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Abstract The repair of high-value single-crystal turbine

blades is essential for both sustainability and cost effi-

ciency, as these components are susceptible to degradation

when exposed to extreme operating conditions. This study

investigates and compares coatings produced using three

different thermal spraying processes, cold gas spraying,

high-velocity air-fuel spraying, and vacuum plasma

spraying, to identify the optimal method for repair appli-

cations requiring subsequent directed recrystallization. The

comparison showed that VPS coatings offer the most

promising properties: They exhibit the lowest oxygen

content, near-zero residual stress, and superior adhesion

and successfully achieved the required 2 mm coating

thickness without delamination. While CGS and HVAF

were limited in achievable thickness, the resulting colum-

nar grain structure of the VPS coating may pose a chal-

lenge for the intended directed recrystallization process.

Keywords adhesion strength � CMSX-4 coating � cold gas

spraying � high-velocity air-fuel spraying � residual
stresses � single crystal repair � vacuum plasma spraying

Introduction

Single-crystal turbine blades constructed from nickel-based

superalloys, such as CMSX-4, are crucial for gas turbine

applications due to their superior high-temperature prop-

erties, which are primarily attributed to their c/c’
microstructure. Nonetheless, these components are vul-

nerable to a range of damage mechanisms, especially at the

edges. The repair of these high-value components is

essential for both ecological sustainability and economic

efficiency. A complete set of high-pressure turbine blades

(60-80 blades) is worth between 400,000 and 700,000 US

dollars (Ref 1). Given these high costs and the considerable

time required for production, the development of effective

repair strategies is advantageous. However, it presents

significant challenges, as the restoration of the single-

crystal microstructure in the repair zone is imperative. (Ref

2, 3)

Since the late 1960 s, various welding techniques,

including gas tungsten arc welding, tungsten inert gas

welding, electron beam welding, and laser welding, have

been explored for repairing polycrystalline superalloy

components (Ref 4). However, these methods present sig-

nificant challenges, particularly due to large heat-affected

zones that can lead to geometric deviations and distortion,

as well as susceptibility to cracking. The weldability of

these alloys decreases with increasing aluminum and tita-

nium content; specifically, alloys with a combined content

exceeding 4 wt.% are considered difficult or impossible to

weld. (Ref 5-7)

In the 1980 s, Rolls-Royce introduced laser-based sur-

face repair coating for polycrystalline aircraft turbine

components, utilizing nickel superalloys like Inconel 718

(Ref 7-9). Complete repair of single-crystal components is

currently unachievable, resulting in their restoration to a
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polycrystalline state, which reduces lifespan (Ref 10).

Gäumann et al. (Ref 11, 12) developed the epitaxial laser

metal forming (E-LMF) technique, enabling the deposition

of single-crystal repair layers on single-crystal substrates.

Studies (Ref 4, 10, 13, 14) indicate that, with precise

process control, other laser techniques can also facilitate

the repair of single-crystal materials. These methods allow

for high temperature gradients and rapid solidification,

promoting epitaxial growth. Nonetheless, issues such as

grain formation and cracking persist, and most research

focuses on creating isolated laser tracks, which limits the

repair area. As a result, only limited repair of single-crystal

turbine blades is currently feasible (Ref 4, 15).

Thermal spraying as a repair method has been exten-

sively documented in scientific literature (Ref 16-22).

Moreover, patents, particularly for turbine blade and high-

pressure turbine component restoration, show the impor-

tance of the topic (Ref 23, 24]. Thermal spraying encom-

passes different processes that can be used for repair

applications. These processes, such as cold gas spraying

(CGS), high velocity air-fuel (HVAF) spraying, and vac-

uum plasma spraying (VPS), must be capable of depositing

dense coatings with low oxygen content. In CGS, powder

particles are accelerated to supersonic velocities using a

convergent–divergent nozzle with a compressed process

gas at relatively low temperatures. The particles undergo

plastic deformation upon impact, creating a bond with the

substrate (Ref 25). CGS is widely used for repair purposes,

as emphasized in the summaries of repair methods pro-

vided by Yin et al. (Ref 26) and Raoelison et al. (Ref 27).

CGS has proven effective in various applications, for

example, in repairing military aircraft exterior components

(Ref 28). The study shows successful restoration of alu-

minum 2024-T6 parts using 6061-Al powder, with repaired

components often exceeding required load capacities.

Fiebig et al. (Ref 20) demonstrated the fabrication of three

mm thick IN738 coatings using CGS on laser-textured

IN738 substrates. These nickel-based superalloys are

commonly used in high-temperature applications.

HVAF spraying utilizes the combustion of fuel and

compressed air to generate a high-velocity jet that accel-

erates powder particles (Ref 29). The process temperatures

are moderate, resulting mostly in partially molten particles.

Overall, there are relatively few studies in the literature that

analyze the suitability of the HVAF process as a repair

method. HVAF spraying has shown promise in Ti-6Al-4 V

repairs, achieving high-density coatings with less than

0.5% porosity and wear resistance comparable to substrate

material (Ref 16). Another study by Khamsepour et al. (Ref

30) examined the potential of the inner diameter-high

velocity air fuel (ID-HVAF) process for repairing Ti-6Al-

4 V. However, the process resulted in an undesirable phase

transformation, and the produced samples exhibited higher

porosity compared to the cold-sprayed reference samples.

In VPS, an electric arc between a cathode and anode

creates an ionized plasma jet reaching temperatures in the

order of 10,000 �C (Ref 29). The process takes place in a

low-pressure chamber to prevent oxidation, allowing for

dense, oxide-free coatings. Vacuum Plasma Spraying

(VPS) research, though limited, shows potential for single-

crystal CMSX-4 substrate restoration. Optimal coating

parameters and a subsequent hot isostatic pressing resulted

in dense coatings with ideal c/c’ microstructure (Ref 17).

Overall, these thermal spraying techniques demonstrate

significant potential for component repair, as they can

produce dense coatings with low oxygen content, which is

a critical criterion for repair applications in this context.

