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This paper is concerned with the elastic and plastic forming behavior of arc sprayed WC-FeCSiMn
coatings. The mechanical properties were investigated by indentation, bending, and tensile tests. These
were performed on coated mild steel substrates as well as spark eroded and ground freestanding coatings
with different geometries. The results of the indentation, bending, and tensile tests were evaluated
concerning the coating microstructure, element, and pore distribution, as well as the local microhardness.
The critical role of pores and inhomogeneities within the sprayed coating was examined in detail. Micro-
and macrocracking were investigated by scanning electron microscopy after the indentation and tensile
tests. It was figured out that the WC-FeCSiMn coating featured a distinctive brittle behavior. During the
bending and tension tests, brittle forced fracture of the layer appeared almost without plastic defor-
mations. A significant difference was determined between the compression and tensile performance of
the coating. For instance, the Young�s modulus for compression strains was measured to be approxi-
mately 60% higher than the tension case.

Keywords arc spraying, bending test, hardness, nanoinden-
tation, porosity, tensile test

1. Introduction

Because of their high hardness and toughness,
WC-based cermet coatings have been used for wear-
resistance applications for many decades. Milling heads,
crushers, and conveyor systems in the construction, stone,
agriculture, and waste disposal industries are typical
examples that have been improved by this kind of coating
(Ref 1-4).

Correlating with the industrial acceptance of WC cer-
met coatings the application areas are currently continu-
ously expanding. New devices such as landing gears,
hydraulic seals, or cylinder surfaces in high-pressure
applications characteristically show a higher tribological
complexity and require advanced accuracy and reliability
(Ref 3, 5). In particular, features such as stiffness, strength,

and crack resistance of the coating are of particular
interest (Ref 6).

However, the identification of these mechanical coating
properties such as hardness, bending strength, fracture
toughness, and Young�s modulus are challenging because
of the inhomogeneity and anisotropy of the layer. The
typical lamellar microstructure with ‘‘pancake’’ splats,
horizontal and vertical microcracks, pores, and weak
interlamellar cohesion (Ref 7-9) do not only cause diffi-
culties for the measurement, but also tend to result in
large deviations and errors. In particular, since the coating
is a composite material, the mechanical behavior is cer-
tainly different from that of a bulk homogeneous material
(Ref 8, 9).

In the past, much research was conducted considering
the mechanical properties as well as the elastic and plastic
forming behavior of thermal sprayed coatings. However,
there is still a lack of validated tests, experimental
benchmarks, and available databases of coating properties
for calculations and simulations.

The easiest standardized methods to gain comparable
mechanical properties of a coating are the indentation
tests (Ref 10). Vickers, Brinell, and Rockwell tests are
used to determine the hardness and, if applicable, the
cracking resistance of the sprayed layer (Ref 8, 9). Since
they are easy to use, fast, and reliable, they are crucial
elements of coating research and development. On the
other hand, the informative value of a hardness mea-
surement is rather poor. The indentation tests are mainly
valid as a first indicator of the coating behavior under
compressive loads such as the forming behavior and crack
propagation. The fracture toughness (KIC) and the resis-
tance against abrasive wear can be roughly estimated
(Ref 8, 9, 11-15).
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Knoop indentation tests further enable the evaluation
of the Young�s modulus based on a model comparing the
elastic recovery of indenter impressions with the original
dimensions of the Knoop indenter geometry (Fig. 1)
(Ref 9, 15-19).

Based on the relation of Marshall et al. (Ref 19):

b�

d�
� b�

d
¼ b

d
� 0:45H

E
ðEq 1Þ

the Youngs modulus can be determined correlating to the
characteristic elastic recovery in the b direction. Where
E is the Young�s modulus, H is the Knoop hardness, b and
d are the diagonals of the Knoop indenter geometry, and
b* and d* are the diagonals of the indenter impression
(Ref 19). The length of the impressions of major diagonal
d remains relatively unaffected and is negligible (Fig. 1).

A more precise way to investigate the modulus of
elasticity is given by indentation test setups with contin-
uous recording of load and indentation depth. Entire
compressive stress-strain curves can be determined
including elastic, plastic, and creep behavior. The best-
known depth-sensing method is the nanoindentation test,
using a Berkovich indenter (Ref 9, 10, 20-29). This tech-
nique relies on a high-resolution load and displacement
measurement of the three-sided precision pyramid
indenter. Based on the model of Oliver-Pharr (Ref 22),
the Young�s modulus can be calculated from the slope of
the unloading curve progression.

