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Abstract Arc spraying is a cost-effective technology,
which is determined by a few key factors. It is already
established for corrosion protection of large structures and
thus considered for restoration of eroded ship rudders and
propellers by depositing typical propeller materials. The
main parameters like arc current, gas type/flow or process
kinematics strongly influence the residual stresses in these
coatings, which in turn affect coating properties. In past
investigations, it was shown that this impact could be
modified by using alternative gas mixtures or changing the
heat input in the process. However, the mentioned studies
neglect the influence of the substrate, since solely steel
substrates were used. In consequence, propeller alloys
CuAI9NiSFe4Mn (Ni-Al bronze) and CuMnl13Al8Fe3Ni2
(Mn-Al bronze) were now arc-sprayed onto bronze sub-
strates while using the same parameters and kinematics as
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in the past. For reproducible results, the residual stresses
within the coatings were measured by novel incremental
hole drilling method based on electronic speckle pattern
interferometry (ESPI) and correlated with the other coating
properties. In comparison with spraying onto steel, the
same conditions led to reduced Young’s moduli, lower
tensile stresses and improved cavitation erosion resistance,
while other properties like hardness and electrical con-
ductivity showed varying trends.

Keywords aluminum bronze - cavitation-resistant
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Introduction

Propellers of high-speed ships experience severe damages
by wear, which are mainly caused by corrosion and erosion
within aggressive saltwater and dissolved sediments. In
particular, cavitation erosion plays an important role
regarding erosion (Ref 1). The phenomenon is described as
the material loss due to the formation and collapse of vapor
bubbles by pressure oscillations on the corresponding
surfaces (Ref 2). In present, hydrodynamic calculations are
carried out in the design phase of ship construction to
improve propeller—rudder interactions and thus minimize
cavitation. Nevertheless, erosive damage to marine
propulsion components cannot be avoided completely
(Ref 3). Hence, expensive repairs of the strongly damaged
areas are mandatory. These are usually realized by build-up
welding and subsequent grinding work (Ref 1, 4).

Arc spraying on the other hand is a simple, very cost-
effective spraying technology and determined by a few key
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factors (Ref 5, 6). Since the technology is already estab-
lished for corrosion protection of large structures and on-
site repairs (Ref 7, 8), it is also considered for restoration
of eroded ship rudders and propellers (Ref 5, 9). Arc
voltage and current as well as gas flow, pressure and type
primarily affect the final coating quality (Ref 6, 10). In
addition, residual stresses in the coatings are strongly
influenced by these main parameters and the spray kine-
matics (Ref 9, 10).

Generally, residual stresses in thermally sprayed coat-
ings arise from the complex superposition of quenching,
cooling and other stresses, generated in the spraying pro-
cess and afterward (Ref 11-13). Quenching stresses mostly
occur in spraying technologies with high amounts of
thermal energy, which is the case for arc spraying. Initiated
by particle impingement during the coating process, this
stress component usually appears in tensile form. The
particles cannot contract freely in the short cool down
phase from the melting temperature due to the rigid sub-
strate surface (Ref 12-14). On the other hand, cooling
stresses originate from the thermal mismatch between
coating and substrate after the spraying process, which is
characterized by different coefficients of thermal expansion
(Ref 11, 13, 14). In this way, the cooling stresses cannot be
estimated in terms of their magnitude, but at least roughly
in terms of their tensile or compressive nature (Ref 15).
Varying quenching stresses are reported to dominate the
formation of residual stresses in arc-sprayed coatings,
although this might be modified by phase changes, e.g., due
to heat treatment (Ref 13, 16). Residual stresses in the
substrate induced by arc spraying are usually lower than by
plasma spraying, but partly show higher gradients in the
coatings (Ref 13). This is often attributed to a lower
Young’s modulus due to a higher porosity compared to
other spraying processes and a slightly higher coating
thickness (Ref 13).

