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• Vacuumplasma spray is used for the de-
position of CMSX-4 powder on heated
single crystalline CMSX-4 substrates.

• Coatings with different spray parame-
ters were produced to identify the con-
dition for optimum mechanical
properties.

• A HIP is used to promote grain growth,
decrease the porosity and achieve the
desired microstructure.

• The microstructure of the interface re-
gion and the coating was characterised
in the as-spayed and the HIP condition.
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Turbine blades in aviation engines and land based gas-turbines are exposed to extreme environments. They suf-
fer damage accumulation associated with creep, oxidation and fatigue loading. Therefore, advanced repair
methods are of special interest for the gas-turbine industry. In this study, CMSX-4 powder is sprayed by Vacuum
Plasma Spray (VPS) on single-crystalline substrates with similar compositions. The influence of the substrate
temperature is investigated altering the temperature of the heating stage between 850 °C to 1000 °C. Different
spray parameters were explored to identify their influence on the microstructure. Hot isostatic pressing (HIP)
featuring fast quenching rates was used to minimize porosity and to allow for well-defined heat-treatments of
the coatings. The microstructure was analysed by orientation imaging scanning electron microscopy (SEM),
using electron backscatter diffraction (EBSD). The effects of different processing parameters were analysed re-
garding their influence on porosity and grain size. The results show that optimized HIP heat-treatments can
lead to dense coatings with optimum γ/γ′ microstructure. The interface between the coating and the substrate
is oxide free and shows good mechanical integrity. The formation of fine crystalline regions as a result of fast
cooling was observed at the single-crystal surface, which resulted in grain growth during heat-treatment in ori-
entations determined by the crystallography of the substrate.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The hot sections of aircraft engines and stationary gas turbines are
exposed to extreme environments, where high temperature creep and
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Nominal compositions in wt% of the alloys used in the present work. The powders were
made of the alloy referred to as CMSX-4. The substrate consisted of the alloy referred to
as ERBO/1.

Alloy Composition (wt%)

Cr Co Mo Al Ti Ta Hf W Re Ni

CMSX-4 (powder) 6.5 9.8 0.62 5.7 0.97 6.4 0.086 6.4 2.8 bal.
ERBO/1 (substrate) 6.5 9.6 0.6 5.7 1.0 6.5 0.1 6.4 2.9 bal.
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fatigue caused by static and alternatingmechanical and thermal stresses
drive elementary damage processes which govern the exploitable life of
high temperature components. Themost critical high temperature com-
ponents in gas turbines are turbine blades, which are often made of
single-crystalline nickel-based superalloys [1,2]. High costs associated
with a replacement of single-crystal turbine blades make repair proce-
dures attractive. When new material is added by coating procedures,
it is important that the added material is well bonded and has similar
mechanical features as the substrate. Ideally, the repaired parts should
show similar material properties and performance parameters as the
original turbine blades prior to service exposure.

There are four key criteria which lead to a rejection of first stage
blades during an engine inspection: The presence of cracks, dimensional
discrepancies, local hot corrosion attack and high accumulated creep
strains [3]. The hottest section of a turbine blade is its trailing edge,
where reactions with the combustion gas promote hot-gas corrosion
and oxidation [4].

New repair techniques like laser processing are attractive for the re-
pair of single-crystalline materials [5–10]. They use superalloy powders
which are heated andmelt/solidify at the substrate surface. The process
parameters which control themelt pool can be optimized to enforce ep-
itaxial crystal growth [8]. While preliminary results are promising, cer-
tain issues remain to be solved, which are associated with thermal
gradients, residual stresses and crack formation [5,7].

Plasma spray processes might also be attractive repair techniques,
which yield coatings with well-defined microstructures and desired
coating thicknesses. They are widely used e.g. for bond coats [11,12],
top coats of thermal barrier coating systems in turbine engines [13,14]
and wear protection [15]. Detailed publications on the effect of plasma
spray-based repair processes on the microstructures of turbine engine
parts are however rare. One detailed study was published by Okazaki
et al. [16] who investigated the loss/redistribution of alloy elements as-
sociated with high temperature coating of superalloy CMSX-4.