However, the characterization of inhomogeneous
materials such as thermally sprayed coatings is nontrivial.
Only local properties at a certain surface area can be
investigated. These local features have to be identified for
each material phase in a number of nanoindentation
experiments. Mechanical properties for the entire material
can only be approximated. Additionally, there is a char-
acteristic difference between the compressive and tensile
behavior for brittle materials. For instance, the tensile
strength of ceramics and cermets are characteristically
lower than their compressive strength (Ref 20, 30, 31).
Typically, thermally sprayed coatings also feature a rather
brittle behavior at tensile loads. These characteristics
derive from the inhomogeneous microstructure. Surface
roughness, microcracks, pores, oxides, hard phases, and
weak splat-to-splat interfaces within the coating lead to
strain localizations and decrease the Young�s modulus,
ultimate strength, durability, and ductility (Ref 20, 32-34).
Combined with residual stresses in the coating, these
integrated notches promote the crack initiation and
propagation (Ref 6, 35).

Compared with indentation test methods, tensile tests
can be used to evaluate the stress-strain behavior under
tension loads. However, it is rather difficult to prepare
suitable samples for testing (Ref 36, 37).

Only a few publications are available concerning tensile
tests on thermal sprayed coatings. Additionally, the
reported research was mainly examined on coated steel
composites with limited validity because of an unknown
interaction of coating, interface, and substrate (Ref 33, 38).
To ensure meaningful results, freestanding coatings of
defined geometries and with a low surface roughness need
to be produced without inducing additional stresses during
the machining process (Ref 36), which complicates the
sample preparation process.

Considering the characteristic of brittle materials that
the tensile strength is lower than the compressive strength,
bending tests can be used to determine the Young�s
modulus and strength in the direction of the tension as
well. This is possible, since the deformation and fracture
initiation are mainly attributed to the tensile strains.

Because the preparation of the specimen is less com-
plex, bending tests are more popular than tensile tests
(Ref 6, 7, 20, 32, 35, 39). However, as mentioned previ-
ously, the preparation of freestanding coatings with low
surface roughness is necessary to calculate authentic
mechanical values for the sprayed layer.

The research objective of this study is the investigation
of mechanical properties of arc sprayed WC-FeCSiMn
coatings. Conducting different indentation, bending, and
tensile tests the coating performance is distinguished
between compression and tensile strains.

Freestanding coatings and coated steel samples are
used for testing to analyze the interaction effect between
substrate, coating, and interface on the validity of the
experimental data.

2. Experimental

2.1 TWAS Spraying

A twin wire arc spraying (TWAS) facility (Smart Arc
PPT 350, Sulzer Metco, Switzerland) was used to spray
WC-FeCSiMn coatings. The work principle of the spray-
ing process used in this research work is described else-
where (Ref 40-42).

The wire feedstock material used was a Duramat AS
850 flux-cored wire with a diameter of 1.6 mm (Durum
GmbH, Germany). The wire is a Fe-based alloyed with
2% C, 1.4% Si, and <1% Mn. It is filled with 50 wt.% of
fused tungsten carbide (WC/W2C) with grain sizes of
25-125 lm.

In preparation for thermal spray experiments, all sub-
strates were grit blasted with coarse-grained EKF 24 alu-
mina (710-850 lm). A pressure of 2 bar, an inclination
angle of 70� and a stand-off distance of 100 mm were
chosen as grit-blasting parameters. After the blasting
procedure, the substrate surface showed an average
roughness of Rz = 39 ± 4 lm; Ra = 5.5 ± 0.6 lm. Subse-
quently, the samples were cleaned for 15 min in an ethanol

Fig. 1 Young�s modulus estimation by Knoop indentation
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ultrasonic bath and heated to approximately 100 �C in a
convection furnace for about 30 min to reduce the thermal
stresses during the coating process.

The coating parameters for the TWAS spraying of
WC-FeCSiMn are based on the parameter optimization
presented in Ref 42. Table 1 summarizes the selected
optimized spraying parameters used in this paper.