However, when residual stresses are superimposed by
external stresses or coatings exceed a certain thickness,
further studies revealed enhanced coating delamination and
thus significantly reduced service lives (Ref 13), which
was validated by past own investigations (Ref 9). In this
study, the residual stress state within the coatings was
measured by incremental hole drilling method based on
electronic speckle pattern interferometry (ESPI). The non-
contact measurement method avoids the time-consuming
task of application, wiring and calibration of strain gages
on a specimen. Instead, the surface displacements are
optically detected utilizing characteristic speckle patterns.
These evolve by superposition of object beam and refer-
ence beam. By comparison of different sets of phase-shif-
ted images before and after the surface deformations
caused by the drilling process, it is possible to determine
their sign and size for each pixel. The subsequent analysis
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with an algorithm includes all pixels in a freely definable
ring-shaped area around the drilling hole, which is deter-
mined by an inner and outer integration radius. This results
in the visualization of the experimentally determined dis-
placements on the surface. Together with the elastic
material parameters, especially Young’s moduli and Pois-
son ratio, the stress values can be calculated by the soft-
ware (Ref 17, 18). Due to the over-determined nature
regarding the mathematical background, which is inherent
to the measuring method, an additional regularization
according to Tikhonov can be carried out or certain pixels
exceeding definable threshold values can be excluded from
the calculation. More detailed information of the mea-
surement technology is available in literature (Ref 17, 18).

Further findings of the mentioned past investigations
(Ref 9), revealed that the classic use of compressed air
(Ref 6) resulted on the one hand in large oxides inside the
coatings (Ref 9). This negatively affected cavitation ero-
sion resistance of the sprayed aluminum bronze coatings.
Furthermore, tensile residual stresses close to the coating
surfaces contributed to this material loss (Ref 9). Con-
trastingly, the use of inert gases or mixtures leads to
improved coating qualities (Ref 6, 19, 20). Coatings
sprayed using the same materials, parameters and kine-
matics like in Ref 9 but with a mixture of nitrogen and
hydrogen, confirmed these assumptions. The full outcomes
are fully described in another own paper (Ref 21). Some of
the results recognized were increased cavitation erosion
resistance and consequently coating cohesion as well as
less residual stresses. Additionally, the change of atomiz-
ing gas diminished the impact of the quenching stresses on
the coating properties. Additionally, examination of the
variation in heat input by the change in spray pattern in
Ref 22, using the same setup again, revealed reduced
thermal loads during the coating build-up. This resulted in
a lower and more even heating of the specimens and
reduced tensile stresses for both atomizing gases and
bronze materials. Moreover, not only the quantity, but also
the course of the residual stresses was changed. Hence, the
dominance of the quenching stresses regarding residual
stresses and coating properties (Ref 9) was found to be
reduced. The use of an alternative gas mixture as atomizing
gas diminished the impact of the stresses on the coating
properties even further which resembled the findings in
Ref 21.

However, all of these experiments were carried out on
steel substrates, which at the same time means different
coefficients of thermal expansion. According to the men-
tioned literature, certain amounts of the residual stresses
are hence still to be attributed to cooling stresses and
actively participate in influencing the coating properties as
stated before. The usage of bronze substrates in the present
study, in order to cover the topic of propeller repairs at the
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same time, could possibly further diminish the influence of
the residual stresses this time by reducing the amount of the
cooling stresses. This should in turn have an influence on
the other coating properties. Just as in Ref 21, a mixture of
nitrogen and hydrogen was used as pressurizing gas for the
current experiments, while the same parameters and kine-
matics were used. The results of this study will be com-
pared to the former results on steel substrates, which can be
found in detail in Ref 21.

Experimental Methods
Substrate and Coating Materials

The wires for the spray experiments were the cavitation
erosion resistant Ni-Al bronze CuAl9NiSFe4Mn (Lincoln
Electric LNM CuAl8Ni6, @ 1.6 mm, Ratingen, Germany)
and Mn-Al bronze CuMn13A18Fe3Ni2 (Bedra Bercoweld
A300, @ 1.6 mm, Heuchelheim, Germany). While Mn-Al
bronze wires showed a banded structure from wire draw-
ing, the Ni-Al bronze wires were characterized by small
precipitates, see also Ref 9.

Substrates of the Ni-Al bronze type were provided and
processed by an industrial partner. Due to the limited
amount, only one substrate could be coated for each
experiment described further down. According to the sup-
plier, the material corresponded to the aluminum bronze
CuAl10Fe5NiS. Hence the mechanical properties should be
matching typical values of this alloy, which are very sim-
ilar to those wire alloys. Some physical and mechanical
properties regarding the used materials of this and the past
study (Ref 21) can be found in Table 1. The dimensions of
the substrates differed somewhat and were about 34 to

36 mm in width, about 70 to 74 mm in height as well as
about 48 mm for a single substrate. The thicknesses of Ni-
Al bronze substrates were between 4 and 7 mm. Prior to
the arc spray process, the substrates were grit-blasted by
using corundum of type F24 with a grit size of
600-850 pm.