Therefore, in this study, CGS, HVAF and VPS are inves-

tigated for their suitability for the repair of single crystal

CMSX-4 turbine blades. At this point, it should be men-

tioned that, since the repair coating is polycrystalline in its

as-sprayed state, it is intended to be transformed into a

single crystal through a directional recrystallization treat-

ment after these investigations. For this step, a fine-grained

structure is beneficial as it serves as the driving force for

the directed recrystallization. Numerous studies (Ref

31–33) in the literature have effectively utilized this

method to produce columnar or single-crystal grain struc-

tures in a range of materials, including nickel alloys. The

primary focus in this study is to conduct a comparative

analysis of the coatings optimized in preceding steps.

Depending on the method used and the spraying parame-

ters, thermally sprayed coatings may exhibit various

defects, such as pores, oxide inclusions, and unmolten

particles, which can negatively affect the coating proper-

ties. Moreover, residual stresses are present in thermally

sprayed coatings, which can potentially lead to cracks,

delamination, or distortions, thereby impairing the perfor-

mance and lifespan of the coated components (Ref 34, 35).

The development of residual stresses in thermally sprayed

coatings can be primarily attributed to three main causes.

Quenching stresses (rq) manifest as tensile residual stres-

ses in the coating, resulting from the constrained contrac-

tion of hot splats on the cold substrate (Ref 36, 37).

Additionally, thermal residual stresses (rth) develop during

the cooling process due to differences in thermal expansion

coefficients between the substrate and coating material

(Ref 34, 38). Technologies utilizing high kinetic energy,

such as cold gas spraying, generate additional peening

stresses (rpeen) through plastic deformation of the material,
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thereby inducing compressive residual stresses in the

coating, similar to the effects observed in shot peening (Ref

39, 40). To determine the residual stresses in a coating the

incremental hole drilling method standardized according to

ASTM E837-20 (Ref 41) can be used. The evaluation of

stress levels is important, as thicker coatings with higher

stresses tend to fail prematurely. This occurs because the

stored elastic energy increases with coating thickness,

ultimately leading to delamination when the interfacial

strength is exceeded. This failure can occur either during

the coating process or during subsequent operation (Ref

38). When a critical value is exceeded, coating delamina-

tion occurs. An increase in interfacial strength can be

achieved through methods such as elevated substrate tem-

peratures or improved adhesion through alternative sub-

strate pre-treatment processes (Ref 36, 38). Due to these

complex interactions between coating thickness, residual

stresses, and interfacial strength, adhesion testing methods

such as tensile adhesion tests are essential for evaluating

the coating–substrate bond strength. Considering the dif-

ferences in microstructure, bond strength, and residual

stress state of the coatings produced by different processes,

this paper aims to address the question of which process is

most suitable for the repair application.

Experimental Methods

Sample Production

For the repair application under investigation, both the

single crystal substrate and the powder material are made

from the same alloy, CMSX-4. This material is commonly

used in gas turbine applications as a single-crystal alloy.

The chemical composition of the materials was analyzed

using inductively coupled plasma mass spectrometry (ICP-

OES) (iCAP 7600, Thermo Fisher Scientific, USA), and the

results are provided in Table 1. Different powder fractions

were used depending on the coating process.

For the experiments, single-crystal substrates with

varying geometries were used. Square samples (25 mm x

25 mm x 3 mm) were employed for microstructural char-

acterization (MC), single-splat experiments (SS) and

residual stress determination using the incremental hole

drilling method (RS). Cylindrical samples with a diameter

of 25 mm and a thickness of 3 mm were used for adhesion

testing (AT).

Substrate Pretreatment

Different substrate pretreatments were used depending on

the coating process, as summarized in Table 2. Grinding

with 80-grit sandpaper was used as substrate pretreatment

for the CGS process. For HVAF, optimal substrate pre-

treatment was accomplished solely by laser texturing dur-

ing process parameter optimization prior to that study.

Simple grinding was not sufficient to achieve adequate

adhesion, and sandblasting left behind sand particles that

would hinder the subsequent planned directional recrys-

tallization. For VPS, a polished substrate was used, as

Kalfhaus et al. (Ref 17) demonstrated that preheated pol-

ished substrates enable epitaxial growth, which likely

provides good adhesion and may offer advantages for

subsequent directional recrystallization. Laser texturing

was performed using the TruMark 5020 system from

Trumpf (Ditzingen, Germany), equipped with an Nd-YAG

laser operating at a wavelength of 1064 nm. To prevent

oxidation, the process was conducted under an argon

atmosphere. Material removal was achieved in pulsed

mode with 55% power, a frequency of 45 kHz, and a pulse

duration of 80 ns. The laser exposure area had a diameter

of 40 lm, and the point spacing in the X- and Y-directions

was set to 60 lm, with each point exposed 12 times. Laser

texturing was also applied to prepare adhesion samples and

for residual stress measurements using the hole drilling

method across all processes. This ensured comparable

experimental conditions for all tests. The surface roughness

of the substrates (Ra and Rmax) was measured using the

Cyberscan CT350 device from cyberTECHNOLOGIES

(Eching, Germany) in accordance with DIN EN ISO 4287.

Powder

Depending on the thermal spraying process used, different

powder fractions were employed following prior process

parameter optimizations (Ref 17, 42, 43). TLS Technik

GmbH & CO Spezialpulver KG manufactured both pow-

ders using gas atomization, followed by vibration sieving

to achieve two distinct particle size distributions. Specifi-

cally, a fine fraction and a slightly coarser fraction were

Table 1 Chemical composition

of the CMSX-4 substrate and

the powder used in this study (in

wt.%)

Material/Element Ni Co Cr Al W Re Ta Ti Mo Hf

Substrate bas. 9.6 6.4 5.6 6.4 2.9 6.5 1 0.6 0.1

CMSX-4 (\ 25 lm) bas. 9.1 5.9 5.6 5.7 2.7 5.7 1 0.6 0.1

CMSX-4 (25-45 lm) bas. 9.3 6.4 5.4 6.3 2.8 6.1 1 0.6 0.1

J Therm Spray Tech

123



utilized. The particle size distribution of the powders was

measured using laser diffractometry with an LB550 device

(Horiba, Japan), while the oxygen content was determined

using the LECO ON836 device (LECO Corporation, USA).

