavior, in-flight particle characteristics,

spray footprint heat flux properties, in situ stress evolution,

and microstructural aspects of the two configurations of

plasma spray torches, namely, the conventional (F4MB)

and the cascaded arc torch (Sinplex Pro). These torches

were systematically compared using the same controller

and diagnostic setup with the same spray powder/feed

stock material, i.e., Yttria-Stabilized Zirconia (YSZ). The

integrated, quantitative results point to substantial differ-

ences in the process–material interactions. In addition to

the above, a scaling law was formulated to convert the

power level of the conventional torch to the power level of

the cascaded arc plasma torch, which would enable thermal

spray industries to effectively transition and adopt cas-

caded arc plasma technology based on a systematic robust

scientific methodology, proposed in this investigation.

Experimental Work

The powder used in this investigation is Oerlikon Metco

204C NS. This is relatively a coarse Hollow Oxide

Spherical (HOSP)-grade Yttria-Stabilized Zirconia (YSZ)

plasma spray powder having a wide particle size distribu-

tion (- 145 to ? 45 lm). This powder was chosen to

obtain porous microstructure and to avoid crack formation

in the coating during high-throughput deposition. Two

configurations of single electrode torches manufactured by

Oerlikon Metco were selected for this comparative evalu-

ation. Among the conventional torches, the F4MB is

widely used; hence, it was compared against the Sinplex

Pro, which comes equipped with cascaded arc plasma

technology (Ref 12). An external radial injection was

adopted in all cases which facilitated the powders to be

injected at 90� via a Ø 1.8-mm carbide lined injector

located at 4 mm above the edge of the nozzles. Two dif-

ferent nozzles were also considered for comparison. The

cascade (Sinplex Pro) came with 9- and 6.5-mm nozzles,

whereas the conventional (F4MB) had standard 8- and

6-mm nozzles. The torches were operated in the same

spray cell. The length of the power supply lines, cooling

tubes, gas supply hoses, the amount and temperature of

water used for cooling, the distribution unit, the power

supply module, the (Oerlikon Metco 9MC) control system,

and gas flow controllers were kept common for both the

torches to carry out an unbiased comparison of the hard-

ware. In order to compare the voltage oscillations of the

torches, a power-level comparison study was conducted in

which the gas flows were maintained constant (Ar: 50 lpm/

H2: 6 lpm), but the power levels were changed (15, 20, 30,

35, 40, and 50 kW) in both the torches by suitably tuning

the input current values. A Fluke 190 Series II four-channel
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500-MHz Portable Oscilloscope (Fluke Inc, Washington,

USA) which was hardwire clamped to the electrode con-

nections at the torch end was used to measure the real-time

voltage oscillations during the operation of the torches. A

key factor which determines the accuracy of any thermal

spray hardware comparison involving radial powder

injection is the injection parameter/carrier gas flow rate.

Injection optimization was conducted for each condition

using detailed methodologies described in our earlier paper

(Ref 13). The process involves changing carrier gas in a

stepwise manner while monitoring the particle tempera-

ture/total emitted infrared intensity using diagnostic sen-

sors. In this investigation, the SprayWatch armed with

HiWatch Laser strobe (Oseir Ltd., Tampere, Finland) was

used to optimize the injection of powder particles into the

plasma. At optimal injection (carrier gas flow rate set-

point), the particle temperature numbers/infrared intensities

are the highest demonstrating maximum energy transfer

from plasma to particle (Ref 13). The DPV 2000 particle

diagnostics system (Tecnar Automation, Quebec, Canada)

helped to determine the characteristics of spray particles

during the flight phase in a specific area of the spray jet

(Ref 14). The DPV plume mapping involved an 81-point

grid generated by measurement points separated by 5 mm,

which was used to map the temperature and velocity dis-

tribution of the particle plume covering a 40 9 40 mm2

field of view at a 100 mm spray distance. The particle

temperature and velocity were measured for 10 s in each

point of the grid. Furthermore, the measuring volume of the

DPV sensor head is 0.5 mm3, which means that only a

small area of the spray jet is analyzed per measurement

position; hence, a low powder feed rate of 5 gpm is nec-

essary to reduce saturation of measurement volume and to

reduce the powder usage during the * 14 min time length

of the DPV diagnosis. The sensor has an automatic XY

positioning unit which allows a cross section of the jet to be

scanned perpendicularly to the spray axis. In this way, a

two-dimensional temperature and velocity distribution of

the particles in the spray jet was determined. A near

infrared wide-field ensemble particle measurement sensor

Accuraspray-g3 (Tecnar Automation, Quebec, Canada)

(Ref 15) was also used to measure the in-flight-temperature

and velocity of the particles at different powder feed rates

(10, 20, 40, 60, 80, and 100 gpm), which helped to deter-

mine the threshold/saturation powder loading limit of each

torch configuration. The YSZ coatings were deposited on

grit-blasted (surface roughness * 8-9 lm Ra) AISI 316

stainless steel having dimensions 229 9 25 9 2.3 mm3.