Arc Spray Experiments

The arc spraying experiments were carried by using a
Sulzer Metco Smart Arc prepared with a PPG gun and an
HV air cap (Oerlikon Metco Europe GmbH, Kelsterbach,
Germany). The spray parameters, a voltage of 28 V, a
current of 180 A, a primary atomizing gas pressure of 4 bar
and a stand-off distance of 100 mm remained constant
throughout all of the experiments. A mixture of nitrogen
and 2% of hydrogen was used as atomizing gas. As in the
previous studies, three traverse speeds (333 mm/s,
500 mm/s and 666 mm/s) in specimen width direction
were used. Moreover, the number of layers was kept
identical to the previous experiments, see Table 2. The
specimens were clamped inside the mount in front of the
spraying gun and fixed with screws from behind. In this
way, only a small area was not coated. A meander-shaped
type of spray pattern was operated in the experiments.

Deposition Efficiency and Hardness

The deposition efficiency (DE) of the coatings was deter-
mined in accordance with ISO 17836.

Additionally, hardness measurements were carried out
on the polished surfaces of the coatings by using a Wolpert
432 SVD hardness-testing machine (Wilson Wolpert
Instruments, Aachen, Germany, applied load of 9.8 N). A

Table 1 Typical physical and mechanical properties of bronze materials and shipbuilding steel according to Ref 24 and 25

Material specification

Ni-Al bronze

Mn-Al bronze Shipbuilding steel

CuAI9Ni5Fe4Mn CuMn13AI8Fe3Ni2 S235JR
Melting range, °C 1050-1080 950-990 > 1536
Tensile strength, MPa 620-740 650-730 > 360
Elongation at break, % 10-22 > 18 >21%
Young’s modulus, GPa 116-124 117 212
Poisson ratio 0.30 0.34 0.30
Coefficient of thermal expansion in 107°K (0 to 100 °C) 16.3 17.7 11.1
Thermal conductivity, J/s m K 38-42 12.1 54
Electrical conductivity, MS/m 4.4 1.7 6.7

While the substrate properties for this study are very similar to Ni-Al bronze (only slight variation), shipbuilding steel was used for the previous
investigations (Ref 21). The properties of the wires, however, correspond to Ni-Al bronze and Mn-Al bronze for both studies
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Table 2 Kinematics and
primary characteristics of the
coatings from the current

experiments

Materials
Ni-Al bronze Mn-Al bronze

Kinematics

Traverse speed, mm/s 333 500 666 333 500 666

Number of layers 9 (~) 10 (~) 20 (~) 8 (~) 10 (~) 15 (~)
Primary coating characteristics

Coating thickness, pm 513(]) 365 () 580 (~) 491 (]) 433(~) 470(])

Standard deviation, pm 14 8 23 35 21 13
Deposition efficiency (DE), % 91.0 (1) 86.6(~) 96.6(1) 98.2(1) 91.9(1) 834 (~)

Symbols indicate an increase (1), a decrease (]) or a stagnation (~) compared to the coatings sprayed on

steel substrates (Ref 21)

total of 15 measurements was performed for each specimen
in accordance with ISO 6507-1. Subsequently, the ratio of
diagonals of the hardness imprints was controlled in order
to achieve proper imprints. Thus, solely the seven imprints
with the diagonals having the least deviation from each
other were chosen. Finally, the minimum and maximum
values of these seven measurements were deleted and
hence not included in the calculation of mean value and
standard deviation—resulting in a series of five sufficient
measurements. The described procedure is in accordance
with the literature (Ref 23).

Microstructure

Coating quality was investigated by microstructural anal-
yses using an optical microscope (OM) Leica DM6000M
(Leica Microsystems GmbH, Wetzlar, Germany), the
software tool ImageAccess (Imagic Bildverarbeitung AG,
Glattbrugg, Switzerland) and a scanning electron micro-
scope (SEM) JEOL JSM-IT100 (JEOL Germany GmbH,
Freising, Germany; acceleration voltage 10 kV, backscatter
detector). The specimens for metallographic examinations
were hot-mounted via ATM Opal 410 Hot Mounting Press
(ATM GmbH, Mammelzen, Germany) and gradually
ground and polished (6 pm, 3 um suspensions, finally
oxide polish). The exact coating thicknesses of the speci-
mens, which can be found in Table 2, were determined in
the cross sections using five measurements each.