Medium-carbon steel specimens (Mat. No. 1.0503, DIN
C45, AISI 1045) were chosen as substrates. Related to the
required test geometries for the indentation, bending, and
tension experiments, different specimen dimensions were
coated by arc spraying. However, there were two funda-
mentally different procedures to manufacture coated and
freestanding specimens.

To generate WC-FeCSiMn-coated steel specimens, the
preparation of the substrate was adapted to the final test
geometry. Rectangular mild steel samples with a dimen-
sion of 70 9 50 9 10 mm were used as substrates for the
indentation test. Form A.1 steel specimens (Ref 37) with
Lt = 150 mm, L0 = 50 mm, a0 = 3 mm, and b0 = 12.5 mm
were chosen as substrate geometry for the bending tests
(Ref 38) and the tensile testing (Ref 37). They were arc
sprayed with WC-FeCSiMn layers of ~450 lm and ground
to a thickness of ~340 lm. In contrast to the bending test
samples, the tension test specimens were coated on both
sides to approximate an axial symmetric stress condition
during the tension experiment.

The freestanding WC-FeCSiMn coatings were
machined out of coated 250 9 150 9 10 mm mild steel
plates with an initial coating thickness of ~2.2 mm by
eroding and grinding processes according to DIN EN ISO
843 (Ref 36). Form A.1 steel specimens (Ref 37) with Lt =
120 mm, L0 = 50 mm, a0 = 1.5 ± 0.02 mm, and b0 = 9.0 ±
0.02 mm were prepared for the tensile tests and rectan-
gular specimens with the dimension of 60 9 9.0 9
1.5 ± 0.02 mm for the bending tests.

2.2 Microstructural Analytics

The layer morphology of the thermal sprayed speci-
mens was investigated by light microscopy (Axiophot,
Zeiss, Jena, Germany) on polished cross sections. Addi-
tionally, the coating microstructure, nanoindentation, and
Vickers hardness imprints and fracture pattern were
investigated in higher magnification using scanning elec-
tron microscopy (SEM) (JSM-7001F, FEM Jeol, Eching,
Germany). EDS measurements (INCA x-act, Oxford
Instruments, Wiesbaden, Germany) were used to charac-
terize the chemical composition of the sprayed layers.

Porosity measurements of the coatings were performed
with the commercial image analysis software (Axiovision
4.63, Zeiss, Jena, Germany) on 10 cross-section pictures
taken at 2009 magnification by light microscopy. The

results were validated by image analysis measurements on
10 SEM pictures (magnification 3009) with the Axiovision
software (Zeiss, Jena, Germany) as well as the Grainplot
image analyzing tool (Institute of Mechanics, Dortmund,
Germany).

2.3 Residual Stress Measurement

The hole-drilling method was used to determine the
residual stress depth profile of the investigated layers.
According to the ASTM Standard E837 (Ref 43), a high-
speed air turbine drill was used to remove coating material
in the center of a rosette strain gage. At each depth
increment, the strain relief on each of the gages was
measured and the stress distribution was estimated. To
achieve valuable results, the residual stress measurements
were conducted at machined samples with test geometry
(eroded and ground).

2.4 Indentation Tests

Hardness Vickers, Brinell, Rockwell tests were con-
ducted on an universal hardness tester, (DIA-TESTOR
7521, Wolpert Hahnkolb, Stuttgart, Germany) according
to DIN EN ISO 6506 (Ref 44), DIN EN ISO 6507
(Ref 45), DIN EN ISO 6508 (Ref 46), and VDI/VDE 2616
(Ref 47). To examine the coating microhardness (HV0.1,
HV1) relating to DIN EN ISO 6507 (Ref 45) and DIN EN
ISO 4516 (Ref 48) a M-400 microhardness tester (LECO,
Germany) was used. The nanoindentation experiments
were performed at the Institute of Materials, Ruhr Uni-
versity Bochum using an encapsulated Nanoindenter XP
equipment (MTS Nano Instruments, Oak Ridge, TN).

To generate representative hardness and Young�s
modulus values, 10 imprints were investigated for the
HRC, HV30, and HBW measurements, respectively.
Thirty imprints were examined for the HV1 and HV0.1
experiments at the polished coating surface as well as at
the cross section, and 49 imprints were analyzed for each
nanoindentation test with indentation depths of 100, 250,
and 500 nm.