The particle sizes and oxygen contents of the powders are

provided in Table 3. Dx denotes the particle size corre-

sponding to the cumulative frequency of x%. The fine

powder fraction was used for coating production via CGS

and HVAF, whereas the coarser fraction was employed for

coatings produced via VPS. More detailed powder analyses

can be found in the following paper (Ref 42), where it has

been shown that topologically closed packed (TCP) phases

occur more frequently in coarser powder particles, pro-

moting brittle behavior.

Sample Production

The CGS was carried out on the Impact 5/11 system from

Impact Innovation GmbH (Rattenkirchen, Germany), using

a water-cooled D-24 Laval nozzle. The system is designed

with a long pre-chamber (170 mm) to allow for a longer

dwell time of the powder, which in turn increases the

particle temperature. The powder is injected radially, and

nitrogen is used as the carrier gas. The substrates are ini-

tially preheated to approximately 300 �C. For this, the

spray gun moves across the substrate, heating it via the gas

flow without powder injection. The process parameters

include a gas temperature of 1100 �C, a gas pressure of

5 MPa, a spray distance of 10 mm, and a robot speed of

500 mm/s. A total of 26 coating cycles were used to

achieve a coating thickness of approximately 500 lm.

The HVAF experiments were conducted at the Univer-

sity West in Trollhättan, Sweden. For the coatings, an

HVAF system with UltraCoat process control, in combi-

nation with an M3 gun from Uniquecoat Technologies

(LLC, Oilville, VA, USA), was used. The air-cooled M3

gun is operated with propane as the fuel gas. A dual-nozzle

system is employed to achieve higher flame temperatures.

Powder delivery is managed via a gravimetric G4 powder

feeder (Uniquecoat Technologies, LLC, Oilville, VA,

USA), with the powder being injected axially into the

combustion chamber. For sample coating, a carousel sys-

tem is used, and continuous sample cooling is applied. The

5L4 nozzle, combined with higher pressures (compressed

air pressure: 0.78 MPa, fuel gas pressure 1: 0.72 MPa, fuel

gas pressure 2: 0.79 MPa), along with fine powder, was

selected for further experiments (Ref 43). The process

parameters include a spray distance of 300 mm, surface

speed of 100 m/min, powder feed rate of 10 g/min, and

carrier gas flow rate of 45 L/min. A total of 70 coating

cycles were applied to achieve the desired coating

thickness.

The VPS samples were manufactured using the Oerlikon

Metco AG Multi Coat VPS system with the F4 gun (nozzle

diameter 7 mm). The substrates were preheated to 1000 �C
using plasma, with the temperature monitored at the

backside of the substrates via a thermocouple. A plasma

gas mixture of 50 NLPM argon and 10 NLPM hydrogen

was used, with a current of 640 A applied at a chamber

pressure of 60 mbar. For the fabrication of these VPS

samples, a spray distance of 250 mm, a gun speed of

100 mm/s, and a powder feed rate of 12% were employed.

A total of 4 coating cycles were applied to achieve the

desired coating thickness of 500 lm.

Characterization Methods

Metallographic Preparation and Image Analyses

Metallographic cross sections were created to analyze

porosity, coating thickness, and microstructural properties,

such as phases and grain structure. Following embedding

Table 2 Overview of substrate pretreatments used in this study,

achieved surface roughness (Ra and Rmax), and their purpose

(microstructural characterization (MC), single-splat experiments

(SS), residual stress measurements using the incremental hole drilling

method (RS) and adhesion testing (AT))

Substrate pretreatment Ra in lm Rmax in lm Purpose of use

Grinding 0.53 7.0 CGS (MC, RS, AT)

Polishing 0.02 0.24 VPS (MC, RS, AT)

Laser Texturing 7.36 56.68 HVAF (MC, RS, AT) / CGS (RS, AT) / VPS (RS, AT)

Table 3 Particle size

distributions and oxygen

contents of the CMSX-4

powders used in this work

Powder D10 in lm D50 in lm D90 in lm Oxygen content in wt.%

CMSX-4 (\ 25 lm) 9 18 29 0.036

CMSX-4 (25-45 lm) 14 41 61 0.014
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and cutting, the samples were ground and polished to a

final step of 0.05 lm using an ATM Saphir 550 system

(Struers GmbH, Germany). If the samples are prepared to

determine the grain structure, the last step is carried out for

one hour. A Hitachi TM3000 tabletop scanning electron

microscope (SEM) (Hitachi High-Technologies Europe

GmbH, Krefeld, Germany) was utilized for microstructural

examination, focusing on porosity and coating thickness.

For high-resolution imaging and energy-dispersive x-ray

spectroscopy (EDS) and electron backscatter diffraction

(EBSD) analyses, the Gemini SEM 450 (Carl Zeiss AG,

Oberkochen, Germany) was employed, equipped with an

ULTIM MAX 170 EDS detector and a C NANO detector

(Oxford Instruments, Abingdon, United Kingdom). In

addition, an EVO 15 from Zeiss (Oberkochen, Germany),

equipped with an ULTIM MAX 100 EDS detector from

Oxford Instruments, is used for some EDS measurements.

Coating thickness was measured at three different

locations at three different SEM images using ImageJ

software (Fiji). Additionally, seven random SEM images

were taken at a fixed magnification to quantify the porosity.

These images were processed into binary format, allowing

the determination of the pore fraction within the images.

The oxygen content in both the powder and the coatings

was determined using an elemental analyzer for oxygen,

nitrogen, and hydrogen, the LECO ON836, manufactured

by LECO Corporation (St. Joseph, USA).

Particle Measurements

Particle velocity and temperature are key factors affecting

deposition efficiency, coating quality, and microstructure.

This study used two measurement systems to monitor these

parameters. The Cold Spray Meter (CSM) eVOLUTION

by Tecnar Automation Inc. (Saint-Bruno-de-Montarville,

Canada) measured particle velocity during CGS: a 790 nm,

3.3 W laser illuminates particles in the spray plume, and a

sensor with an optical two-slit mask detects their velocity

based on time-of-flight between slits. Due to limited

powder, measurements were performed on 5,000 particles.