Within the different thermal spray techniques a promising method
for the repair of superalloys is especially vacuum plasma spraying
(VPS), where a plasma jet is generated by a direct current (DC) plasma
torch and the plasma gas usually consists of argon and other secondary
gases (hydrogen, nitrogen, helium). The metal powder is injected by a
carrier gas (argon) into the plasma, where it immediately melts at tem-
peratures between 8000 and 10,000 K [17]. The droplets are then accel-
erated towards the substrate surface. A melt pool does not form due to
the rapid solidification of the liquid droplets [18]. To lower the oxygen
content in the coatings, the process is conducted under controlled Ar at-
mosphere, at low pressures of about 60mbar in a vacuumchamber [19].
When the small droplets clash onto the surface, they solidify and form
flat material regions which are referred to as splats. Thus a VPS coating
is built up from splat layers. The formation of a splat is a complex pro-
cesswhich cannot be directly observed. However, itwas experimentally
shown that higher impact velocities result in lower splat thicknesses
[20] and that splat adhesion can be improved with higher substrate
temperatures [21]. Asmaterial is sprayed onto the substrate, internal in-
terfaces are created, between the substrate and the splats of the first
layer, and between the subsequent splat layers. Oxidation can occur at
these interfaces and pores can form there [22].

The spatial distribution of particles, often called footprint, impacting
on the surface often shows a Gaussian like shape. The bead is formed
with a movement of the torch at a relative velocity to the substrate.
The bead height (hb) and width (w) depend on the spray parameters.
The overlapping beads form the first spray layer of the coating [17].

Campbell et al. [23] described a VPS repair process for CMSX-4. They
used indentation data to retrieve mechanical input data for calculations
with the finite element method (FEM), to obtain stress-strain data for
the coating material, in the as-sprayed and annealed condition. Their
heat-treatment was not sufficient to decrease the porosity. The high
quenching rate resulted in an equiaxed grain structure without the for-
mation of detrimental topologically close-packed phases (TCP) at grain
Please cite this article as: T. Kalfhaus,M. Schneider, B. Ruttert, et al., Repair
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boundaries. The annealing caused a softening of the material. The com-
bined indentation/FEM-method proposed by Campbell [23] has a con-
siderable potential to replace conventional uniaxial testing for
materials and coatings.

It has been reported, that the substrate temperature during plasma
spraying has a strong influence on the kinetics of the solidification of
droplets [21,24–29]. Yoa et al. [24] investigated the epitaxial growth of
molten TiO2 on rutile TiO2 and on α-Al2O3 substrates during APS. They
found that this particular growth was significantly influenced by in-
creasing deposition temperatures, and that a minimum temperature
of 500 °Cwas needed to successfully apply themethod. Rapid solidifica-
tion leads to the formation of epitaxial material regions on 〈100〉 ori-
ented substrates.

Yang et al. [26] showed that it is possible to promote epitaxial
growth on preheated substrates using atmospheric plasma spraying
(APS). They used single-crystal α-alumina substrates, preheated to
900 °C and deposited single alumina droplets. Transmission electron
microscopy (TEM) investigations showed that the splats exhibited the
crystalline structure of the substrates in [001] and [110] orientation.
Jiang et al. [25,29] investigated the effects of substrate temperatures
on the splat formation of molybdenum and yttrium-stabilized zirconia
(YSZ) using plasma spraying. They showed that increased substrate
temperatures result in a change of splat morphology from highly
fragmented to disc-like.

Higher temperatures lead to a decrease in porosity and result in
higher bonding strength between the layers of the coating. Sampath
et al. [21] compared splat formation under conditions of VPS and atmo-
spheric plasma spraying. After VPS processing, splats are flatter and
more widely spread as compared to APS. Higher particle velocities and
the absence of oxidation during VPS result in heterogeneous nucleation
of columnar grains with a 〈100〉 growth texture within the splats. Crys-
tallographic textures in plasma-sprayed coatings were investigated by
Shinoda et al. [27] who used electron-backscatter diffraction (EBSD).
They deposited nickel by APS on polished and preheated (500 °C) stain-
less steel substrates and found a 〈100〉 texture, which they explained on
the basis of the preferential growth in this direction for cubic materials
[21]. Kovarik et al. [30] investigated the influence of substrate tempera-
tures on the properties of APS and VPS tungsten coatings. Their results
indicate that changing the substrate temperature results in different
splat morphologies, grain sizes and intersplat sintering.

These previous studies suggest that there is an advantage of using
VPS over APS, and that one can optimize coating microstructures by in-
creasing substrate temperatures and thus obtain textured coatings
which have a good compatibility with the single-crystalline substrate.