In addition to the standardized indentation methods
described previously, a customized setup proved to char-
acterize the nature of thermally sprayed coatings elastic-
ity, durability, and cracking under high loading pressures.
Based on the results of Lawn (Ref 49), who analyzed the
mechanics of plastic deformation and damage mechanisms
of ceramics induced by spherical indentation, and the
results of Marshall et al. (Ref 19) and Herbert et al.
(Ref 21), who determined the Young�s modulus by elastic
recovery measurements of diverse indenter impressions,
a spherical indenter test was taken into consideration.
Figure 2 illustrates the principle of the investigated
indentation test.

Assuming one-directional springback in spherical
indentation experiments, it was aspired to figure out the
elastic and plastic deformation ratio, to develop a model
to reproduce the indentation experiment, and to calcu-
late the compressive strength and Young�s modulus of
the coating. The main advantage of spherical indenter

Table 1 Spray parameters of WC-FeCSiMn

Primary gas
pressure, bar

Arc
voltage, V

Arc
current, A

Stand-off
distance, mm

Jet velocity,
mm/min

6 30 220 100 12,000
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geometry was expected to be an easier modeling of the
rotationally symmetrical indentation experiment com-
pared with Knoop and Vickers hardness tests. Addition-
ally, the spherical geometry shows a larger indentation
surface to depth aspect ratio that should allow the inves-
tigation of relatively thin and inhomogeneous coatings.

The spherical indentations were realized on a
DIA-TESTOR 7521 universal hardness tester (Wolpert
Hahnkolb, Stuttgart, Germany) according to DIN EN ISO
6506 (Ref 44) and VDI/VDE 2616 (Ref 47). The coating
surface was ground and polished previously. The indenter
impressions were measured employing three-dimensional
(3D) optical microscopy (IFM-G3, Alicona Imaging
GmbH, Switzerland). The theoretical indentation depth hi

including the plastic and elastic impression of the spherical
indenter was calculated correlating the measured inden-
tation width di with the original WC-Co ball dimension Di:

hi ¼
Di

2
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� d2
i =D2

i

q

� �

ðEq 2Þ

2.5 Bending Test

The bending behavior of the coating was analyzed by
a three-point bending test setup with an in situ 3D opti-
cal measurement (IFM-G3, Alicona Imaging GmbH,
Switzerland) of the bending radius and in situ observation
of the bending forces using strain gauges. The customized
test setup is shown in Fig. 3.

The bending stress in the outer fibers at the midpoint rf

and strain in the outer surface of the tested sample ef and
the Young�s modulus E were calculated by:

rf ¼
3Fl

2bh2
ðEq 3Þ

ef ¼
6dh

l2
ðEq 4Þ

E ¼ DFl3

4bh3Dd
ðEq 5Þ

where F is the applied load, l is the distance between the
two outer spans (here, 41.5 mm), b is the sample width,
h is the sample thickness, and d is the deflection at middle
span (Fig. 4).

2.6 Tensile Tests

According to DIN EN ISO 6892 (Ref 37), the ten-
sile tests were conducted with a hydraulic tension-
compression fatigue tester (Instron type 8800, Instron
Limited, High Wycombe, England). The tensile stress was
calculated by:

r ¼ F

bh
ðEq 6Þ

while the ultimate strength rmax was determined for the
maximum force, applied before the first coating fractures
were visible.

The Young�s modulus was computed using Eq 6 and 7
in the elastic range of the stress-strain ratio where Hooke�s
Law holds.

E ¼ r
e

with e ¼ Dl

l0
ðEq 7Þ

Fig. 2 Concept draft to determine mechanical and damage characteristics of thermal sprayed coatings by spherical indentation

Fig. 3 Bending test setup
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Mean values of the ultimate strength and Young�s
modulus were estimated for 10 WC-FeCSiMn coated steel
samples with a coating thickness of 340 lm on both sides
as well as three freestanding coatings of 1500 lm.

The fracture patterns of arc sprayed steel samples and
freestanding coatings were investigated by SEM.