The Accuraspray System (G3) from Tecnar was used to

measure particle velocity and temperature during the

HVAF process. Unlike methods using lasers, it employs

CCD imaging and two-wavelength pyrometry based on

Planck’s law, assuming particles act as gray bodies. Only

surface temperatures are measured, calculated from energy

ratios at two wavelengths. Particle velocity measurement is

similar to the Cold Spray Meter, analyzing optical signals

from the plume. The Accuraspray G3 reports average

values within a Ø 0.4 mm 9 1.9 mm measurement volume

and cannot assess individual particles. Its detection limit

for temperatures is about 1000 �C due to weak thermal

radiation from cooler particles.

Residual Stress Measurements

Residual stresses in coatings produced by various thermal

spraying methods are measured using the incremental hole

drilling technique. All substrates undergo laser texturing

for consistent roughness, with identical preparation and

coating thickness applied for comparison. For CGS and

VPS, traditional treatments like grinding and polishing are

also tested. In this method, incremental hole drilling dis-

turbs mechanical equilibrium, causing measurable surface

strain. Residual stress depth profiles are then calculated

from these strains using Hooke’s law. A drilling device, the

RS-200 Milling Guide from Vishay Precision Group

(Malvern, PA, USA), fitted with a TiN-coated end mill (Ø

1.6 mm), is used for the drilling process. The strain

relaxations were measured using strain gauge rosettes

(CEA-06-031-120 type from Micro-Measurements,

Raleigh, NC, USA) applied to the surface at 0�, 45�, and
90� angles. The evaluation of the measurement results is

carried out using the differential method (Ref 44), with a

measurement accuracy of approximately 20 MPa. To cal-

culate the residual stresses from the measured strain

relaxations, the differential method is applied using the

elastic constants E = 222885 MPa, v = 0,301 according to

Kröner (Ref 45) based on single crystal coefficients from

(Ref 46).

Adhesive Tensile Strength Measurements

A key parameter for evaluating thermally sprayed coatings

is the adhesive tensile strength between the coating and

substrate (DIN EN ISO 14916) (Ref 47). Initial experi-

ments used the same substrate surface preparation for all

processes, followed by additional tests with specific

preparations for CGS and VPS. Coated round samples (Ø

25 mm x 3 mm) are bonded between metal cylinders/

stamps (Ø 25 mm), with the stamp surfaces roughened by

sandblasting (Al2O3, F36, 6 bar) before bonding. A new

adhesive, Loctite 9658 (HTK Hamburg GmbH, Hamburg,

Germany), is used as a replacement for the previously used

FM1000 adhesive, which is no longer available. For the

bonding, two adhesive films (approx. 600 lm) are applied

to each side, as per the standard procedure. The samples are

clamped in a holder, and adhesive is applied with screw

pressure and cylindrical springs. For bonding, a torque

wrench is used to apply a defined torque. The samples are

then heat-treated in an oven at 177 �C ± 6 �C for two

hours, as specified by the adhesive manufacturer. The

adhesive’s tensile strength is rated at 100 MPa. Three

samples are tested per condition, and a dummy sample is

prepared to check for potential variations, such as oven

temperature inconsistencies. Tensile testing is performed

using a type ZMART.PRO testing machine from Zwick
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Roell (Ulm, Germany) at a constant test speed of 1 mm/s.

After testing, the failure mode of the samples is analyzed.

Four failure types are distinguished: adhesive failure

(failure at the interface between substrate and coating),

cohesive failure (failure within the coating), a combination

of both, or adhesive failure due to weak bonding of the

adhesive itself.

Results and Discussion

Comparison of Particle Temperature and Velocity

An initial analysis of particle states is conducted using the

final process parameters for the three different thermal

spray processes. Particle temperatures and velocities play a

crucial role in determining the properties of the resulting

coatings. Thermal and kinetic conditions vary significantly

between methods, resulting in different coating formation

mechanisms. The examination of particle states enables a

deeper understanding of the interactions between process

parameters and the resulting coating properties across dif-

ferent coating processes.

Figure 1 illustrates particle temperatures and velocities

both qualitatively, through range indicators, and quantita-

tively, where measurement data are available. It becomes

clear that HVAF achieves the highest average particle

velocities of 920 m/s and, consequently, the highest kinetic

energy. The average particle velocity for CGS is approxi-

mately 100 m/s lower than the HVAF process reported

here. In contrast, VPS is expected to produce the lowest

velocities. However, VPS is anticipated to achieve the

highest average particle temperature and thus the highest

level of thermal energy, even with the use of coarse powder

(Ref 38). This high temperature is expected to lead to a

complete melting of the particles. CGS, on the other hand,

exhibits the lowest temperatures, as the gas temperature of

1100 �C results in particle temperatures well below this

value, making particle melting unlikely. For HVAF, an

average particle temperature of 1350 �C was measured,

which is within the melting range of conventionally cast

CMSX-4 (solidus temperature, Ts, 1330 �C, and liquidus

temperature, Tl, 1396 �C (Ref 48)). This indicates that

certain particles are either entirely molten or exhibit partial

softening or melting.

Comparison of Single-Splat Experiments

The temperature and velocity analyses provide an initial

comparison of the different methods. To gain further

insights into particle states, additional single-splat analyses

were conducted. These experiments enable a detailed

investigation of individual particles upon impact with the

substrate surface. Figure 2 shows BSE-SEM images of the

single-splat sample surfaces for the three methods studied.

At this point, it should be mentioned again that the fine

powder was used for CGS and HVAF and the coarse

powder for VPS. The particles in CGS (Fig. 2a)) exhibit

limited macroscopic deformation, as a significant number

of particles maintain a relatively spherical morphology

with only localized flattening at the interface. This is

consistent with the low particle temperatures, which inhibit

melting or softening and thereby limit deformability.

Additionally, morphological features indicative of material

jetting are observed at the particle peripheries, suggesting

the occurrence of adiabatic shear instabilities during

impact. Furthermore, as documented in previous studies

(Ref 42), craters are present on the sample surface, indi-

cating that individual particles may fracture due to brittle

TCP-phases within the material.