For representative phase analyses, Klemm III color
etchant (stock solution: sodium-thiosulphate in water;
etching solution: potassium pyrosulphite) was used to
improve contrasts in the OM images. Furthermore, energy
dispersive x-ray spectrometry (EDS) was executed within
the cross sections by using a JEOL Dry SD25 detector
(JEOL Germany GmbH, Freising, Germany; acceleration
voltage 15 kV). By this, the local chemical composition of
the coatings was identified. In particular, the content of
oxygen as measure of coating quality was examined by
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EDS inside the cross sections using the parameters
described above. Although not as exact as other testing
methods, the chosen setting of the acceleration voltage is a
good compromise to detect both light and heavy elements
at the same time. Furthermore, the penetration depth and
the interaction volume of the electron beam inside the
specimens is kept low, which guarantees a near-surface
investigation of the freshly polished coatings. Thus, the
coatings could be compared to each other in quantitative
terms. The coatings examined in Ref 21 were re-evaluated
using the same method. Three images (magnification of
500 x) were investigated for each specimen of the current
and the past study.

Electrical Conductivity

The specific electrical conductivity of the specimens was
determined by four-terminal method using a Loresta GX
MCP-T700 system (Mitsubishi Chemical Analytech Co.
LTD, Kanagawa, Japan; PSP measuring head for small
specimens; constant current 1 A) with 3 measuring points
recording 5 values each. In order to receive a bigger
database, the coatings examined in Ref 21 were re-evalu-
ated using the same method, but with 7 values per mea-
suring point. The test method allows to measure the
electrical conductivity in the as-sprayed state like for the
previous results, while the specimens of the current study
were polished before testing.

Cavitation Erosion Behavior

Cavitation erosion behavior was tested for about 120 min
in agreement with Ref 2 by using an UIP1000 (Hielscher
Ultrasonics GmbH, Teltow, Germany) having a frequency
of 19.51 kHz, a peak-to-peak amplitude of 50 um and a
distance from the sonotrode tip to the specimen of 0.5 mm
(indirect method). Since surface abnormalities might sup-
port crack initiation, the specimens were incrementally
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ground and polished (final polish 3 pm) to ensure regular
surfaces. Further corresponding to Ref 2, the cumulative
mass loss of the specimens (one specimen each) was
converted into the cumulative thickness loss, which is also
mentioned as mean depth of erosion (MDE). In addition to
the material removal itself, various characteristics, such as
increases in different areas of the erosion depth-time pro-
gress, are usually specified for comparison purposes. In
addition to the maximum erosion rate (“MER”), the ter-
minal erosion rate (“TER”) is of great importance
regarding the long-term stability of a tested material.
During the investigations, it was found that thermally
sprayed coatings exhibit pronounced peak values at the
beginning of the exposure period. These peaks are often far
higher than the rapidly emerging terminal erosion rate.
Therefore, using the TER as a measure of cavitation
resistance of the coatings is more suitable, since it repre-
sents the material behavior more exactly. The terminal
erosion rate TER was determined by an in-house
MATLAB routine in the second half of the test duration of
120 min. The coatings examined in Ref 21 were re-eval-
uated for the TER values using the same method.

Young’s Moduli

The Young’s moduli required for the residual stress cal-
culation were determined using a nano-indentation tester
NHT (CSM Instruments, Freiburg, Germany, maximum
load 50 mN). Due to the inhomogeneous coating structure,
a different number of imprints was required for each
coating in order to provide a representative analysis. A
three-stage, statistical procedure was applied to obtain an
identical number of values for each coating, which later on
form the mean value and can thus be used for stress
analyses. For this purpose, only those values were suc-
cessively used for the respective calculation of the mean
value that showed the smallest relative deviation at that
point in the procedure. Other values were deleted and the
process was repeated afterward. As a result, five consistent
measured values could be used for each final modulus of
elasticity. The coatings examined in Ref 21 were re-eval-
uated using the same method.

Residual Stress Analyses

Residual stress analyses of the coatings were executed by
using a Stresstech PRISM system utilizing electronic
speckle pattern interferometry (ESPI) and the PrismS
software (both Stresstech GmbH, Rennerod, Germany)
with three measurements for each specimen. The coatings
were tested in the as-sprayed state after the application of a
developer spray (typically used in the non-destructive
penetration test) to reduce surface reflections. The holes

were processed in steps of 50 pm using high-speed steel
end mills (2 fluted, TiN coated, @ 0.8 mm and 1.6 mm) up
to a final profile depth of 450 pum. The inner integration
radius was 2.5 times the hole diameter, while the outer
integration radius corresponded to 4.5 times the hole
diameter. The Poisson ratios used for calculation were 0.3
for bulk Ni-Al bronze and 0.34 for bulk Mn-Al bronze
(according to Ref 24). A Tikhonov regularization factor of
0.01 was applied in stress calculation. In addition, the
integral below the tensile area of the average stress curves
was calculated numerically by trapezoidal integration using
an in-house MATLAB routine. Due to its nature, this
integral shall further on be referred to as the cumulative
tensile stress. The stress curves and cumulative tensile
stress of the coatings examined in Ref 21 were re-calcu-
lated using the re-evaluated values of the Young’s moduli.