The main reason for choosing the stainless steel substrate

was because it provides recognizable deflection during

coating deposition due to its high thermal mismatch with

YSZ coating; this enables easy measurement of stresses

and modulus via in situ curvature measurements. The stress

evolution of coatings while spraying over the substrates

was measured using an indigenous in situ beam curvature

monitoring system based on established principles (Ref

16, 17). This approach allows extraction of layer-by-layer

and the overall coating deposition stresses (incorporating

thickness) along with the elastic modulus of the coating

(Ref 18). To make unbiased comparison of performance

attributes of the torches, the power level (380 A 9 93 V

for cascade and 550 A 9 65 V for conventional leading to

an equivalent power value of 35 kW), gas composition (Ar:

50 lpm/H2: 6 lpm), deposition parameters (an orthogonal

meander type spray pattern was adopted comprising of a

spray distance: 100 mm, raster speed: 500 mm/s, and step

size: 4 mm) other than powder feed rates (10, 20, 40, 60,

80, and 100 gpm) were maintained constant. A thickness

reproducibility experiment was carried out in which the

coatings were deposited thrice on fresh grit-blasted virgin

substrates at below and above saturation loading limits

using the above-mentioned parameter to evaluate the reli-

ability and repeatability of the coatings deposited by the

two different kinds of torches (only the large nozzles were

considered for this repeatability study: Sinplex 9 mm and

F4MB 8 mm). In order to derive a translational/scaling

parameter, three coatings were sprayed with each of the

torches (Sinplex 9 mm and F4MB 8 mm) under three

equivalent power levels (34, 43, and 51 kW) with a feed

rate of 40 gpm. The rest of the parameters were kept

constant. The relationship plot drawn between the input

power levels and evolving stresses was used to formulate

the scaling parameter. The coating deposition temperature

was continuously monitored through thermocouple instru-

mentation, placed at the back side of the substrate beam

(available in the in situ beam curvature monitoring sys-

tem), and a FLIR-A600SC Infrared Camera (FLIR Inc,

Oregon, USA) was used to measure the front spray foot-

print temperature at the front face of the substrate. This

provides a comprehensive assessment of the deposit for-

mation events. The heat flux delivered by the torches was

characterized through the data sets gathered via two dif-

ferent/independent experiments. The first set of experi-

ments were simply heating experiments in which an SS316

substrate covered with a YSZ coating of 350 lm thickness

was heated by traversing the torch (500 mm/s) along the

center line of the coated top surface of the substrate at a

standoff distance of 100 mm. The torch was cyclically

traversed until a steady-state temperature was reached at

the center of the YSZ-coated top surface of the substrate.

This steady-state temperature was recorded and used as the

front temperature, and the back temperature was recorded

using the thermocouple attached at the backside of the

substrate. This heating experiment was performed using

both torches with different nozzles under nine equivalent

power levels achieved via a combination of three flow rates
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(Ar/H2 (lpm): 40/3, 50/6, and 60/9) and three input current

settings (cascaded arc torch (I—Amperes): 280, 380, and

480; conventional torch (I—Amperes): 450, 550, and 650).

The second set of heat flux data were collected during the

spray deposition when the coatings reached 350 ± 20 lm
thickness while spraying the powders at different feed rates

using different torches under a single equivalent plasma

spray deposition condition (Ar/H2: 50/6 lpm, 35 kW,

100 mm spray distance, 4-mm step, and 500-mm/s raster).

The heat fluxes emitted by the torches are quantified using

the classical 2D heat flux formula stated in Eq 1.

dQ ¼ ðk1 þ k2Þ:
dT

dx
ðEq 1Þ

where dQ = heat flux, dT = temperature difference

between the front and back sides of the coated substrate,

dx = thickness of the beam ? thickness of the YSZ coat-

ing (2.3 ? 0.350 mm), k1 = thermal conductivity of YSZ

(1.01 W/mK), k2 = thermal conductivity of stainless steel

(43 W/mK). The instantaneous energy (INE) delivered by

the torch during a single stroke of the torch on the substrate

was calculated simplistically in an empirical manner as

shown in Eq 2.

INE ¼ Ls� P

Sr
ðEq 2Þ

where Ls is the length of the substrate (229 mm), P is the

input power (kW) supplied to the torch, and Sr is the speed

of the robot arm (500 mm/s). It must be mentioned that the

input power supplied to the torch does not end completely

in the substrate; for example, a significant portion of at

least 30% is lost through the cooling effect of the water;

external losses of heat also occur later in the process,

namely, during the mixing of the hot plasma with the

surrounding atmosphere before hitting the substrate. These

factors are not considered in Eq 2, and it is assumed that

most of the energies on the molten particles are transferred

to the substrate during impact and subsequent cooling. The

examination and characterization of the cross-sectional

microstructures of the coatings prepared using standard

metallographic practices were conducted using Hitachi

TM3000 Scanning Electron Microscope (SEM) (Hitachi

High-Tech Corp., Tokyo, Japan). The porosity was ana-

lyzed as per ASTM B276 standard on the polished cross

section of the coating using an optical microscope (model:

Meiji MIL-7100) fortified with image analyzing system.