In contrast, few particles retain their original shape in

the HVAF splats (Fig. 2b). The particles exhibit varying

states post-coating. Many particles are partially molten,

displaying fractured, rugged structures. These features are

primarily attributed to mechanical fragmentation upon

high-velocity impact, although localized thermal stress

cracking due to rapid cooling may also contribute to the

final morphology. In these splats, some portions of the

material have melted, while others remain solid but soft-

ened. Fully molten splats are also visible, consistent with

the measured particle surface temperatures. The varying

state of the individual splats is partly attributed to differ-

ences in splat size, with smaller powder particles melting

faster due to their lower mass.

The VPS sample (Fig. 2c) reveals that, due to signifi-

cantly higher temperatures above the melting point, many

splats are fully molten. This observation confirms that the

high energy and sufficient particle residence time within

Fig. 1 Particle temperature and particle velocity for the three

methods used (CGS, HVAF and VPS) with the CMSX-4 powders,

(measured values are given precisely if available; otherwise, the

temperature and velocity ranges are estimated)
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the plasma allowed the particles to achieve complete

melting before impact. Some softened and partially molten

particles are also present on the sample surface, indicating

the natural variance in particle trajectory and residence

time within the plasma flame. These particles missed the

optimal high-temperature core of the plasma jet and thus

received insufficient thermal energy for complete melting.

The fully molten splats are noteworthy for their irregular

shapes and fine splashed patterns, which is likely due to

poor wetting as discussed in (Ref 38).

The varying splat states indicate expected differences in

coating microstructures, which can substantially influence

properties like porosity, adhesion, and residual stresses. For

CGS and HVAF, compressive residual stresses are expec-

ted in the coatings since the particles impact in a solid state,

contributing to peening effects. In contrast, tensile residual

stresses are expected for VPS due to quenching stresses.

Additionally, due to the partially molten particles and their

structure in HVAF, a higher porosity is likely, as explained

in the following section. Consequently, a detailed analysis

of the microstructures is performed first.

Comparison of Microstructures

Overview images of cross sections from coatings produced

by different methods are shown in Fig. 3(a), (c), and (e). It

can be observed that coatings created with CGS and VPS

exhibit slightly higher density compared to those produced

by HVAF. Overall, all three coatings show a high density.

The porosity values and oxygen content of the coatings are

listed in Table 4. Notably, the oxygen content for the

HVAF sample is derived from previous measurements

conducted during process parameter optimization, as there

was insufficient sample material available.

The lowest porosity is achieved by CGS (0.6 ± 0.1%)

and VPS (0.7 ± 0.1%), while HVAF coatings show the

highest porosity at 1.8 ± 0.2%. VPS coatings attain their

high density due to the high particle temperatures, which

allow most particles to fully melt and deform more effec-

tively. Additionally, the slow cooling rate, a result of the

high temperature of the coating surface, enables particles to

cool more gradually. This slow solidification allows par-

ticles and splats to adapt to the surface structure more

closely, as the reduced viscosity facilitates better adhesion.

The reason why HVAF coatings exhibit a more porous

Fig. 2 Backscattered electron (BSE)-SEM images of the single-splat samples for the different methods (marked in red are the different particle

states: 1&2 softened, 3&4 partially molten and 5&6 molten splats): (a) CGS, (b) HVAF and (c) VPS (Color figure online)
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Fig. 3 BSE-SEM overview images of the coatings produced using

different coating processes, with the interface between substrate and

coating marked (red, dashed lines): a CGS, c HVAF, and e VPS.

Additionally, BSE-SEM images of the coatings produced using

different coating processes, taken at higher magnification, with

individual splats marked (red, dashed lines): b CGS, d HVAF, and

f VPS (Color figure online)

Table 4 Porosity and oxygen

content of the coatings produced

using different processes

Process Porosity in % Oxygen content in wt.% Deposition efficiency in %

CGS 0.6 ± 0.1 0.073 ± 0.002 15.2

HVAF 1.8 ± 0.2 0.148 ± 0.014 34.2

VPS 0.7 ± 0.1 0.062 ± 0.008 49.1
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structure, despite their higher particle temperatures and

velocities compared to CGS coatings, can be explained

through the single-splat analysis. In HVAF coatings, par-

tially molten particles create a rugged structure upon

impact, leading to a more irregular splat structure. Since

the peening effect is likely reduced due to the softer par-

ticles, these semi-molten areas are not fully compacted by

subsequent particles. In contrast, CGS particles retain their

dense initial structure, as they are not softened or molten.

Previous studies (Ref 42) have observed cracks within

some CGS particles, which are likely closed as a result of

the peening effect caused by subsequent particles. How-

ever, the lower (DE) suggests that a significant proportion

of CGS particles may break off.

While higher temperatures generally promote oxidation

kinetics, the final oxygen content in thermal spray coatings

is ultimately controlled by the availability of oxygen (the

process atmosphere). HVAF exhibits the highest oxygen

uptake, which can be attributed to the process being carried

out under standard atmospheric conditions at elevated

temperatures. This oxygen-rich environment, combined

with the higher porosity, allows more ambient oxygen to

become trapped within the pores. CGS, which also operates

under ambient conditions but at lower temperatures, shows

a lower oxygen content at 0.073 ± 0.002 wt.%. Although

the VPS plasma reaches the highest temperatures, the

process is conducted under vacuum conditions. This lack of

an oxidizing atmosphere is the dominant factor, resulting in

a minimal oxidation. However, even with VPS, some

oxygen uptake occurs, when compared to the powder feed

stock (see Table 3).

Within the CGS-produced coatings, individual splats

can be identified within the coating, a characteristic also

observed to some extent in HVAF coatings. Fig-

ure 3(b) and (d) illustrates these particles, marked with red

dashed lines. The visible particles in the HVAF coating are

larger particles that did not completely melt due to rela-

tively lower particle core temperatures. Conversely, splats

of smaller, fully molten, or significantly deformed particles

are more challenging to distinguish. The dendritic structure

of the initial powder (Ref 42) is still fully preserved in CGS

coatings and remains discernible in the larger particles of

the HVAF coating. In VPS coatings, however, individual

splats are difficult to identify. The dendritic solidification

structure of the initial particles is no longer present, sug-

gesting that the particles have undergone substantial

melting. Instead, the coating exhibits a distinct grain

structure, which will be discussed in more detail later.