Results

The following analyses of the present study are compared
to former results on steel substrates, which can be found in
detail in Ref 21. Since the work presented in Ref 21 was
carried out by the same authors, the results are numerically
comparable with a high degree of confidence.

Spray Process and Hardness

Regarding the deposition efficiency (DE) slight differences
can be observed depending on the material, see Table 2.
While the values of Ni-Al bronze show increased DE
values for the lowest and highest traverse speed, Mn-Al
bronze coatings instead reveal increases for both slower
traverse speeds. However, a standard deviation could not
be determined due to the reduced number of specimens.
The coating thicknesses are within a range of 365 to
580 pm, which is a wider regime than for the coatings from
previous investigations (398 to 594 pm). Ni-Al bronze

m Ni-Al-Bronze © Mn-Al-Bronze

On steel
180

160
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80
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40
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Hardness in HV1

333 mm/s

500 mm/s 666 mm/s

Fig. 1 Average hardness of the coatings from the current experi-

ments. The gray lines indicate the values of coatings sprayed on steel
substrates (Ref 21)

@ Springer



1294

J Therm Spray Tech (2020) 29:1289-1299

m Ni-Al-Bronze

Fig. 2 Representative microstructures of the (a) Ni-Al bronze
coatings and (b) Mn-Al bronze coatings as well as the substrate.
Small differences in local chemical composition and phase structure
are represented by different colors. Both materials mainly consist of

reveals a reduction for both slower traverse speeds, while
the thickness is roughly the same for the highest traverse
speed. Meanwhile, Mn-Al bronze coatings show almost the
same values for 500 mm/s and otherwise a reduction.
However, except for one specimen, the standard deviations
are higher than for the previously investigated coatings on
steel.

Comparing both materials, the hardness values of Mn-Al
bronze lie far below the corresponding values of Ni-Al
bronze, which is consistent with the trends of the previous
investigations, see Fig. 1. Apart from that, both materials
exhibit the highest values for the specimens with the
highest traverse speed. For the samples of the two slower
velocities, on the other hand, no significant differences can
be identified, when taking into account the standard devi-
ations. These observations differ from the previous inves-
tigations. Furthermore, the values of the two lower traverse
speeds are almost identical compared to their counterpart
sprayed onto steel, see Fig. 1. Interestingly this differs for
the highest traverse speed specimens exhibiting higher
values than the comparable coatings on steel.

Representative Microstructural Features

The OM image in Fig. 2 displays the typical microstruc-
tures of the color-etched coatings of the Ni-Al bronze
(a) and the Mn bronze (b).

The focus on the alloying elements reveals only some
local variations in composition, which are highlighted in
Fig. 2. In general, the microstructures of the coatings are
very similar for both materials exhibiting a certain number
of pores as well as oxides. These oxides are primarily
formed by Al and appear dark gray, whereas the pores
show up in black colors. Solely Mn-Al bronze coatings

@ Springer

Mn-Al-Bronze

lightly etched areas (corresponding to fcc a-phase and intermediate
phases) and a certain amount of oxides and pores. Only Mn-Al bronze
shows some darkly etched areas (representing ordered f-phase, bcc)

m Ni-Al-Bronze © Mn-Al-Bronze

=3
N

-
o

Oxygen content in wt.%

o N A~ O O

333 mm/s

500 mm/s 666 mm/s

Fig. 3 Oxygen content of the coatings from the current experiments.
The gray lines indicate the values of coatings sprayed on steel
substrates (Ref 21)

have some darker etched phases, which might could be
referred to ff-phase or o + i3 eutectoid, see Fig. 2(b). This
is in agreement with the previous investigations. However,
compared to the substrate structure, which is also visible in
Fig. 2, no major precipitates are visible. Indeed, the sub-
strate material shows a pronounced structure with large Fe-
rich k, precipitates and wide areas of fine lamellar o 4 3
eutectoid. Further on, the substrate microstructure at the
interface does not seem to be influenced by the grit blasting
process, since no deformations of the grains are to be
observed. In comparison with the previous investigations
on steel substrates, the coatings appear to have fewer large
oxide lamellae at first sight.