3. Results and Discussion

3.1 Coating Microstructure

The microstructure of the sprayed WC-FeCSiMn
coating shows the typical inhomogeneous lamellar struc-
ture of an arc sprayed layer. ‘‘Pancake’’ splats of irregular
shape and chemical composition are visible in the SEM
cross sections (Fig. 5). Related to the intensity of the
backscattered electrons (BSE), the brightness of the
grayscale illustrates the element distribution qualitatively.
Elements with high atomic weight appear brighter than
lighter elements. Correlating with the huge difference in
the relative atomic weight of tungsten (183.84 g/mol) and
iron (55.845 g/mol), the phases of the sprayed WC-FeC-
SiMn feature a good contrast. In addition to these two
phases, many pseudoalloyed splats containing WC as well
as FeCSiMn are visible. However, an accurate character-
ization of WC and W2C phases is restricted by the low
carbon EDS sensitivity.

Obviously horizontal and vertical microcracks are
located in the hard WC/W2C splats. Flat pores between
the splats indicate a weak interlamellar cohesion. Round
voids of different sizes are spread over all composite
phases and between the splats. The porosity, including all
pores, microcracks, and voids, was determined with three
different image analysis methods. The results are given in
Table 2.

Figure 6 illustrates the pore quantity, pore size distri-
bution, and relative pore area related to the pore dimen-
sion cumulated over 10 cross sections taken by light
microscopy at 2009 magnification.

The diagram shows that the microstructure is charac-
terized by numerous small pores with a cross-sectional
area of less than 20 lm2. Many of them are flat interla-
mellar pores, surrounding the splats (Fig. 6). Furthermore,
a small amount of pores derive from cross-section prepa-
ration breakouts. Even with cautious diamond grinding
and polishing processes, existing microcracks in the hard

Fig. 4 Young�s modulus estimation by three-point bending

Fig. 5 SEM micrographs of TWAS WC-FeCSiMn cross-section
(BSE-mode)

Table 2 Porosity measurements

Porosity, vol.%

Axiovision
(optical microscopy)

Axiovision
(SEM)

Grainplot
(SEM)

Arithmetic mean 2.08 2.03 2.32
Deviation 0.75 0.72 0.40

Fig. 6 Pore distribution concerning quantity, size, and
dimension of the investigated WC-FeCSiMn coating
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WC/W2C phases can cause partial debonding of discon-
nected fragments.

3.2 Residual Stress

Residual stress measurements were conducted in order
to support the discussion about the indentation, tensile,
and bending tests. The residual stresses have a direct im-
pact on the material properties, especially the yield
strength, ultimate strength, and strain. The various
examinations revealed residual tensile stresses in the arc
sprayed WC-FeCSiMn layer, which derive from the
solidification and cooling of molten droplets at their
impact on the substrate. The highest residual tensile stress
was detected at material composites of double-coated
steel substrates. Figure 7 shows the depth profile of the
residual tensile stress of a ground 340 lm WC-FeCSiMn
layer on a substrate with a thickness of 3 mm.

The highest change in the residual tensile stress can be
seen in the interface between the layer and the substrate.
The residual tensile stress increases up to 120 MPa,
closer to the layer surface. Freestanding eroded and
ground layers, which were detached from the substrate,
did not show these high residual tensile stress gradients.
Although the layer thickness of 1500 lm was higher for
the freestanding coatings than for the coated tensile
specimens or bending specimens, the measured residual
tensile stresses of the layer are lower and distributed
more homogenously.

3.3 Indentation Tests

Numerous works have revealed that the hardness
measured on the cross section of thermally sprayed coat-
ings is characteristically higher than the hardness on
the coating surface (Ref 7, 20). In the cross section, the
‘‘pancake’’ expansions of the splats perpendicular to the
spray direction show a higher resistance to the indenter
impression. Consequently, the hardness on the coating
surface is reduced because of the thin lamellae and the
weak interface between the splats.

Hence, the microstructural anisotropy of the layer in
the investigated indentation tests was estimated for the
coating surface and the cross section, respectively.

Table 3 contains the indentation test results including
the hardness values and the compression Young�s moduli
referring to the indentation method and load.

It was noted that the indentation tests performed with
high impression loads (HRC, HV30, HBW) resulted in
low hardness values. Even the HV1 measurements showed
a distinctly lower coating hardness when compared with
the HV0.1 and nanoindentation experiments. This is due
to the macroscopic expansion of the imprints and the
energy dissipation during the partial cracking of the
coating (Ref 12, 15). Elongated over many splats, pores,
and splat boundaries the indenter takes advantage of these
microstructural defects. This results in a reduced average
hardness. Additionally, stress relaxation by cracking can
be found far from the imprint. Furthermore, it has to be
mentioned that the effect of the coating/substrate inter-
face can not be neglected for the HRC, HV30,
HBW1.5875/50, and HBW1.5875/40 measurements.