Recently, it has been shown [31–34] that heat-treatments using HIP
can recover microstructural creep damage and restore initial high tem-
perature strength of crept material states. This rejuvenation heat-
treatment as a part of the blade refurbishment procedure eliminates
processing and creep porosity from the microstructure. An optimized
HIP heat-treatment can also improve the mechanical properties of the
coatings by lowering the porosity [35] and optimizing the grain mor-
phology and the γ/γ′microstructure. In summary, existing information
in the literature suggests that VPS repair of single-crystalline substrates
in combinationwith a subsequentHIP heat-treatmentmerits further at-
tention in single-crystalline turbine blade technology.
of Ni-based single-crystal superalloys using vacuumplasma spray, Ma-
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Table 3
Specimens investigated in the present work together with the corresponding spray
parameters.

Sample
code

Plasma
power
(kW)

Powder
feeding
rate (%)

Stand-off
distance
(mm)

Scanning
speed
(mm/s)

Substrate
T (°C)

O2

content
[wt%]

A1 47 4 300 100 1000 0,0573
A2 46.9 4 300 250 1000 0,0740
A3 46.8 4 300 500 1000 0,2056
A4 51.1 4 300 500 1000 0,3884
A5 47 4 275 500 1000 0,1031
A6 46.9 4 250 500 1000 0,1309
A7 46.9 8 300 500 1000 0,1114
A8 47 12 300 500 1000 0,0441
B1 46.1 15 275 440 850 –
B2 46.2 15 275 440 900 –
B3 46.4 15 275 440 950 –

Table 2
Size parameters characterizing the particle size distribu-
tions for thepowder used for spraying (Dx indicate particle
size for which x% are below this value).

Geom. average 38,5 μm

D10 27,7 μm
D50 39,7 μm
D90 55,5 μm
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In the present study a blade refurbishment procedure including VPS
and subsequent HIP heat-treatment is explored. CMSX-4 powder was
deposited by VPS on polished single-crystalline ERBO/1 substrate
(CMSX-4 type material) [36,37]. The coatings were characterized
using laser microscopy, energy-dispersive X-ray spectroscopy (EDS),
and orientation imaging scanning electron microscopy (SEM/EBSD).
The effects of different processing parameters including the substrate
temperature, the plasma power, the spray distance, the scanning
speed and the powder feeding rate were investigated with a focus on
the resulting microstructures. In addition, a heat-treatment under hy-
drostatic pressure was performed using HIP. The porosity and grain
size of the VP sprayed and HIP heat-treated samples were analysed
and compared.

2. Experiments

2.1. Material and specimen production

The substrates and the powder were obtained from a CMSX-4 type
alloy. Table 1 shows the compositions of both alloys, that were mea-
sured by inductively coupled plasma mass spectrometry (ICP-MS)
[34]. Both alloy compositions fall in the compositional range specified
for CMSX-4. The ERBO/1 substrates were in a solution annealed state
and had a 〈001〉 crystal orientation. All details describing the heat-
treatment and the microstructure of ERBO/1 have been published else-
where [31,37,38]. The CMSX-4 powder was produced by gas atomiza-
tion in Ar atmosphere by TLS Technik GmbH & CO Spezialpulver KG
(Bitterfeld-Wolfen; Germany) and vibration sieved to a size of 25–50
μm. The particle size distribution was measured by a laser diffraction
particle size analyser LA-950 from HORIBA (Kyoto; Japan) and the re-
sults are presented in Table 2. A SEM picture of the powder particles is
presented in Fig. 1. The oxygen contents of the powder and samples
A1–A8 were measured using a Leco TCH600 (St. Joseph; USA) with a
precision of 0.025 ppm. The measured oxygen content of the CMSX-4
Fig. 1. SEM-image (secondary electron) of CMSX-4 powder particles taken at an
acceleration voltage of 8 kV.

Please cite this article as: T. Kalfhaus,M. Schneider, B. Ruttert, et al., Repair
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powder was 0.032wt%. The oxygen content is connected to the appear-
ance of alumina within the coating and the surface of the powder. Sato
et al. [39] confirmed that a compact alumina layer forms at tempera-
tures above 1000 °C and proved its stability using anEllinghamdiagram.
From a thermodynamic point of view, Al2O3 already forms at oxygen
partial pressures around 10−35 atm [40].