Quantitative Microstructural Analyses
and Electrical Conductivity

The results of the quantitative oxygen analyses can be
found in Fig. 3. The observable trends differ for both
materials.
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Ni-Al bronze is characterized by nearly unchanged
values for the different traverse speeds, when considering
the standard deviations. The Mn-Al bronze coatings reveal
a higher value at a traverse speed of 500 mm/s, while both
other values are almost identical. For those same values,
the oxygen contents of Mn-Al bronze coatings are also
lower than for the corresponding Ni-Al bronze coatings.

The comparison with the former results on steel sub-
strates in Fig. 3 demonstrates similar values for the coat-
ings with traverse speeds of 500 and 666 mm/s, while both
materials show a significant reduction in oxygen content
for the lowest traverse speed.

The results of specific electrical conductivity measure-
ments vary strongly for both materials, whereat the
500 mm/s traverse specimens reveal the highest values,
which can be seen in Fig. 4. Furthermore, for Ni-Al bronze,
the values are in a wider regime than for Mn-Al bronze.
Both observations are in agreement with the past study.
Different from the previous results, though, the standard
deviations are higher for Mn-Al bronze than for Ni-Al
bronze. Moreover, all of the coatings show far higher

m Ni-Al-Bronze © Mn-Al-Bronze
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333 mm/s 500 mm/s 666 mm/s

Fig. 4 Specific electrical conductivity of the coatings from the
current experiments. The gray lines indicate the values of coatings
sprayed on steel substrates (Ref 21)
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(a) Exposure time in min

values than the comparable coatings sprayed on steel.
Nevertheless, the standard deviations increased too.

Cavitation Erosion Behavior

Both materials show similar trends, albeit at slightly dif-
ferent levels of erosion depth, which can be seen in Fig. 5.

The Ni-Al bronze coatings are characterized by a nearly
linear progress over the test period, resulting in MDE
values in a range between approximately 4 and 8 um. On
the other hand, Mn-Al bronze coatings experience a linear
growth to a time of about 60 min. Afterward the curves
follow a more asymptotic progress with final MDE
between 9 and 11 pum, see Fig. 5. Thus, Ni-Al bronze
shows less material loss, which is in agreement with the
previous investigations. Furthermore, both materials reveal
the trend of increasing MDE with rising traverse speed,
while the final erosion depths for the lowest traverse speeds
are significantly lower than for the higher ones. This clear
trend differs from the previous results. Further compared to
the specimens sprayed onto steel substrates, the coatings of
the present study have erosion depths reduced in range of
approximately 24% up to 74%.

The described trends are confirmed by the calculated
erosion rates, which are shown in Fig. 6. The erosion rate
TER also increases with increasing traverse speed, while
Ni-Al bronze has lower values than Mn-Al bronze. In
addition, Mn-Al bronze coatings have higher standard
deviations. Again, the lowest traverse speed specimens
show much lower values than the specimens of the higher
traverse speeds do. Besides, compared to the previous
results, the TER is reduced in a range between about 20%
up to 72%.

Finally, considering both erosion depth and rate, the Ni-
Al bronze coatings exhibit less and more regular material
losses as well as erosion rates. As a result, Ni-Al bronze
coatings are considered more cavitation erosion resistant.

Mn-Al-Bronze

333 mm/s 500 mm/s 666 mm/s
30 -
- 25
5E 2 EE=1
T g _ |
s " g
§ g 10 B /V/ = - = = = - ~
w > > 7 >
5 1 -
v
0~ . :
0 25 50 75 100 125
(b) Exposure time in min

Fig. 5 Erosion depth (MDE) of the coatings from the current experiments. The gray area indicates the values of coatings sprayed on steel

substrates (Ref 21)
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Moreover, the investigated coatings are more durable than
their counterparts on steel substrates are.

Young’s Moduli and Residual Stress Analyses

The Young’s moduli are crucial for determination of the
residual stress state using hole drilling method. At first, the

m Ni-Al-Bronze © Mn-Al-Bronze
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333 mm/s 500 mm/s 666 mm/s

Fig. 6 Terminal erosion rate (TER) of the coatings from the current
experiments. The gray lines indicate the values of coatings sprayed on
steel substrates (Ref 21)
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Fig. 7 Average Young’s moduli of the coatings from the current
experiments. The gray lines indicate the values of coatings sprayed on
steel substrates (Ref 21)
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measurements of the Young’s moduli differ significantly
from bulk material. For cast Ni-Al bronze, the values lie
inside a range of 115-121 GPa (Ref 24), while the coatings
show far lower average values, which can be seen in Fig. 7.