Thermal conductivity measurements were carried out on

freestanding coatings using laser flash instrument (LFA,

Discovery Xenon Flash DXF 900, TA Instruments, New

Castle, DE, USA). The sample preparation method and the

methodology to assess the thermal conductivity can be

referred elsewhere (Ref 10, 18).

Results and Discussion

In this article, a process map-based approach is adopted to

evaluate the capabilities of the torches. A process map is an

integrated set of relationships that link processing to

properties and ultimately to performance. The objective is

to develop a more fundamental understanding of

plasma/particle interactions, droplet/substrate interactions,

deposit formation dynamics, and microstructural develop-

ment, as well as final deposit properties. The first-order

process map creates the link between the processing

parameters and the spray plume (in-process voltage fluc-

tuations, injection characteristics, in-flight physiognomies

under different feed rates). The second-order process map

is used to establish the linkages between process

microstructures and properties (heat flux calculation of

plasma spray coating footprint using infrared profiling,

coating microstructure, stress, modulus, thermal conduc-

tivity evaluations, etc.). Ultimately, the combination of

such maps provides an integrated set of understanding of

the complex interaction in thermal spray and allows both

fundamental understandings of the process and provides

tools for their utilization in the manufacturing sector.

Arc Root Fluctuations and the Associated Current–

Voltage Relationships Among Torch Configurations

The plasma arc can be divided into three regions: cathode

region, arc column, and anode attachment. The arc voltage

is a sum of the voltages in these three regions (Ref 19). In

the case of a single electrode plasma torch, the anode/the

arc root attachment causes the plasma to become axially

non-symmetric because the arc root has a natural tendency

to cross the cold gas boundary layer to attach itself to the

anode wall. The plasma gas flow then acts on the arc root

attachment exerting a drag force on it, which pushes the arc

attachment downstream, while electromagnetic forces try

to pull the attachment upstream as described in detail

elsewhere (Ref 20). The characteristic features of the

voltage drop signal over time for given operating condi-

tions have led to the identification of three distinct modes

of operation of the torch (Ref 21), namely: (1) Steady-state

mode: characterized by negligible voltage fluctuations and,

correspondingly, an almost fixed position of the arc

attachment. This mode is not desirable due to the rapid

erosion of the anode. (2) Takeover mode: characterized by

(quasi-) periodic fluctuations of voltage drop and a corre-

sponding (quasi-) periodic movement of the arc. This

operating mode is the most desirable because it allows an

adequate distribution of the heat load to the anode and

produces well-defined arc fluctuations. (3) Restrike mode:
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characterized by a highly unstable, relatively unpre-

dictable movement of the arc and quasi-chaotic, large

amplitude, voltage fluctuations. An arc operating in this

mode is very unstable and relatively unpredictable; thus,

the arc reattachment phenomenon plays a dominant role in

the arc dynamics of plasma torches. Figure 1 shows that

the voltage fluctuations in conventional torch irrespective

of nozzle size are showing a typical restrike-mode behavior

which is characterized by large voltage fluctuations ranging

between 16 and 90 V with a saw tooth-shaped profile. The

amplitude of voltage variations is much lower within

90-96 V in case of the cascade (under an eqivalent con-

dition of 35 kW power level and Ar/H2: 50/6 lpm gas flow

rate) which proves that takeover mode is in effect. It is

worth mentioning here that the electrodes used in this

investigation are thorium free and the electrically insulat-

ing neutrode arrangement present in the cascaded torch

restricts the arc movement between the cathode and anode

pair resulting in lower voltage fluctuations (Ref 22, 23).

The relationships between the current, voltage, and power

observed among the torches under a constant gas flow rate

are shown in Fig. 2. Figure 2 shows that the I–V (current–

voltage) characteristics of the cascade plasmas display an

increasing trend, whereas the conventional plasma shows a

decreasing trend after an initial increase. It is reported

elsewhere (Ref 24) that the heat losses in the plasma tor-

ches are determined by convective heat transfer, arc radi-

ation, and the heat flow occurring through the anode

attachment spot of the arc. In case of typical plasma torches

(conventional torch), the temperature at the arc root/anode

attachment spot increases with increase in the input current

(Ref 24); the local heating at the arc root attachment spot

becomes very intensive above a threshold input current

value. Such high localized heating at the arc root

attachment spot increases the electrical resistivity of the

anode, leading to the voltage drop as shown in Fig. 2. In

case of the cascaded torch, the neutrode stack (stack of

insulated copper rings) makes the arc to jump to a longer

distance and the ending of the arc attaches on to an anode

ring. The long arc and low surface area of the anode ring

restrict the arc oscillations and increase the stability of the

arc (Ref 2). This condition averts the overheating of the

anode ring and prevents the voltage drop from occurring at

higher input current levels. Thus, the increasing type of I–

V trend found in the cascaded torch is significantly more

efficient for spray deposition of coatings and it helps

reduce anode erosion in comparison with the falling I–V

characteristics of the conventional torches. The high I–P

(current–power) slope of cascade torch (Fig. 2) indicates a

steady laminar plasma generation and sustenance signifying

a stable conversion of electrical energy into thermal energy

or enthalpy.