The samples were manufactured with an Oerlikon Metco AG
(Pfäffikon, Switzerland) Multi Coat VPS-system, using a F4VB spray
gun with a 7 mm nozzle diameter. The plasma power of the spray
gun, the powder feeding rate, the stand-off distance between the
spray gun and the sample and the scanning speed of the spray gun
have major influences on the coating formation. Therefore, those pa-
rameters were varied to reveal their influence in matters of porosity,
grain size and oxygen content of the coatings. This will be discussed in
Section 3.2. These relevant spray conditions are summarized in
Table 3. The powder was injected radially from the bottom into the
plasma jet. The chamber pressure was at 60mbar argon and the plasma
gas consists of 10 normal litres per minute (NLPM) hydrogen and 50
NLPM argon for type A samples and 9 NLPM hydrogen and 50 NLPM
argon for type B samples. The hydrogen level for the type A samples
was higher to slightly increase the gun power.

The dimensions of the substrates were 32 × 20 × 2.5 mm3. The sub-
strate contained a 1.1 mm diameter hole which allows us to bring an S-
type thermocouple in direct contact with the sample. The samples were
cut by electro discharge machining and the surface was ground and
polished, in the final stepwith a 1 μmdiamond paste. The resulting sur-
face roughness of Ra ≤0,02 μm was measured with a Cyberscan CT350
from cyber TECHNOLOGIE (Eching; Germany) according to DIN EN ISO
4287. The substrate was heated to the target temperature using a
Fig. 2. Heating stage for temperatures up to 1000 °C used during the VPS process.

of Ni-based single-crystal superalloys using vacuumplasma spray, Ma-
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Fig. 3. Temperature profiles recorded during a two-step HIP treatment. First step: 100 MPa and 1310 °C for 2 h followed by fast quenching. Second step: 100 MPa and 1140 °C for 4 h
followed by fast quenching.
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1 kW electrical resistance heater from BACH Resistor Ceramics GmbH
(Werneuchen; Germany) which was controlled by a Jumo (Fulda;
Germany) LR 316 laboratory controller in a desk-top case. The temper-
ature during deposition was logged by an ALMEMO 2690 system
manufactured by Ahlborn (Holzkirchen; Germany). Fig. 2 depicts the
setup of the heating stage with a customised insulation manufactured
by DOTHERMGmbH&Co. KG (Dortmund; Germany) and a SiC plate be-
tween the heater and the sample to reduce temperature variations. The
housing protects the heater and its connections and the thermocouple.
The degree of substrate oxidation during the initial heatingwas reduced
by optimizing the heater control settings and the scanningmovement of
the plasma plume over the sample surface. The hydrogen content in the
plasma provided a reducing atmosphere which also counteracted
oxidation.
Fig. 4. Using confocal laser microscopy to characterize porosity in sample A7. Left side of image
image for digital image analysis.
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2.2. Hot isostatic pressing and aging

Hot isostatic pressing was carried out in a HIP unit of type QIH-9
from Quintus Technologies AB (Västeras; Sweden). This HIP unit allows
for controlled cooling, and, if needed, ultra-rapid quenching (URQ) [41].
In the present study combined heat-treatments under a hydrostatic
pressure were performed.

The solution heat-treatment of the CMSX-4 type single-crystal Ni-
base superalloy ERBO/1 was integrated into the HIP treatment in this
work. All details regarding the conventional solution heat-treatment
and the subsequent aging have been described elsewhere [37]. The
HIP-solution-heat-treatment consisted of a 2 hour exposure under an
Ar-pressure of 100 MPa at a temperature 1310 °C in a two zone Mo-
furnace, followed by ultra-rapid quenching. The first step of the
: Experimental image. Right side of image: Experimental image transformed into a binary
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Fig. 5. SEM results from specimens after spraying and after spraying/HIP. SEM performed at an acceleration voltage of 8 kV (BSE). (a) to (c) Specimen A6. (a) Overview SEMmicrograph of
interface region after spraying. Top: Coating. Bottom: SX substrate. (b) Area highlightedwith a black rectangle in panels a and c at highermagnification. The lower dashed line shows the
substrate/coating interface. The upper dashed line indicates a splat/splat interface. Dotted line shows a grainwith a slightmisorientation. (c) Colour coded EBSD information on the region
between the two horizontal dashed lines in panel a. (d) to (g) SpecimenA6 after heat-treatment (d) SEMmicrograph taken after spraying andHIPing. Two regions are highlighted byblack
squares. (e) and (f) Regions highlighted inpanel d at highermagnification. (g) Colour coded EBSD information from the region between the twodashed lines in panel d. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subsequent precipitation heat-treatment (aging) was performed at
1140 °C for 4 h and an Ar-pressure of 100 MPa. The temperature and
pressure profiles recorded during the experiments are shown in Fig. 3.
The second precipitation heat-treatment (aging) step at 870 °C for
16 h, was carried out with all samples in a furnace under Ar-
atmosphere.
Fig. 6.TCPphase information on four precipitates from theHIPed sampleA3. (a) Position of four
+-sign on the right) and of the four precipitates in the structure map.