However, even with decreased indentation loads, all
HBW measurements featured extreme low hardness
values for the coating. Considering many indentation
experiments and analytical investigations on the
WC-FeCSiMn coating, as well as reference measure-
ments on the bulk steel substrate, the effect that causes
the low hardness values was identified. The analysis of
the elastic and plastic deformation of the spherical
indentation (illustrated in Fig. 2) shows a high divergence
between the measured indentation depth and the calcu-
lated theoretical indentation depth (Eq 2). The diver-
gence is visualized in Fig. 8.

Further investigations indicate that the TWAS coating
spreads the pointed load of the spherical indenter to a
wider area because of the layered lamellar structure. Like
thin laminated springs the splats seemed to transmit the
stress laterally toward the sides. Additionally, the round
surface of the indenter entails a homogeneous stress dis-
tribution and reduces the notching effect at the indenter
tip compared with, for example, the Vickers hardness
pyramid. Whereas the measured indentation imprints
showed realistic depths for each load, the width was sig-
nificantly elongated. Because of this unexpected effect, the
evaluation of the coating compressive strength and
Young�s modulus according to Fig. 2 was not possible.

Fig. 7 Residual stress distribution in an arc sprayed WC-FeCSiMn coating on steel substrate (depth profile after grinding)
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However, the Young�s modulus could be evaluated by
nanoindentation experiments. In combination with SEM
validations of the imprints, valuable results were gener-
ated for indentations into the surface and the cross sec-
tion. Mean values were calculated for each indentation
depth, excluding indentations into coating pores, voids, or
microcracks (Table 3).

Concerning the anisotropy of the lamellar layer with
elongated splats perpendicular to the spray direction, the
hardness and Young�s modulus values were determined to
be larger in the cross section of the coating than at its
surface. Figure 9 exemplarily shows the interaction of two
cross-section indentation imprints with the microstructure
of the coating. Single material phases can be hit with an
imprint diameter of approximately 2.5 lm for 500 nm
indentations (Fig. 9a). Thus, a huge influence of splat
interfaces and coterminous phases is given. The lower the
indentation depth is, the higher is the probability to hit

Table 3 WC-FeCSiMn hardness and Young�s moduli for compression stresses

Unit/method Mean hardness Hardness deviation Mean Young�s modulus Young�s modulus deviation

Macroindentation into coating surface
HRC 27.6 1.0
HV30 307 14
HBW 1.5875/50 228 27
HBW 1.5875/40 180 10
HBW 1.5875/30 171 31
HBW 1.5875/20 147 2
HBW 1.5875/16.625 172 15
HBW 1.5875/10 161 13
HBW 1.5875/5 128 9

Microindentation into coating surface
HV1 405 71
HV0.1 604 124
GPa (NanoIndent, 500 nm) 5.3 2.4 127 59
GPa (NanoIndent, 250 nm) 6.3 2.3 142 37
GPa (NanoIndent, 100 nm) 6.9 2.8 154 34

Microindentation in cross section
HV1 466 91
HV0.1 625 112
GPa (NanoIndent, 500 nm) 8.2 2.3 165 31
GPa (NanoIndent, 250 nm) 11.3 4.2 203 52
GPa (NanoIndent, 100 nm) 13.8 4.5 240 70

Fig. 8 Indentation test results of WC-FeCSiMn employing Ø
1.5875 mm WC-Co spherical indenter

Fig. 9 SEM micrographs of nanoindentation imprints into the coating cross section (backscattering mode). (a) 500 nm imprint into
spherical coating inclusion containing mainly FeCSiMn. (b) 250 nm imprint into pseudoalloyed WC-FeCSiMn phase
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only one single material phase. Additionally, the influence
of the interface decreases. However, higher deviations
between the measurements of load-displacement curves
can be detected at lower loads (Table 3). This is due to the
higher relevance of the elementary phase composition at
the very local imprint of the Berkovich indenter. Investi-
gations of SEM micrographs show that phases of different
compositions can be identified because of the material
contrast in the backscattering mode of the SEM. However,
it has to be mentioned that neither with the backscattering
mode nor with EDS quantitative separations between WC
and W2C could be achieved. Furthermore, the resolution
of the WC-FeCSiMn pseudoalloyed phase composition
EDS measurements is restricted and includes some of the
interface around the imprints.