In-Flight Temperature and Velocity Diagnosis

of Particles Sprayed Using Conventional

and Cascaded Arc Torches

In this study, the single particle sensor DPV 2000 was used

to map the temperature and velocity distribution of the

cross section of the particle laden plume and the ensemble

sensor Accuraspray-g3 was used to measure the ensemble/

mean velocity and temperature of powders sprayed at high

Fig. 1 Voltage fluctuations measured in the torches while operating

under identical conditions

Fig. 2 Current–voltage and current–power relationships among

torches operated under identical conditions
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feed rates. The plume cross section of the cascaded arc was

large compared to a conventional torch; hence, a wide area

temperature field mapping was carried out comprising of

81 points in which each point is separated by 5 mm as

previously mentioned in the experimental part. Measure-

ment time on each grid point was 10 s, which allows for

enough support of the mean and standard deviations by

some hundreds of single particle data at least in the central

grid area. Before starting the measurement, the gun was

centered by the DPV-2000 auto-center function so that the

pivotal point of the measurement grid (x = 0 mm,

y = 0 mm) refers to the maximum intensity of the particle

jet. The main aim of the wide area DPV-2000 temperature

and velocity mapping was to capture the effect of voltage

fluctuations on the in-flight particle temperature isotherms

and velocity contours. The wide area mapping and the long

data measurement time (10 s) employed at each grid point

made this realizable as displayed in Fig. 3. Figure 3 shows

that the plume of the cascaded arc torch is much wider, and

the temperature isotherms, as well as the velocity contours,

are more symmetric with a lesser number of particles

entrapped in the eddies. Inline with expectation, the cas-

caded torch has a broader temperature isotherm with wider

velocity contours and a circular plateau indicating greater

plume stability, whereas the conventional torch has a nar-

rower and sharper temperature peak as shown in Fig. 3,

which is reinforced by the observations of Mauer et al. (Ref

25). A narrow/sharp temperature peak would have serious

implications when the hardware undergoes degradation

with an associated change in the plume positions and

injection parameter leading to quality issues in the coat-

ings. Broader isotherms and wider velocity contours are

preferable because it should be less sensitive to hardware

degradation. Irrespective of the nozzle sizes, the peak

temperatures attained in the conventional torch are less

compared to the cascade torch in addition to these many

particles which are entrapped in the eddies generated

around the center of the plasma plume of the conventional

torch. From the literature, it is evident that the voltage

fluctuations have been assumed to have the same amplitude

and the same period, which of course induce a regular saw

tooth shape for the power fluctuation and correspondingly

the effective power (Ref 26). It was observed that the effect

of these fluctuations was realizable on the velocity as well

as on the temperature. The DPV temperature and velocity

mapping results of conventional torch shown in Fig. 3

prove that arc root fluctuations could lead to segregation

effects producing waves of ‘cold’ and ‘hot’ particles. Arc

root fluctuations cause the particles to experience fluctua-

tions in the plasma field during their exposure time (travel

through plume), resulting in clusters/bursts of particles

being exposed to an average higher or lower heat energy

transfer. Furthermore, the large arc root fluctuations in

conventional torch create vortex rings (eddies) whose

coalescence results in an engulfment type process resulting

in the turbulent velocity components and entrainment of

cold gas from the surrounding atmosphere. This turbulent

condition makes the injection somehow challenging in

conventional plasma torch which would need additional

momentum from the carrier gas to optimally inject the

particle into the central axis of the plasma column. The

impact of the plasma fluctuations on the in-flight particle

state was evaluated by Bisson et al., by synchronizing the

particle diagnostics with the torch voltage. Time-dependent

particle temperature and velocity variations due to arc

fluctuations, as large as Delta-T = 600 �C and Delta-

V = 200 m/s, were observed. Plasma fluctuations were

found to be a prime source of statistical variance in the in-

flight particle velocity and temperature (Ref 26). Even

though the present investigation does not involve syn-

chronization of the DPV with the timescales of voltage

measurements, the observations of the Bisson et al. are still

applicable to this article as well due to the macroscopic

coupling effect of voltage fluctuations on particle temper-

ature and velocity. Influence of powder loading on plasma

quenching is clearly realizable from the ensemble diag-

nostics results displayed in Fig. 4. Powder loading effect

locally cools or quenches the thermal plasma. The thresh-

old loading limit of cascaded arc (SX-9 mm) is 80 gpm

which far exceeds the loading limit of the conventional

torch (F4MB 8 mm) which had a saturation loading limit

of 60 gpm. The smaller nozzles in both the configurations

had a threshold loading limit of 40 gpm, but the tempera-

ture of particles sprayed with cascade was higher than the

conventional. A well-anticipated matter that the tempera-

ture drop becomes significant when the powder mass flow

rate exceeds the threshold loading limit is visualized in

Fig. 4. Plasma quenching by powder loading is also clear

from a decrease in the particle velocity (Fig. 4) because the

particle velocity monotonically decreased with increased

powder feed rate. It is worth emphasizing here that the

temperature and velocity have coupled effect in APS pro-

cess, especially when identical plasma conditions and dif-

ferent feed rates are used. In Fig. 4, it is noted that for both

conventional and cascading torches, there is a general drop

in both particle temperature and velocity with increasing

feed rate. It is surmised that this relates to the reduced mean

free path (causes inter-particle collisions and scattering)

between the particles as feed rates are increased at a constant

plasma condition which can reduce the effective heat and

momentum transfer. This temperature and velocity loss can

be significant when the powder mass flow rate exceeds half

of the plasma mass flow rate (Ref 2). It was also proved by

Shinoda et al. that when the inter-particle spacing becomes

less than twice the particle diameter, the rate of heat transfer

reduces due to inter-particle interactions (Ref 12).
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Fig. 3 Wide area temperature

and velocity field mapping of

particles sprayed using different

torches under equivalent

condition
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In Situ Curvature Evolution and Stress