Please cite this article as: T. Kalfhaus,M. Schneider, B. Ruttert, et al., Repair
terials and Design, https://doi.org/10.1016/j.matdes.2019.107656
2.3. Microstructural examination

The porosity of all samples was characterized using a confocal laser
microscope Keyence (Osaka; Japan) VK-9710 with a wavelength of
408 nm in combination with quantitative image analysis. For each
sample, seven micrographs were taken at a 50× magnification. The
preticipates in a SEMmicrograph (BSE). (b) Composition of CMSX-4 (average composition:

of Ni-based single-crystal superalloys using vacuumplasma spray, Ma-
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Table 4
EDS results for the four TCP phase precipitations shown in Fig. 6 (Specimen: A3).

Position Composition (at.%)

Al Cr Co Ni Mo W Re

1 0.5 19.4 20 25.1 2.3 12.5 20.2
2 0.8 22 19.1 24.7 2.5 11.5 19.3
3 1.3 18.3 19.1 30.9 1.8 10.8 17.8
4 1.3 20.5 18.7 27.6 2.2 11.2 18.5
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micrographs were analysed with Analysis Pro. The pixel size limits the
detectable pore diameter to about 0.2 μm. Fig. 4 shows the original mi-
crograph of specimen A7 from Table 2 together with the associated dig-
ital binary image, which was evaluated by the image analysis software.
SEM imaging and EDX/EBSD investigations were carried out on a Zeiss
Ultra 55 FEG-SEM (Oberkochem; Germany) equipped with an EDX
INCA and Crystal Analysis System from Oxford Instruments. Electron
backscatter diffraction measurements (EBSD) to analyse grain sizes
were performed on a scanning electron microscope (SEM) of type
Quanta FEI 650 ESEM (Hillsboro; USA) equipped with a Hikari XP cam-
era (EDAX, AMETEK). These measurements were performed using an
accelerating voltage of either 15 kV or 30 kV, a working distance of
15mm - 19mmand step sizes between 0.1 μmand 0.75 μm.Magnifica-
tions between 400 and 2000were applied, which results in inverse pole
figure (IPF) coloured maps with a resolution of 2048 × 1536 pixels.
Kikuchi patterns were indexed using the software TSL OIM (v. 6.2.0).
Grain sizes are expressed in terms of the equivalent circle diameter
(ECD), which was calculated from the measured areas of the grains in
the metallographic cross-section.

3. Results and discussion

3.1. Microstructural features of interfaces

All SEMmicrographs taken from interface regions in the as-sprayed
conditions for all type A samples (Table 3) look similar. As an example,
the SEM micrograph of sample A6 is shown in Fig. 5a. The polished
single-crystalline substrate contains irregular γ′ precipitates. A few sin-
gle splats are visible in the dense coating, which show intersplat poros-
ity and thin oxide scales. Fig. 5b shows the interface at a higher
magnification. A very fine dispersion of complex shaped γ′ particles
can now be recognized, which forms as a result of the slow cooling of
the sample after powder deposition in the VPS chamber.

The dashed lines at the bottom of the picture indicate the position of
the interface between the substrate and the coating. Above this inter-
face in a distance of 1 μm, one can recognize a thin intersplat pore.
The first splat that hit the substrate has a thickness of 1 μm. It is well
bonded and shows no obvious oxygen contamination. The dashed line
in the upper part of the picture indicates the position of an interface be-
tween two splats. The dashed lines in Fig. 5a highlight the regions from
Fig. 7. SEM results obtained at an acceleration voltage of 8 kV. (a) SEMmicrograph (BSE) wher
(b) and (c) Corresponding EDS spectra calculated based on 45,068 counts.
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where the EBSD map in Fig. 5c was obtained. The elongated grains on
the left side of Fig. 5c indicate columnar grain growth. Fig. 5b shows a
grain with a slight misorientation (marked by a dotted line). The grain
grew through the intersplat pore and the interface of the two splats.
The red colour of the substrate confirms the [001]-orientation of the
single-crystalline substrate and the epitaxial growth in sections of the
coating on the polished substrate (see colour coding in the IPF inset).
Since the height of this area is about 5 μm, several splats continued to
solidify in the [001] direction.