Compared to the other coatings, this one contains numer-

ous fine, dark gray c’-phases, as shown in Fig. 3(f). This is

due to the high process temperatures, especially the ele-

vated substrate and coating temperatures during coating

(average substrate temperature: 1072 �C), which promote

the precipitation and growth of the c’ phase. Literature

suggests that accelerated c’ phase growth occurs at tem-

peratures above approximately 800-900 �C (Ref 49, 50).

Impurity Phases in the Microstructure

This section presents a detailed analysis of impurity phases

within the coatings. In all coatings, bright TCP phases are

visible in the SEM images (see Fig. 4a, c, and e), which

were already present in larger particles of the initial powder

feed stock (Ref 42).

In the CGS coatings, no bright phases are observed in

the smaller particles, consistent with the findings from the

powder analysis. However, larger particles do show these

bright precipitates. In the HVAF coating areas formed from

molten particles, these phases are also absent. This absence

may be due to the preferential melting of smaller particles

that do not contain TCP phases. TCP phases in the hotter or

molten particles dissolve at the elevated HVAF process

temperatures, since these phases generally dissolve above

1100-1200 �C (Ref 51). Rapid cooling, when the particles

impact the substrate, prevents re-precipitation of the TCP

phases.

TCP phases are also present in the VPS coating. As an

example, a larger TCP phase was analyzed using EDS

(Fig. 4e and f). Increased concentrations of RE and W were

detected, which typically occur in high proportions in these

phases. As the areas are small, the surrounding

microstructure is also detected, which rules out a quanti-

tative analysis. It is evident that the VPS coatings exhibit a

higher concentration of TCP phases in the regions adjacent

to the substrate, as compared to the upper sections of the

coating. This distribution is illustrated in Fig. 5.

In general, the TCP phases get completely dissolved due

to the melting of most of the particles during the VPS

process. However, the high coating temperatures during the

process (average substrate temperature: 1072 �C) lead to

the re-precipitation of these phases in the coating (Ref 51).

The higher proportion of TCP phases in the lower coating

area can be explained by the longer dwell times at higher

temperatures, while the upper layer areas are only exposed

to the higher temperatures for a shorter period of time. As a

result, isolated large TCP phases are observed in the

coating. Kalfhaus et al. (Ref 17) identified these phases as

l-type TCP phases, which form during solidification due to

local chemical composition variations (Ref 52).

Pores and oxide fringes can be found between the

individual splats in the CGS and HVAF coatings. The areas

in which EDS measurements are carried out are shown in

Fig. 4(a) and (c). It should also be noted that these are

small areas so that the surrounding microstructure is also

detected. At these locations, which appear darker in the

BSE-SEM images, due to Z-contrast, increased oxygen and
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aluminum values can be detected (see Fig. 4b and d). This

may indicate the presence of aluminum oxide. It is

assumed that an oxide layer is formed around the particles

during the coating process, especially during particle flight.

In addition, oxidation of the substrate or coating surface

may also occur. With the VPS coating, however, oxidation

occurs between the individual coating layers (see Fig. 4e, f

and 6.

This indicates that the main oxidation takes place

between the individual coating cycles and not during the

Fig. 4 BSE-SEM images of the coatings produced using different coating processes, with marked EDS analysis areas: (a) CGS, (c) HVAF, and

(e) VPS, along with the corresponding spectra: (b) CGS, (d) HVAF, and (f) VPS

J Therm Spray Tech

123



particle flight. This cannot be proven for the CGS and

HVAF coatings, as the application per transition is too low

and no individual layers are discernible.

Grain Structure of the Microstructure

The grain structure is particularly important for the sub-

sequent planned directional recrystallization. It is necessary

to have a fine microstructure, as this increases the driving

force for grain growth. This is intended to subsequently

convert the fine-grained microstructure into a columnar or

single crystal microstructure. The grain structure of the

coatings is influenced by the different processing condi-

tions. For this reason, electron backscatter diffraction

(EBSD) analyses were performed on the coatings. The

EBSD data are presented in Fig. 7.

Notably, the color-coded IPF-Z map (building direction)

of the CGS sample (Fig. 7a) shows many black regions.

Fig. 5 BSE-SEM image of the TCP phases in the VPS coating: (a) at the coating surface and (b) at the interface to the substrate

Fig. 6 EDS analysis between two layers of the VPS sample with the analyzed area and the element mappings for oxygen and aluminum
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These are also present, though in much smaller quantities,

in the HVAF sample (Fig. 7b). These areas can be

explained by the coating formation processes of the two

methods. The solid particles are primarily deformed at the

edges, while the core remains largely unchanged. There are

two possible reasons for the lack of signal in the highly

deformed regions. First, dynamic recrystallization may

have occurred as a result of severe plastic deformation (Ref

53). Dynamic recrystallization can lead to the formation of

a fine nanocrystalline structure, with grain sizes falling

below the step size and resolution limits of the EBSD

detector. Second, the high dislocation density in these areas

could significantly hinder EBSD detection. The IPF map of

the samples shows a random texture, i.e., no preferred

orientation of the grains. For HVAF, it is also possible that

the rapid cooling of the molten and semi-molten particles

on the substrate contributes to the fine structure. Addi-

tionally, both coatings exhibit low-angle grain boundaries,

which could originate from deformation during the depo-

sition process. This is supported by the observation of

gradual orientation changes within individual grains in the

IPF maps. The VPS coating (Fig. 7c, d) exhibits a columnar

or column-like grain structure in certain areas, as reported

by Kalfhaus et al. (Ref 17). The grain sizes in the coating

vary significantly, as shown in Fig. 7(d). It is assumed that

the columnar grain morphology is caused by directional

heat dissipation through the substrate, but the overall tex-

ture is weak due to the random orientation of individual

splats and the overlapping growth of multiple deposition

layers.