Measurement on Coatings Sprayed Using

Conventional and Cascaded Arc Torches

In APS ceramic deposits, the quenching and thermal

stresses are the two major sources of residual stress. These

stresses are generated because of the rapid shrinkage and

contraction of the molten splats during coating deposition

stage and the material mismatch between the coating and

the substrate in the post-deposition cooling stage, respec-

tively. The quenching stress is always tensile, and its value

is controlled by the characteristics of the impinging parti-

cles, substrate temperature, and stress relaxation mecha-

nisms (Ref 27), whereas the state of thermal stress is

dependent on the difference in the coefficient of thermal

expansion (CTE) between the coating and substrate at the

temperature gained by the specimen during spraying. In

each stage of thermal spray, the substrate is deformed due

to the misfit strain occurring at the coating–substrate

interface, which helps the in situ curvature monitoring

sensors for measuring the layer-by-layer stresses generated

in the APS coatings (Ref 28). Using the curvature–thick-

ness measurement, the quenching stress can be evaluated

based on the assumption that the coating and substrate are

deformed linearly, and considering that the coating layers

are relatively thin compared to the substrate, the well-

known Stoney’s formula was used to identify the coating

stress and modulus (Ref 29). The thickness and curvature

histories of the substrates during the spray deposition of

coatings using the two different configurations of torches

are displayed in Fig. 5. In general, the curvature change

observed in coatings sprayed with cascaded arc torch was

higher; it is also recognized that the curvature changes

increase with the thickness of the deposit. Higher thickness

per pass and curvature changes were observed in case of

coatings sprayed with large diameter nozzles due to their

higher efficiency associated with melting ability and vice

versa is for coatings deposited with smaller nozzles. The

first pass curvature changes which occur when the molten

particles hit the virgin grit-blasted substrate are usually

higher compared to the subsequent curvature changes

occurring during coating deposition. It was proposed by

Markus et al. (Ref 30) that the compressive residual stress

created during grit blasting gets released, compounding

along with the stresses generated during the application of

Fig. 4 Ensemble temperature and velocity measurement of particles

sprayed using different torches under the equivalent condition

Fig. 5 Effect of torch configuration on in situ beam (substrate)

curvature change during coating spray deposition
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the first pass. This stress superimposing/compounding

effect is created due to the thermo-physical interaction of

the hot particles with the grit-blasted surface. The first pass

curvatures, as well as the subsequent changes in curvatures

during coating deposition, were found to reflect the satu-

ration loading limits. Once the threshold loading is

exceeded, the first pass curvature change also starts to

decrease as illustrated in Fig. 5. The effect of powder feed

rate on the evolving stress and modulus of the coatings is

shown in Fig. 6. A peak evolving stress and modulus val-

ues were attained at a threshold powder loading limit, and

then, the stress and modulus start to decrease indicating the

existence of a distinguishable plasma quenching regime for

each of the torch configurations as shown in Fig. 6. Higher

evolving stress indicates better inter-splat bonding, and it

increases until the threshold powder limit is reached. Fur-

ther beyond it, the particle melting gets influenced which

increases un-melted particles and porosity, in turn, reduc-

ing the stress and modulus values. As expected, larger

nozzle sizes resulted in more efficient melting and higher

evolving stresses and elastic modulus of coatings due to

denser architectures resulting from efficient melting and

bonding of particles. Overall, cascaded arc plasma torch

produces coatings with higher modulus than the conven-

tional torch for similar feed rates as shown in Fig. 6.

Evolution of Microstructures in Coatings Deposited

Using Conventional and Cascaded Arc Torches

It was noted that the microstructures of cascaded arc-de-

posited coatings are generally denser compared to con-

ventional torch-deposited coatings. The microstructure

relationships shown in Fig. 7 indicate that above the

threshold powder loading limit, the powder particles do not

melt well and impinge as un-melted or partially melted

particles. This phenomenon increased porosities and solid

particle entrapments in the coating deposits resulting in

lower density and cohesion and thus lower evolving stress

and modulus values. Figure 7 shows the cross-sectional

morphologies of the coatings deposited using the cascade

and conventional torches under different powder feed rates.