The recrystallization of the coating during the HIP heat-treatment
leads to grain growth and an equiaxed grain structure, Fig. 5d. During
the HIP treatment, the porosity decreases and fine oxide scales mark
the original splatmicrostructure. It is difficult to see the original splat in-
terfaces. These can only be recognized on the right side of the image, be-
cause they are marked by fine oxides. The EBSD results indicate the
crystal orientation and reveal a [001] direction of the grain with a trian-
gular shape and a maximum height of about 30 μm. It is assumed that
this grain grew from an area that nucleated at the substrate. Straight
grain boundaries indicate an energy minimum since the driving force
for grain growth in the absence of dislocations is only dependent on
the radius of the grain boundary [42]. Fig. 5e and f shows a coating/sub-
strate detail at a higher magnification. Both areas show the same γ′ vol-
ume fractions of about 75%, and in both cases the ordered cuboidal γ′
particles have an average edge length of 0,5 μm while the γ channels
have an average width of 100 nm [31]. An epitaxially grown coating
on a single-crystalline super alloy substrate, is expected to show good
adhesive strength.

Previous work on as-cast ERBO/1 [43] showed the formation of TCP
phases of μ, Laves and σ type in interdendritic regions. This is related to
the evolution of the local chemical composition during solidification
[44]. The σ phase precipitates dissolve during the HIP treatments of
cast ERBO/1 [43] after 32 h at 1000 °C, while the μ and Laves phase pre-
cipitates withstand 1200 °C over time periods of 8 h. As-sprayed CMSX-
4 also shows TCP phase precipitates, predominantly at grain boundaries
(see Figs. 5a and 3a in Campbell et al. [23]). These completely dissolve
after 6 h at 1315 °C and do not re-precipitate during ice water
quenching (Fig. 3b in Campbell et al. [23]), similar to the complete dis-
solution in cast ERBO/1 after 8 h at 1200 °C reported in [43]. This indi-
cates that the TCP phases dissolve during the solution annealing step
and form during the first and second aging step of the heat-treatment
as shown in Fig. 6a.

A closer look was taken at the TCP phase precipitates. In particular,
the local chemical compositions obtained by EDX (Table 4) are com-
paredwith the thermodynamic stability of TCP phases in bulkmaterials
of the same chemical composition, which are predicted using a struc-
ture map [45]. The structure map has been successfully applied to the
identification of TCP phase precipitates as has been previously described
[43,44]. The present structure-map analysis is shown in Fig. 6b. The
cross marks the composition of CMSX-4 in the structure map. We find
that the experimentally determined chemical composition of the TCP
e two alloy locations (1 and 2) and two oxides (3 and 4) are highlighted by white circles.
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Fig. 9. Influence of substrate temperature on porosity and grain size. Samples: B1–B3.

Fig. 8. Colour coded EBSDmaps illustrating the effect of a post-spray HIP treatment. The colour coding is defined in the IPDmaps in the upper right of the images. (a) As-sprayed coating.
Dashed lines help to appreciate the splat structure. (b) After spraying and HIP treatment. Twins are highlighted with dashed lines. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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phase precipitates in our samples are close to the regions of stability of
the μ and Laves bulk phases in the structuremap. Due to the small size of
the precipitates, themeasured chemical compositionsmay include con-
tributions from the matrix that would lead to a shift towards the nom-
inal chemical composition of CMSX-4. Therefore, the experimental
results are considered to be in line with the structure map analysis. A
TEM investigation of CMSX-4 produced by selective electron beam
melting revealed the presence of μ phase type precipitations on high
angle grain boundaries [46]. These results suggest that μ phase precipi-
tates are expected to form in sprayed CMSX-4 during HIP heat-
treatments.

To decrease the size of the interaction volume which emits X-rays
stimulated by electron bombarded during EDS analysis, the acceleration
voltage was lowered to 8 kV. Such measurements were performed for
the four positions highlighted bywhite circles in Fig. 7a. The EDS results
in Fig. 7b and c show for spectrum 3 and 4 high oxygen and aluminium
peaks. They confirm the presence of alumina in the coating, which re-
sults from a slight oxidation of the substrate surface or of the powder,
either due to a contamination of argon with oxygen or to a leakage of
the vacuum chamber vessel. The residual presence of oxygen is
unavoidable.