Some further details are given in the paper of Tillmann
et al. (Ref 50), which concerns with the simulation of
micro- and macroscopic WC-FeCSiMn coating behaviors
under compressive loads on the basis of the same nano-
indentation experiments.

3.4 Bending Test

According to Eq 3-5, stress-strain curves, bending
strength, and Young�s modulus were determined for the
freestanding WC-FeCSiMn coatings (Fig. 10). The curve
progression shows the characteristic linear behavior of
brittle materials just below the point where failure occurs.

Stated at assessed values of bending, the freestanding
coatings the mean bending strength was determined to be
203 ± 26 N/mm2. The Young�s modulus under bending
stress was calculated to be 64.6 ± 4.5 GPa for the tested
samples. As an interesting result, the Young�s modulus
determined in the bending tests is about 60% lower
compared with the mean compressive Young�s modulus
measured by nanoindentation. This characteristic goes
along with the results of Kim and Kweon (Ref 20)
describing this effect for plasma sprayed MgZrO3-35NiCr,
Al2O3-30(Ni20Al), and (ZrO2-24MgO)-35(Ni20Cr6Al)

cermet coatings. Moreover, his experiments showed sig-
nificant lower Young�s modulus values determined in
three-point bending tests when compared with Knoop
indentation experiments (Ref 20). One of the reasons for
this is that the indentation test measures the near-intrinsic
property of materials due to the limited test volume, while
tension and bending tests include extrinsic microstructural
characteristics such as pores and microcracking (Ref 20).
Furthermore, to determine the Young�s modulus of the
material, the Knoop or nanoindentation experiment con-
siders only an elastic response after the unloading cycle.
However, the bending and tensile tests include inelastic
features such as microcracking, splat boundary sliding, and
pore deformation.

However, the difference between the measured com-
pressive and tensile behavior of the inhomogeneous
coating is not a complete error in the measurement.
Rather, the inhomogeneous layer shows more resistance
to compressive loads, as the sliding of the splat boundaries
and microcracks are restricted considerably.

In contrast to the sensible results obtained for the
freestanding coatings, the bending tests of coated steel
specimens attained unreliable values. Because of unde-
fined interactions of the grit-blasted substrate surface and
the rough coating bottom, the testing of several identical
specimens resulted in distinctly divergent calculated
bending stresses and Young�s moduli. Because of consid-
erably lower yield strengths compared with the steel
substrate as well as the potential of hidden microcracking
in the coating, the bending strength could not be deter-
mined for the steel-coating compound. However, the
brittle fracture mechanics could be analyzed by micros-
copy of the cracked cross section (Fig. 11).

The SEM investigation revealed the brittle character of
the WC-FeCSiMn coating. Stressed by tensile strains, the
layer showed cracking without any plastic deformation
(Fig. 11). Therefore, it seems to be possible to reassemble
the two broken parts of the coating to reproduce the ori-
ginal shape. The crack propagation is mainly affected by
forced fracture from one lamella to the next using the
weak points (precracks, pores) in the layer. However,

Fig. 10 Stress-strain curves for five freestanding WC-FeCSiMn
coatings measured in bending tests

Fig. 11 SEM cross section of crack propagation after bending
(tensile strain)—TWAS WC-FeCSiMn on steel
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because the fracture direction is mainly perpendicular to
the bending stress a number of horizontal cracks between
the splats are visible, indicating stress relaxation by the
delamination of weak splat boundaries.

3.5 Tensile Tests

Hence, it was determined in the bending experiments
that it was not possible to identify the coating properties
on steel-coating compounds by tensile tests. The influence
of the undefined interaction of substrate and coating is too
high. It could be assumed that especially the roughness of
the grit-blasted substrate causes a transmission of the one-
directional strain of the tension test to an irregular three-
dimensional stress field. Testing of several identically
coated specimens resulted in different stress-strain curves.
The unknown stress distribution in the mechanically
bonded substrate-coating compound prevents the calcu-
lation of reliable values of tensile strength and Young�s
modulus. As in the bending experiment, only the fracture
pattern could be investigated on the material compound.

However, three sensible stress-strain curves were deter-
mined for spark-eroded freestanding coatings (Fig. 12).