The coating deposited at lower feed rate contains many

horizontal interlamellar microcracks and micropores. The

lower stress and modulus of these coatings observed in

Fig. 7 are likely to be because of these defects. For an APS

ceramic coating, it is generally believed that higher inter-

face temperature and higher thickness per pass lead to

denser microstructure through the coating (Ref 31, 32). It

should be mentioned that this phenomenon is valid up to

the threshold feed rate. If the threshold feed rate is

exceeded, two mechanisms will come into the picture. The

first one is the coating becoming porous with the embed-

ment of a large amount of partially melted and un-melted

particles which would reduce the stress and in-plane

modulus in the coatings. The second mechanism is the

formation of segmentation cracks, which is related to the

quenching stress relaxation occurring during coating

deposition. The segmentation occurs when the strain

energy stored in each pass increases significantly with the

addition of passes. Further, the coating should have high

density together with a higher thickness per pass. If these

conditions are satisfied, then the strain energy reaches the

fracture energy of the coating and the cracks will be gen-

erated during the deposition to relieve the accumulated

tensile stresses (Ref 33). In the current investigation, the

feedstock used is an extremely coarse HOSP YSZ powder;

hence, the density required to generate segmentation is not

satisfied, allowing the first mechanism to prevail as shown

in Fig. 7. It is comprehensible that the densities of the

coatings deposited by the two configurations of torches

were found to increase until a saturation point is reached

after which the coatings start to become porous again. The

coatings deposited using cascade are much denser, and the

threshold loading was attained post-80 gpm feed rate,

whereas the threshold loading was 60 gpm for the con-

ventional torch. Furthermore, from the microstructural
Fig. 6 Effect of feed rate and torch configurations on evolving stress

and elastic modulus
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morphologies of the coatings deposited below and above

saturation threshold (60 gpm for conventional and 80 gpm

for cascade torch), it was observed that the coatings

sprayed below the saturation threshold have more hori-

zontal interlamellar microcracks and micropores, whereas

the coatings deposited above threshold loading were found

to have lots of semi-molten and un-melted particles as

shown in Fig. 7. The coating modulus is interconnected to

the microstructure and residual stresses in the coating. The

measured elastic moduli of the coatings in this investiga-

tion ranged between 10 and 78 GPa. The rise and fall of the

modulus values were found to be consistent with the

increase and decrease in the porosity/density values of the

coatings (Fig. 6 and 7).

Fig. 7 Microstructures of the

cascaded arc and conventional

torch-sprayed deposits

indicating the powder loading

effect
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Stress–Modulus Relationship Among Coatings

Deposited Using Conventional and Cascaded Arc

Torches

The in situ beam curvature monitoring system utilizes the

curvature change occurring during post-deposition cooling

to measure the coating modulus (Ref 10, 16). Figure 6

shows the elastic moduli of coatings deposited at different

feed rates. Coating modulus increased up to the threshold

loading limit and then starts to decrease after that. To

determine the effect of evolving stress on the modulus, the

results from Fig. 6 are combined and plotted as shown in

Fig. 8. For the coatings deposited at different feed rates, the

total target thicknesses were kept to an almost constant

value of 350 microns. It was inferred that the in-plane

elastic modulus of the coating increases with increase in

the evolving stress displaying a linear correlation between

the two properties as illustrated in Fig. 8. The coating

modulus is linked to the microstructure and residual

stresses in the coating (Ref 16). For the coating deposited

with a smaller nozzle size, the higher porosity and density

of microcracks lead to a lower modulus. For larger nozzle

size, the coating modulus is controlled by the combination

of the density of the microcracks and the volume of

porosities. With the increase in the deposition temperature,

the cohesion between splats in the coating increases,

leading to the increment of the coating modulus. Moreover,

the coating sprayed with cascaded arc plasma, due to its

higher melting and deposition temperature, was found to

exhibit higher stiffness due to more coherent structure

(better bonding) between splats.

Heat Flux Delivered by Conventional and Cascaded

Arc Torches

The results of experiments performed on the YSZ-coated

beam heated by plasma are shown in Fig. 9. There is a

linear increase in the plasma heat flux detected on the

coated beam with the increase in the energy supplied by the

torches. The cascaded arc plasma torch was recorded with

higher heat flux values for both nozzle sizes. In the case of

the 9-mm cascade, the lowest heat flux

was * 1300 kWm-2 and the highest

was * 5300 kWm-2. Within it in the full spectrum

operational range, the heat flux values of cascaded arc

torch are * 1.5 times higher than a conventional torch

with comparable nozzle configuration as illustrated in

Fig. 9. Such high heat fluxes can potentially modify the

microstructure evolution. Specifically, when cascade tor-

ches are used, the surface of the coating under formation is

subjected to very high plasma heat fluxes and reaches

temperatures over 700–800 �C transitorily. Under these

conditions, the un-melted particles, especially those trav-

eling along fringes of the plasma plume, have the tendency

to stick on to the hot surface of the previous layer thus

increasing the spray deposition efficiency (Ref 34). In

addition, the quality of contact between splats is enhanced

because the hot lamellae of the previously deposited layer

act as a nucleation site for the incoming impacting particles

(Ref 35). The heat flux measured on the surface of the

coating undergoing spray deposition is higher than plain

heating as shown in Fig. 10 due to the involvement of

conductive heat transfer arising from solidifying particles.