In Fig. 8 representative results from EBSD measurements are given.
Fig. 8a shows the microstructure in the as-sprayed condition of sample
B2. The dashed lines indicate the original positions of single splats
which form as the coating is built-up by VPS. Sampath et al. [21] ob-
served a similar texture of nickel deposits with a columnar microstruc-
ture in the core region of the splat. Even though the individual splat
might be textured, with many individual splats solidifying, the coating
microstructure develops no significant texture. After a HIP treatment
the microstructure changed, Fig. 8b. Grain growth is observed after
HIP treatment. Additionally, larger grains with coherent twins (twin
boundaries: Σ = 3) appear in the microstructure, which represents di-
rect experimental evidence for recrystallization.

3.2. Influence of spray parameters on microstructure

3.2.1. Porosity
The porosity is influenced by numerous spray parameters during

VPS coating. Figs. 9 and 10 show the influence of the substrate temper-
ature, the stand-off distance, the scanning speed, the powder feeding
rate and the power of the spray gun. The main reason for an increase
in porosity is the evolving splat structure, the solidification speed and
Please cite this article as: T. Kalfhaus,M. Schneider, B. Ruttert, et al., Repair
terials and Design, https://doi.org/10.1016/j.matdes.2019.107656
the dimension of the bead. The influence of the substrate temperature
is shown in Fig. 9. The porosity decreaseswith increasing substrate tem-
peratures, since the splats show more pronounced flattening on the
substrate. Smaller pores arise when solidification is slower, since the
time the material has a low viscosity is longer and porous regions can
be filled with material.

The influence of the remaining parameters is presented in Fig. 10.
The stand-off distance affects the dimensions of the bead and the parti-
cle temperature and velocity, Fig. 10a. The bead is in focus at rather
small stand-off distances with increased local temperatures and ex-
pands with larger distances. Low velocities and lower temperatures of
theparticleswith an increasing stand-off distance result inmore viscous
particles, faster solidification, a change in the splat morphology and
larger pores.

The scanning speed influences the thickness of the bead. More parti-
cles per area impact the substrate surface at slower scanning speeds.
Local temperatures of the substrate increase since a smaller area is ex-
posed to the same plasma power. As discussed above slow solidification
and a reduced viscosity result in less intersplat porosity, Fig. 10b.

The powder feeding rate has a similar influence on the bead. Higher
powder feeding rates result in more energy consumption of the plasma
power, since more mass per time is heated. Hence the powder temper-
ature decreases, the splat flattening is reduced and the porosity
of Ni-based single-crystal superalloys using vacuumplasma spray, Ma-

Image of Fig. 9
Image of Fig. 8
https://doi.org/10.1016/j.matdes.2019.107656


Fig. 11. Influence of bead height and Al2O3 content on grain size. (a) Schematic illustration of bead togetherwith arriving Al2O3 particles. (b) Colour coded EBSDmap showing large grains
for a large bead height (sample A8). (c) Colour coded EBSD map of sample A3, where grain sizes are small due to smaller bead heights. For details see text. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Influence of processing parameters on porosity and grain size of as-sprayed and sprayed/HIPed samples A1 to A8. (a) Stand-off distance. (b) Scanning speed. (c) Powder feeding
rate. (d) Gun power.
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increases, Fig. 10c. Local temperatures increase with higher powder
feeding rates.

As a result of an increased gun power, the particle temperatures in-
crease with a reduced viscosity, the solidification rate decreases,
resulting in smaller pores. As stated earlier under these conditions the
forming splat can more easily adapt to the substrate/coating profile
and the topography of the previous splat can be accommodated more
accurately leading to lower porosity levels, Fig. 10d.

Fig. 10 also shows results whichwere obtained after HIP treatments.
The high pressures during the heat-treatment lead to the closure of the
pores within the coating and a residual average porosity of only 0.21 ±
0.09 area %. This corresponds to an average porosity reduction of the
samples by 1.22 ± 0.24 area %. The porosity level of the HIPed coating
is therefore lower than the corresponding porosity level of as-cast
ERBO-1 (0.3%) [31].