Figure 8 shows the interface between the coating and the

substrate for the VPS coating. As reported by Kalfhaus

et al. (Ref 17), epitaxial growth occurs in certain areas due

to the high substrate temperature. The red color of the

Fig. 7 Color-coded EBSD IPF-Z map: (a) CGS, (b) HVAF, (c) VPS and (d) VPS at a lower magnification

Fig. 8 Color-coded EBSD-IPF-Z map of the VPS interface, black

arrows indicate epitaxially grown grains

J Therm Spray Tech

123



substrate confirms the [001] orientation of the single-

crystal substrate. Epitaxially grown grains can be identified

in the IPF-Z map of the sample by the same color. Some of

these grains extend several micrometers (up to 5 lm) into

the coating. It is assumed that these grains have grown over

multiple splats. Such epitaxial growth can enhance adhe-

sion to the substrate by providing a continuous crystallo-

graphic interface with fewer high-angle grain boundaries,

thereby improving, for example, load transfer and reducing

potential crack initiation sites. This demonstrates that

plasma preheating can achieve microstructures (porosity,

oxygen content, epitaxial areas) comparable to substrate

heater preheating, as used by Kalfhaus et al. (Ref 17).

Comparison of Residual Stresses

This section provides a detailed investigation of the

residual stress states in the coatings using the incremental

hole-drilling method. The investigation of residual stresses

is crucial, as the stresses can contribute significantly to the

formation of cracks or delamination of the coatings. The

residual stress states in the coating systems differ, due to

the different processing conditions, such as particle states

and coating process. To ensure better comparability of the

results an identical substrate pre-treatment was applied for

all processes. Since laser texturing was identified in pre-

vious studies as the only viable pre-treatment for HVAF,

this pre-treatment was also applied for the other processes.

Additionally, the commonly used substrate pre-treatments

for CGS (grinding) and VPS (polishing) were examined to

enable a comprehensive comparison.

Figure 9 illustrates the residual stress profiles over the

coating thickness for the different processes, derived from

the measured strain relaxations. It is important to note that

the stress values near the surface are subject to uncertain-

ties due to the pronounced surface topography of the

sprayed coatings. In general, it can be observed that the

profiles of the two stresses (ra and rc) align well, indi-

cating an axisymmetric in-plane stress state. Both the CGS

and HVAF coatings exhibit compressive residual stresses,

which can be explained as follows. In the CGS process,

there are typically no molten particles. Moreover, the

results from single-splat analyses revealed that in HVAF,

only a few particles are fully molten. Thus, in contrast to

the high-temperature thermal spraying processes, quench-

ing stresses—which would result in tensile residual stres-

ses—are not predominantly expected. Instead, in both

processes, the relatively solid particles impact the surface

at high velocity, resulting in high kinetic energy. This leads

to plastic deformation, generating in-plane compressive

residual stresses within the coating (Ref 54, 55). The

highest compressive residual stresses are found in the near-

surface region, which decrease across the coating thickness

and are eventually balanced by tensile residual stresses.

The reason for this trend might be explained by the

dynamic bending of the sample during the continuous

coating process. The curvature increases with each applied

layer, which further deforms the existing layers (Ref 56).

This deformation leads to lower compressive residual

stresses in the deeper layers, thus causing the observed

increase in surface stress. Additionally, the manner in

which the sample is clamped may also influence the out-

come. This effect is expected to be less pronounced, with

increasing substrates thickness. However, it is clear that

compressive residual stresses are present in both kinetic

processes. Despite a slight deformation of the samples, the

results remain comparable and reflect conditions that are

also present in a real-world application. Consequently, the

measured residual stress as a function of depth represents a

crucial process parameter, as it provides valuable insight

into the evolution of residual stress profiles under these

specific conditions. The HVAF coating exhibits compres-

sive residual stresses of approximately 500–600 MPa,

which are higher than those observed in the CGS coatings,

measured at around 400 MPa. A possible reason for this is

the higher average particle velocity achieved in HVAF.

This higher velocity leads to increased kinetic energy of the

particles, which, in turn, results in higher compressive

residual stresses in the coating (Ref 57, 58). However, the

particle temperature is also higher in the HVAF process,

which leads to greater deformability of the impacting

particles and, thus, might diminish the peening effect, and

therefore the compressive residual stresses in the coating.

Additionally, dynamic recrystallization may also play a

role in reducing residual stresses in both processes,

although this effect is likely more pronounced in HVAF

due to its higher overall temperatures. Therefore, higher

compressive residual stresses would be expected for CGS.

It is likely that, as discussed in in a previous paper (Ref 42),

crack formation in the brittle powder and the chipping off

from many particles in the CGS process leads to a release

of the stresses. This is underscored by the low DE observed

for the CGS.

In contrast, the VPS coatings show a near stress-free

state with a slight amount of tensile residual stresses.

Typically, tensile residual stresses arise in coatings from

thermal spraying processes due to quenching of the indi-

vidual splats on the cold substrate. Owing to the elevated

average substrate and coating temperatures, which exceed

1000 �C, the cooling rate is comparatively slow. These

high temperatures enable partial relaxation of residual

stresses, resulting in the coating being either nearly stress-

free or experiencing only minimal tensile residual stress. At

the process temperature of approximately 1072 �C, the

yield strength of CMSX-4 decreases considerably, allow-

ing for immediate plastic deformation that alleviates
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quenching-induced stresses. The substantial atomic

mobility at this temperature is further demonstrated by the

epitaxial growth present at the coating–substrate interface,

as noted in the microstructural analysis. This observation

suggests that diffusion processes are sufficiently rapid to

permit atoms to align into a low-energy, coherent lattice,

thereby preventing significant accumulation of residual

stresses. There is no significant difference observed for the

surface pre-treatments in CGS and VPS.

Comparison of Adhesion Strength

This section discusses the results of the adhesion strength

of the coatings. As previously mentioned in relation to the

residual stress analyses, the same substrate pre-treatment

was applied to all coatings. Furthermore, the specific sub-

strate preparations for CGS and VPS were also investi-

gated. Figure 10(a) shows the average adhesion strength

measured on three samples each. Initially, the dummy

samples reveal that the adhesion strength specified by the

manufacturer as 100 MPa was not achieved. This could

possibly be due to insufficient heating rates, which may

have caused premature curing of the adhesive. The dummy

experiments also show a deviation of approximately

20 MPa. This discrepancy can thus be treated as the

experimental error between measurements. Potential

effects on tensile adhesion results can arise from slight

sample curvatures, which cause a non-uniform adhesive

Fig. 9 Residual stress depth

curves determined using the

incremental hole drilling

method: (a) CGS laser textured,

(b) CGS grinded, (c) HVAF

laser textured, (d) VPS laser

textured and (e) VPS polished
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bond line. This inconsistency in the bond can compromise

the integrity of the adhesion and consequently lead to

skewed tensile test values.