The rapid quenching of the highly flattened splats releases

Fig. 8 Stress–Modulus Relationship among coatings

Fig. 9 Heat flux delivered by the torches on a YSZ-coated beam

under equivalent plasma parameter settings
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their enthalpy into the metal substrate; in addition to this,

the heat transferred to the substrate is also enhanced by the

very high plasma heat flux (convective heat) directed by

the cascade torch as shown in Fig. 10. The repeated heating

of lamellae by the plasma plume also causes the sprayed

droplets to remain on the substrate/coated surface under a

high surface tension in a fluidic state which promotes the

formation of a dense crystalline coating, as shown in

Fig. 7. In all the considered feed rates, the cascaded torch

seems to deliver higher heat flux on to the substrate surface

as displayed in Fig. 10. Inline with expectation, the heat

flux pattern almost follows the trend observed in the stress–

modulus versus feed rate plot displayed in Fig. 6.

Porosity and Thermal Conductivity Relationships

Among Conventional and Cascaded Arc Plasma-

Sprayed Coatings

The thermal conductivity and porosity numbers of the

coatings sprayed with the two different torch configurations

under various powder feed rates are shown in Fig. 11. All

the coatings deposited using conventional plasma torch

show higher porosity and lower thermal conductivities than

the cascaded arc plasma-sprayed coatings. In addition, a

systematic increase in thermal conductivity and reduction

in porosity of coatings were observed with increasing feed

rates up to the threshold saturation feed limit after which

the thermal conductivity reduces and porosity increases as

illustrated in Fig. 11. The increase in thermal conductivity

up to saturation point is primarily attributed to the reduc-

tion in defect population (porosity) in coatings. The coat-

ings which were sprayed with cascaded arc torch have

lower porosity without large opening dimensions, such as

interlamellar and globular pores, and thus display a

concomitant increase in thermal conductivity. The normal

trend expected in TBC also holds good here, i.e., the lower

thermal conductivity corresponded to the coatings which

had higher porosity and defects. This behavior is consistent

with what has been reported earlier by other researchers

(Ref 36). It was reported that the decrease in conductivity

with defects/pores is associated with stronger phonon

scattering (Ref 37). The presence of defects such as pore

content, inter- and intra-lamellar cracks, partial and

unmolten particles, etc., in conventional plasma spray

coatings is higher; hence, such coatings would offer greater

phonon scattering, resulting in lower thermal conductivity

values as shown in Fig. 11. In general, it is observed that at

high deposition rates, the contact between two splats is

boosted by the higher localized deposition temperature, to

such a degree that epitaxial columnar grain growth is

observed within two splats (Ref 35). These regions assu-

redly are known to present an enhanced thermal conduc-

tivity. The features such as thinner lamellae and the

presence of unmelts and partially melted or re-solidified

particles have a major influence in determining both the

thermal and mechanical properties of the coatings.

Scaling Parameter to Get Equivalent Coating

Properties of the Conventional Torch Through

the Cascaded Arc Plasma Torch

The thickness repeatability results of coatings sprayed with

two kinds of torches with feed rates below and above

threshold feed rates are illustrated in Fig. 12. It is notice-

able that the thickness obtained per pass is much higher for

cascaded arc plasma-sprayed coatings. The repeatability of

coating thickness is also higher when the feed rates are

Fig. 10 Heat flux delivered by the torches during spray deposition of

YSZ powder Fig. 11 Porosity and thermal conductivity relationships among

conventional and cascaded arc plasma-sprayed coatings
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under the threshold limit as the cascade is more efficient in

handling high throughputs. Given these differences in the

way the two types of torches operate and resultant

microstructure, it is of importance to contemplate a scaling

parameter which can be used to obtain coatings which have

equivalent microstructure and properties of the conven-

tional torch through the cascaded arc plasma torch. The

scaling parameter can help the industry to more effectively

transition production to cascade technology. Following the

stress and modulus data presented earlier, three coatings

were sprayed with each of the torches under three equiv-

alent power levels (34, 43, and 51 kW). The feed rate was

maintained at 40 gpm, and the rest of the parameters were

kept constant. Stress generated while spraying the above

coatings was measured using in situ beam/substrate cur-

vature measurement technique. A plot was constructed to

relate the power levels and stress generated on the coatings

sprayed via two different torches which are shown in

Fig. 13. From Fig. 13, it was deduced that the stress

developed in the cascade arc plasma-sprayed coatings is

about 1.4 times higher than that of the stresses generated in

coatings sprayed with a conventional torch under equiva-

lent conditions. Following these, three more coatings were

sprayed with the power level of the cascaded torch scaled

down to nearly 1.4 times and the resultant coatings thus

obtained had equivalent stress levels, deposition efficiency,

and microstructures obtained from the conventional torch.

The equivalency obtained in the power and stress levels of

the cascade arc plasma-sprayed deposits is displayed in

Fig. 13. The scaling parameter obtained thus is shown in

Eq 3.

Translational=Scaling parameter:Sinplex Power

¼ F4MB Power=1:4 ðEq 3Þ

This scaling parameter works well within 25-55 kW

range for the Hollow Oxide Spherical Yttria-Stabilized

Zirconia (HOSP-Metco 204C NS YSZ) powder provided

when the gas flow rates, powder feed rates, application

rates (raster speed and step size of the meander), spray

distance are identical and with the optimized injection

condition. Another reliability experiment was conducted to

compare the repeatability of the coatings sprayed below, at,

and above the threshold loading limit as shown in Fig. 14.