A regression analysis for the as-sprayed porosity values shows a sim-
ilar significance for all processing parameters. The linear fit and a
standardisation of variables show the same influence of each spray pa-
rameter on the porosity.

3.2.2. Grain size
The variation of different parameters has a minor influence on the

grain size of the samples in the as-sprayed condition, Fig. 10. The sub-
strate temperature has the strongest influence on the solidification
speed of themolten droplets, Fig. 9. Rapid cooling and fast solidification
of the splats result in small grain sizes for a substrate temperature of 850
°C. An increase of the substrate temperature leads to aminor increase of
the grain size.

The average grain size for the as-sprayed coatings is 1.3 ± 0.1 μm,
Figs. 9 and 10. The HIP heat-treatment results in recrystallization and
growth of the grains to sizes larger than 5 μm. Smaller stand-off dis-
tances, slower scanning speeds and higher powder feeding rates result
in larger grains after the heat-treatment, Fig. 10. As discussed in the fol-
lowing, it is believed that the oxygen content (Al2O3) influences the
grain growth. Parameter settings that lead to large grains result in an in-
crease of the bead height (hb) and faster coating formation. Fig. 11a il-
lustrates the formation of the bead with a formation of Al2O3 on the
hot surface. Thicker beads expose a smaller surface area to the atmo-
sphere. Small aluminium oxide particles form even at low oxygen par-
tial pressures. They can enter the coating material and have the
potential to pin grain boundaries and thus slow down grain growth.
The oxygen contents of samples A1, A6 and A8 (Table 3) are reduced
in comparison to the standard sample A3 with a smaller hb. The EBSD
maps in Fig. 11c show that the thin layers of sample A3 with a higher
oxide content in comparison to sample A8 (Fig. 11b) reveal smaller
grains after the heat-treatment. This explains the evolution of the
large grain sizes with rather low scanning speeds, small stand-off dis-
tances and high powder feeding rates. Fig. 10 shows that an increase
in gun power decreases the grain size after the heat-treatment. Sample
A4 (Table 3) shows the highest oxygen content of all samples due to an
increased particle temperature and therefore faster oxidation.

The combination of high substrate temperatures, small stand-off dis-
tances, slow scanning speeds and low powder feeding rates should re-
sult in an increase of the grain sizes after the HIP treatment. Materials
with large grains show better creep properties since the grain bound-
aries represent weak links in the microstructure. The porosity associ-
ated with spraying can be removed by a HIP heat-treatment. An
analysis of the results obtained in the present work shows that all
spray/processing parameters can affect the microstructure. However,
the powder feeding rate and the spray distance have the strongest influ-
ence on the grain size which evolves during HIP exposure.

4. Summary and conclusions

In the present work the potential of vacuum plasma spraying (VPS)
as a possible repair technique for single crystalline nickel-based
Please cite this article as: T. Kalfhaus,M. Schneider, B. Ruttert, et al., Repair
terials and Design, https://doi.org/10.1016/j.matdes.2019.107656
superalloys is assessed, with a special focus on the substrate/coatingmi-
crostructures. From the results obtained in the presentwork, the follow-
ing conclusions can be drawn:

• It is beneficial to apply VPS repair coating layers to single-crystalline
nickel-based superalloy substrates at high substrate temperatures of
the order of 1000 °C.

• The evolution of microstructures in the substrate/coating regions
starts with the formation of splats (small crystallinematerial volumes
which form on the substrate surface by VPS deposition followed by
fast solidification). A subsequent HIP treatment results in epitaxial
grain growth in sections of the coating. The superalloy heat-
treatment can be integrated into the HIP procedure.

• The influence of different spray parameters such as substrate temper-
ature, stand-off distance, scanning speed, gun power and powder
feeding rateswere investigated. All parameters have a direct influence
on the bead properties and the splat formation, and thus govern the
evolution of the microstructure during vacuum plasma spray coating.

• As a result of a HIP heat-treatment, grains grow andpores shrink. A set
of optimum processing parameters which suppresses porosity and
promotes grain growth is thus expected to improve creep properties.

• HIP heat-treatments similarly affect the dissolution of TCP phase pre-
cipitates in sprayed and as-cast Ni-base superalloys.

• In summary, the combination of repair coatings produced by VPS and
an additional HIP heat-treatment is a promising refurbishment tech-
nique for single crystalline blades that show structural damages
where material is lost due to oxidation, erosion or dimensional dis-
crepancies after creep damage.
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