The Mn-Al bronze coatings reveal an even sharper loss
in elasticity than Ni-Al bronze coatings, see Fig. 7. Similar
cast Mn-Al bronze alloys have values of about 117 GPa
(Ref 24). Both findings are in agreement with the previous
study. Additionally both materials reveal a trend of slightly
falling moduli with increasing traverse speed, which is
more prominent for Mn-Al bronze. In comparison with
coatings sprayed on steel, the coating materials show a
general decrease in moduli, whereat Ni-Al bronze is
affected to a higher extent.

In general, the residual stress curves show a linear
decreasing progress of residual tensile stresses up to
approximately 300 pm, which is comparable to the coat-
ings sprayed onto steel, see Fig. 8. The highest values can
be observed near the surface, reaching up to a maximum of
about 240 MPa for both materials. Furthermore, both
coating materials show a change in sign for specimens of
500 mm/s traverse speed at a depth roughly corresponding
to the coating thickness. In case of Mn-Al bronze, also the
coating sprayed with the highest traverse speed has a
change to compressive stresses, which does not seem to
correlate with coating thickness. Besides, the specimen
with the lowest traverse speed shows an almost constant
and evenly distributed amount of residual stress over the
entire depth profile for both materials. Considering the
standard deviations, the stress values near the surface are
lower for Mn-Al bronze compared to Ni-Al bronze.
Additionally, the curves of Mn-Al bronze cover a wider
range of stresses up to a depth of 300 um, while the curves
of Ni-Al bronze can be observed in a narrower regime up to
the same depth. This finding is in contrast to the previous
results. However, regarding the overall trends of the curves
and the sequence of the stress values at the end of the depth

Mn-Al-Bronze

333 mm/s 500 mm/s <666 mm/s
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Fig. 8 Residual stresses in specimen width o, of the coatings from the current experiments. The gray area indicates the values of coatings

sprayed on steel substrates (Ref 21)
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Fig. 9 Average integral below tensile area of the stress curves from
the current experiments; calculated by trapezoidal numerical integra-
tion. Due to its nature, the integral can also be referred to as the
cumulative tensile stress. The gray lines indicate the values of
coatings sprayed on steel substrates (Ref 21)

profile, the stresses resemble the previous results. At the
same time, compared to the coatings sprayed on steel, the
stresses are lowered significantly near the surface up to
300 pm, which is obvious in Fig. 8. Thus, the gradient of
the curves seems to be decreased.

The latter is also confirmed by the cumulative tensile
stress, which is overall lower compared to the previous
investigations, which can be seen in Fig. 9. It must be
noted, that Ni-Al bronze is significantly more affected by
this reduction than Mn-Al bronze. For both materials, a
decrease can be observed from 333 mm/s to 500 mm/s
specimens. This reduction of the tensile areas has to cor-
respond to the increasing traverse speeds, since the number
of layers is only slightly changed, see Fig. 9. Additionally,
a significant increase regarding the number of layers also
correlates with a rise in the cumulative tensile stress in case
of Ni-Al bronze, which is evident for the change from
500 mm/s to 666 mm/s. The value of 666 mm/s resembles
the one for 333 mm/s. In turn, Mn-Al bronze does not
reveal such an increase.

Discussion

Interactions with Spray Process and Basic Coating
Properties

First, slight changes in deposition efficiency (DE) and
coating thickness are evident compared to the previously
sprayed coatings on steel in Ref 21 see Table 2. While the
DE partly rises, coatings thicknesses tend to be a bit lower.
These differences to the coatings sprayed onto steel might
be explained by the differences in ductility on the one and
heat dissipation on the other hand. While the steel sub-
strates were deformed to a high extent during grit blasting

process, the Ni-Al bronze substrates did not seem to be
strongly influenced, compare Fig. 2. Furthermore, similar
substrate and coating material show comparable properties
in terms of thermal expansion. Both probably changes the
nature and the formation of the splats by affecting the
impact properties of the particles and thus the coating
formation due to enhanced flattening and a more homo-
geneous cooling of the particles. Another point supporting
this hypothesis is the presence of smaller and thinner oxi-
des, which might be a secondary consequence of the
changed coating formation mechanism. With the highest
number of layers, the hardness reaches a maximum too,
compare Table 2 and Fig. 1, which is also different from
the previous investigations on steel substrates. Possibly the
altered coating formation and thus potentially other factors,
perhaps even inherited ductility reserves in the form of
impact energy, play a role here too. Assuming this, the
higher hardness might result from the sharp increase in the
number of layers at higher traverse speeds.