By comparing the adhesion strengths of the different

processes using the same substrate pre-treatment, it is

evident that adhesive failure occurred (Fig. 10b) in both the

CGS and VPS samples, as their adhesion strengths sur-

passed that of the adhesive. Therefore, no conclusion can

be drawn regarding which of the two processes exhibits

higher adhesive fracture. Only the HVAF samples showed

significantly lower adhesion strength, with an adhesion

failure occurring at the interface between the substrate and

the coating. This can be explained by the higher level of

compressive residual stresses in the HVAF coating

observed from the incremental hole-drilling method, which

indicates a higher level of stored elastic energy in the

HVAF coating. When the critical energy release rate of the

interface is exceeded, delamination occurs.

A comparison of the two pre-treatment methods for

CGS reveals nearly identical adhesion strengths, both

resulted in adhesive failure. Therefore, it is not possible to

draw any conclusions regarding the impact of the substrate

pre-treatment on the outcome. In contrast, the adhesion

tests on the polished VPS samples revealed a wide varia-

tion in the results, as indicated by the large error bar. Two

samples showed adhesive failure, with one already failing

at approximately 55 MPa.

The dummy sample in this series showed an adhesion

strength of 76 MPa, which was also reached by the second

sample with adhesive failure. One possible cause for these

deviations could be the non-coaxial bonding of the stamps,

leading to an uneven load distribution. The third sample in

this series showed an adhesion failure between the coating

and the substrate, resulting in an adhesion strength of only

40.8 MPa. A closer examination of the fracture surface

(see Fig. 11b) indicates that adhesive likely penetrated

between the coating and the substrate. Since the sample

holder in the VPS test applies force from the side, partial

detachment of the coating may occur when releasing the

samples from the holding jaws, as visible in Fig. 11(a).

Fig. 10 (a) Adhesive strengths of the coatings produced by CGS

(polished and laser textured), HVAF (laser textured), and VPS

(polished and laser textured), additionally the respective dummy

samples of the individual test runs are shown on the right in light

gray, which serve as reference values and (b) the exemplary stamp

surfaces of the different tests, which show the different types of

failure
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This leads to the adhesive running between the coating and

the substrate during the bonding of the sample with the

stamps, which can weaken the adhesion.

These results are also reflected in the trial where 2 mm

thick coatings were produced using different processes. For

the HVAF coatings, delamination during spraying occurred

when a coating thickness of approximately 1.2 mm was

achieved. The CGS coating delaminated after reaching a

thickness of about 1.5 mm. Only with VPS was it possible

to produce 2 mm thick coatings. The underlying reason is

that an increase in coating thickness leads to an increased

level of stored elastic energy. This energy eventually

causes delamination once the interfacial strength is

surpassed.

The reason for the delamination in the HVAF coatings is

likely due to the highest compressive residual stresses

present in these coatings during deposition, which led to

the earliest failure. In contrast, for CGS, it can be assumed,

based on the low deposition efficiency and findings from

paper (Ref 42), that continuous stress relaxation occurs

during the coating process. This results in the detachment

of particle fragments early on. Eventually, the remaining

coating exceeds the critical energy release rate and

delaminates as well. Additionally, dynamic recrystalliza-

tion may contribute to a reduction of residual stress levels,

and therefore a better adhesion. On the other hand, as VPS

coatings are almost entirely free of residual stresses, the

stored elastic energy is minimal, making it the most

stable in terms of coating thickness. Moreover, by seam-

lessly extending the substrate’s crystal lattice, epitaxially

grown grains improve thermal spray adhesion by forming a

strong metallurgical bond and reducing defects at the

interface.

Conclusion and Outlook

This study presents a comprehensive comparison of three

thermal spray coating processes—CGS, HVAF, and VPS—

evaluating their suitability for repair applications. The

investigation focused on particle characteristics,

microstructural properties, and mechanical performance.

The conclusions presented here are most directly applica-

ble to the specific process parameters and geometric con-

ditions of this study, including the 3 mm thick substrates

and coating thicknesses of approximately 500 lm.

Analysis of particle states revealed distinct process

conditions. HVAF achieved the highest particle velocities,

while VPS produced the highest temperatures leading to

complete particle melting. CGS maintained the lowest

particle temperatures without melting. These variations

were evident in single-splat experiments, where CGS par-

ticles largely retained their initial compact form and

deformed into flattened, disk-shaped particles upon impact,

HVAF particles showed mixed states, and VPS produced

fully molten splats with fine spatters.

Fig. 11 (a) Coated VPS adhesive tensile test specimen with detached

layer in the area where the specimen is clamped during the coating

process and (b) VPS specimen after the adhesive tensile test with an

adhesion fracture and the areas where the adhesive has run between

the layer and substrate marked with red arrows (Color figure online)
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Microstructural analysis demonstrated lowest porosity

values (0.6-0.7 %) for CGS and VPS, while HVAF

exhibited 1.8 % porosity. All coating variants contained

aluminum oxides, with VPS showing lowest oxygen con-

tent due to vacuum conditions; moreover, the oxides in

VPS were found between the coating layers. EBSD anal-

ysis revealed nanocrystalline regions in CGS and HVAF

coatings, while VPS coatings displayed columnar grain

structures with epitaxial growth at the substrate interface.

Regarding residual stress states for the given test setup,

CGS and HVAF coatings revealed compressive residual

stresses due to peening effects, while VPS coatings

remained nearly stress-free. Adhesion strength testing

showed superior performance for CGS and VPS coatings,

when compared to HVAF. Thickness limitations became

apparent in 2 mm coating attempts, with HVAF and CGS

experiencing delamination at 1.2 mm and 1.5 mm respec-

tively, while VPS successfully achieved 2 mm thickness

under the given conditions. The findings suggest that VPS

may be the most suitable process for larger area repairs, as

other methods could lead to premature coating delamina-

tion. However, the inhomogeneous grain size distribution,

especially the presence of larger grains, could pose a sig-

nificant challenge for the planned directional recrystal-

lizations, as a finer microstructure provides a higher driving

force for grain growth.
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