Due to the brittle character of the coating, the stress-
strain curves of WC-FeCSiMn do not have a yield point.
The ultimate strength and breaking strength are the same.
Nevertheless, different failure stresses were observed for
each sample, which is characteristic for materials failing
while the deformation is mainly elastic. Just a small
amount of ductile behavior was determined for the coating
before breaking.

The Young�s modulus under tensile load was calculated
to be 81.5 ± 4.7 GPa which is in good correlation with the
bending test results.

4. Conclusion

In this study, TWAS sprayed WC-FeCSiMn coatings
are evaluated. Supplementary to previous published
works concerning the spraying parameter optimization,
microstructure, porosity, hardness, and wear resistance

(Ref 40-42) the focus of this paper is on the compression,
bending, and tensile behavior of the coating.

The compression behavior of the coating was investi-
gated by hardness Vickers, Brinell, Rockwell, and nano-
indentation experiments. All investigated indentation tests
confirmed that the cross-section hardness of the coating is
higher than the hardness measured on the polished coat-
ing surface correlating with the anisotropic microstructure
of the layer. Additionally, a strong correlation between
indentation load and hardness of the coating was recog-
nized. Much more distinctive than for bulk materials, the
effect showed increased hardness values for decreased
loads regarding the inhomogeneous microstructure of the
lamellar coating, including microcracks, pores, and weak
interface boundaries between splats.

Though the investigation of the compressive strength
and Young�s modulus using spherical indentation was
not successful, the measurements contributed detailed
information about the forming behavior of the TWAS
WC-FeCSiMn coating under pointed loads. Due to the
anisotropy of the lamellar layer, the pointed stress under
the indenter tip is noticeably transferred parallel to the
splat expansion direction. This directed stress propagation
results in wider indentation diameters for spherical
indenter impressions.

Verified values for the elastic and plastic properties
of the coating under compression loads were determined
by nanoindentation measurements. Batches of each 49
indents were investigated for 100, 250, and 500 nm
indentations into the surface as well as into the cross
section of the coating. Their validity was determined by
SEM. Mean hardness values and Young�s moduli were
calculated after excluding indentations into pores, voids,
or microcracks.

Increased hardnesses and Young�s moduli were mea-
sured for decreased loads. Additionally, higher values
than those for indentations into the surface were con-
firmed for the cross section of the coating. However, the
inhomogeneity of the arc sprayed layer featuring different
phase compositions and weak splat boundaries (interface)
resulted in high scattering of the nanoindentation mea-
surements.

For tensile loads, bending and tensile test generated
valuable and comparable results. It was revealed that the
elongation of TWAS sprayed WC-FeCSiMn under tension
load is limited to a maximum strain of 0.45%. Due to the
brittle character of the WC-FeCSiMn coating the stress-
strain curves do not have a yield point. Since the defor-
mation is dominated by elastic strain, plastic deformations
are almost absent. The ultimate and breaking strength are
the same. Failure in the form of brittle fracture appears
more or less without premonition. Correlating with the
brittle character of the cermet coating, a significant dif-
ference was observed between compression and tensile
behavior. Hence, the Young�s modulus for the tension
case is about 60% lower than for the compression case.
This is mainly due to three effects:

(1) The bending and tensile tests are sensitive to pre-
cracks, weak splat boundaries, or pores. At tensile or

Fig. 12 Stress-strain curves for three freestanding WC-FeCSiMn
coatings measured in tensile tests
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shear loads, sliding of broken parts or boundaries can
occur easily. However, under compressive loads, even
phases and lamellae with microcracks or weak bond-
ing can show remarkable resistance.

(2) Tensile tests and bending tests only evaluate the
weakest point of the material compound, for example,
the position with most defects. On the contrary,
indentation tests only evaluate the selected, local
position.

(3) Due to the fast cooling of the molten spraying parti-
cles at their impact on the substrate, residual tensile
stresses are induced into the layer. These residual
tensile stresses lead to a lower ultimate strength of the
sprayed coating, which can lead to premature cracking
and failure within some of the layer lamellae.
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nach Vickers’’ (Metallic Materials—Vickers Hardness Test),
Deutsches Institut für Normung, 2006, 148 p (in German)

46. DIN EN ISO 6508/1-3, ‘‘Metallische Werkstoffe—Härteprüfung
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