The stress–modulus relationship plot shown in Fig. 14

illustrates that the variability of coatings in the stress–

modulus space is narrower/tighter for cascaded arc plasma-

sprayed coatings; thus, the repeatability of coatings sprayed

with cascaded arc torches is better even above the thresh-

old/saturation loading limits, whereas the repeatability of

the conventional arc plasma-sprayed coatings decreases

with increasing powder feed rate as shown in Fig. 14. The

solid points in the plot shown in Fig. 14 are properties of

coatings sprayed with a cascaded torch with 24.5-kW

scaling (power) parameter which matches with the prop-

erties (including the microstructures) of coatings deposited

using 35 kW with the conventional torch. The deposition

efficiency of the coating sprayed by the cascade torch with

the scaled parameter also matched with the conventional

torch. The deposition efficiencies of the scaled parameter

were measured to be at 46, 34, and 29% for the powder

feed rates 40, 80, and 100 gpm, respectively.

Fig. 12 Thickness repeatability results of coatings sprayed by the

two different torch configurations

Fig. 13 Formulation of transformation/scaling parameter
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Summary and Conclusion

This study presents an integrated investigation of opera-

tional capabilities and resultant coating deposits associated

with conventional and cascaded arc plasma processed

ceramics. The comparisons of the conventional and cas-

caded arc plasma torches were conducted at various

important stages of the plasma spray process using sensors

that are widely accepted in the thermal spray industries.

The analysis reported within this article addresses and

highlights differences in plume particle interaction, mate-

rial loading, coating stress evolution, microstructure, and

properties between conventional and cascaded torches.

• The electrically insulating neutrode arrangement in the

cascaded torch restricts the arc movement between the

Fig. 14 Repeatability of

coatings below and above

threshold loading with

equivalent and scaled

parameters illustrating the

stress–modulus and

microstructure relationships
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cathode and anode resulting in uniform heat and

momentum transfer to the powder particles; this helps

the cascaded arc plasma torch to attain a much more

uniform spray plume as visualized in the DPV

diagnostics results.

• The current–voltage characteristics of the cascade

plasmas displayed an increasing trend, whereas the

conventional plasma shows a decreasing trend. The

high current–power slope of cascade torch indicates a

steady and laminar plasma generation and sustenance

signifying a stable conversion of electrical energy into

thermal energy or enthalpy. The voltage fluctuation in

the conventional torch causes the formation of a large

number of eddies and turbulence in the plasma

particle flux leading to inefficient melting. These

changes in the temperature and velocities of the two

torches are clearly captured in the first-order process

map.

• There is a threshold/saturation feed rate for a set plasma

condition at which the particle would start to locally

cool the plasma. This threshold can be easily identified

using saturating particle temperature and velocity

values observed in the ensemble particle diagnostic

measurement results and the saturating curvature values

observed in the results derived from the in situ coating

property measurements.

• Overall, the cascaded arc plasma produces coatings

with higher stress and modulus than a conventional

torch for similar feed rates. Possible effects of plasma

quenching/threshold feed rates were also captured in

stress–modulus second-order process map for both

configurations of torches. The microstructures of cas-

caded arc-deposited coatings are generally denser

compared to conventional torch-deposited coatings.

The stress microstructure relationships show that above

the threshold powder loading limit, the powder particles

do not melt completely in-flight and are incorporated as

un-melted particles in the coating. This phenomenon

causes increased porosities and solid particle entrap-

ments in the coating deposits resulting in lower stress

(due to reduced cohesion) and modulus values.

• The major heat flux directed toward the substrate is

contributed by the particles, and a minor amount of heat

is contributed by the torch. In all the considered feed

rates, the cascaded torch seems to deliver higher heat

flux on to the substrate surface. The heat flux pattern

almost follows the trend observed in the stress versus

feed rate plot. There is a linear increase in the plasma

heat flux detected on the coated beam with the increase

in the energy supplied to the torches. The cascaded arc

torch recorded higher heat flux value for both nozzle

sizes. Within it in the full spectrum operational range,

the heat flux values of cascaded arc torch are * 1.5

times higher than a conventional torch with comparable

nozzle configuration.

• The repeatability of coatings sprayed with cascaded arc

torches is generally improved even above the threshold/

saturation loading limits. The power of the cascaded

torch is scaled down 1.4 times to get equivalent stress–

modulus and microstructure of coatings deposited using

a conventional torch. This relationship seems to work

within 25-55 kW range. The scaling parameter can be

used to get the equivalent coating properties deposited

by conventional torch using the cascaded torch, and it is

applicable to the powder used in this study, but the

methodology adopted for establishing the scaling

parameter is universal.

• These evaluations were focused on in-process voltage

fluctuations, in-flight characteristics under different

feed rates, as well as a sprayed coating test. The

process evaluation strategy proposed in this investiga-

tion can be used as a validation and testing procedure to

determine the stability of a torch and help the industries

to adopt a new torch design for production applications

efficiently in a robust and scientific manner.
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