Correlation of Residual Stresses, Cohesive
Properties and Microstructure

A significantly improved cavitation erosion behavior can
be observed for both bronze materials in comparison with
the coatings sprayed onto steel in Ref 21, especially for the
coatings with the lowest traverse speeds. That is at least
partly a consequence of the strongly reduced oxygen con-
tent and thus improved cohesion; see “Quantitative
Microstructural Analyses and Electrical Conductivity” and
“Cavitation Erosion Behavior and Surface Quality” sec-
tions. Moreover, the Ni-Al bronze coatings remain superior
in comparison with Mn-Al bronze coatings, which might
be attributed to the improved microstructure and the
intrinsically better cavitation erosion resistance. Never-
theless, oxygen content of the current experiments is
almost the same for lowest and highest traverse speed
specimen of both materials, see “Quantitative
Microstructural Analyses and Electrical Conductivity”
section. Therefore, the results of the microstructural anal-
yses cannot explain the improvements in cavitation resis-
tance fully.

In addition, the residual stresses are changed not only in
terms of total amount, but primarily also in course and thus
also in composition (proportions of quenching and cooling
stresses), see chapter “Young’s Moduli and Residual Stress
Analyses”. The lowest traverse speed specimens, while
showing the highest cavitation resistance, also reveal the
most constant amount of residual stresses throughout the
coating, thus reducing the stress gradient. This effect
accounts for both materials and results in less stresses near
the coating surface, which is important for the application.
While the cumulative tensile stresses below the tensile area

@ Springer



1298

J Therm Spray Tech (2020) 29:1289-1299

are not the lowest for these specimens, they are still far
lower than for the corresponding coatings on steel. Here,
Ni-Al bronze coatings reach values close to Mn-Al bronze
coatings. The strong increase in number of layers for the
highest traverse speed also increases tensile stresses in Ni-
Al bronze again, albeit having a higher traverse speed.
Both can probably be attributed to the strongly reduced
component of cooling stresses due to similar coefficients of
expansion. Instead, quenching stresses play a greater role,
which is evident in the uniform course of the stress curves
and in agreement with literature (Ref 13-15). On the con-
trary, Mn-Al bronze coatings show even some reduction in
cumulative tensile stress for the highest number of layers
and a wider stress regime overall. This could be a conse-
quence of some portions of remaining cooling stresses due
to the slight differences between the two bronze materials.
This means that not only tensile residual stresses have a
negative effect, but also the gradient within the coating
near the surface. This is further confirmed by other own
investigations Ref 22, in which the heat input—although
on steel substrates—was modified. In this case, too, a more
uniform character of the residual stresses had a positive
effect on the cavitation erosion resistance. As a result,
coatings sprayed with compressed air already achieved
very low erosion depths and rates Ref 22.

The measurements of the specific electrical conductiv-
ity, however, differ to a very high extent, which may be
caused by surface oxidations. Explanations, which have
been given in Ref 9, 21 and 22 for combinations of these
coatings with steel substrates, obviously cannot be applied
to the material combination to a full extent. Thus, it is not
entirely clear, if the measurement method is suitable for
this material combination. The Young’s moduli decrease
for both materials by changing the substrate, while the Ni-
Al bronze coatings are far more affected than the Mn-Al
bronze coatings. This reduction might directly be attributed
to the change in coating formation, described in the section
before.

Summary

In line with past investigations, the same parameters and
kinematics as well as the same mixture of nitrogen and
hydrogen as pressurizing gases were used to spray pro-
peller alloys Ni-Al bronze and Mn-Al bronze onto bronze
substrates using arc spraying. In order to identify the
impact of the change in substrate—for use as a possible
means for propeller repair—the results of this study were
compared to former results on steel substrates in Ref 21.
The usage of bronze substrates diminished the influence
of the residual stresses, this time reducing the amount of
cooling stresses to a certain extent, which was visible in the

@ Springer

trend of the stress curves and the reduction in the cumu-
lative tensile stress. This in turn had an influence on the
various coating properties, but mostly on cavitation erosion
resistance. A more regular and even distribution near the
substrate surface seems to be of utmost importance for
cohesive coating properties. Hence, erosion depths and
rates were drastically reduced. On the other hand, the
improved bonding between the particles may also con-
tribute to this fact. Moreover, the oxygen contents inside
the coatings for the specimens with the lowest traverse
speed decreased, which might be a result of a possible
change in coating formation, by the change of the substrate,
too. Yet, the same conditions led also to reduced Young’s
moduli and varying trends in hardness and electrical
conductivity.
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