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Effect of substrate pre-treatment on the low cycle
fatigue performance of tungsten carbide-cobalt coated
additive manufactured 316 L substrates

Einfluss der Substratvorbehandlung auf das
Kurzzeitermüdungsverhalten von Wolframkarbid-Kobalt
beschichteten additiv gefertigten 316 L Substraten

W. Tillmann1, L. Hagen1, K.-U. Garthe2, K.-P. Hoyer2, M. Schaper2

Numerous studies already identified that the fatigue strength of 316 L parts proc-
essed by laser beam melting (LBM) is distinctly affected by the surface integrity.
Among others, surface defects as well as residual stresses are of crucial im-
portance. Despite new findings in the field of surface engineering of laser beam
melting (LBM) parts, the low cycle fatigue strength of thermally sprayed additively
manufactured substrates has not been in the focus of research to date. This study
aims at evaluating the effect of different pre-treatments onto 316 L substrates
processed by laser beam melting (LBM) prior to the deposition of a high velocity
oxy-fuel (HVOF) sprayed tungsten carbide-cobalt coating and their effect on the
low cycle fatigue strength. Therefore, 316 L substrates were examined in their as-
built state as well as after grit blasting with regards to the surface roughness,
strain hardening effects, and residual stresses. To differentiate between topo-
graphical effects and residual stress related phenomena, stress-relieved 316 L
substrates served as reference throughout the investigations. The tungsten car-
bide-cobalt coated and differently pre-treated 316 L substrates were mechanically
tested under quasi-static and dynamic load conditions. Besides the low cycle fa-
tigue strength, the fracture toughness as well as the fracture mechanism were
identified based on fracture surface analysis.
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1 Introduction

Applying laser beam melting (LBM), the compo-
nent is built up successively and layer-based [1].
Furthermore, it offers the possibility of the direct
production of ready-to-use components and prod-
ucts from computer-aided design data and metal
powders, thus eliminating the cost-intensive proc-
ess steps of tool design and manufacturing [2]. In
laser beam melting (LBM), an iterative process is
carried out. First, the metal powder is applied as a
layer on the building platform by a coater and then
locally melted by a high-energy laser to achieve the
required geometry of the respective layer. Once the
powder layer has been processed, the building plat-
form is lowered and the process starts again with
the application of a new powder layer. Each new
layer is connected to the previous one, so that the
desired three-dimensional geometry is achieved. No
further tools are required, since the laser paths and
the geometry of the layers are generated solely
from a prepared 3D computer-aided design data set
[3]. Due to the inherent process characteristics, the
produced samples still exhibit a varying residual
porosity and a high surface roughness [4]. The re-
sulting microstructural characteristics (e.g. grain
orientation) and residual stresses, among others, de-
pend on the thermal history during processing,
which in turn is associated with the building strat-
egy [5].

AISI 316 L stainless steel, known as 1.4404, is
an iron-based alloy. The main alloying elements are
chromium, nickel and molybdenum. Therefore, the
material provides good mechanical properties and
adequate corrosion resistance [6]. Moreover, the
material shows a good weldability and is thus ideal-
ly suited for laser beam melting (LBM) [7]. Despite
a remaining low porosity in additively manufac-
tured 316 L steel, the produced material also pos-
sesses high strength and good ductility [8]. Never-
theless, compared to hard materials, 316 L steel
provides a poor resistance against abrasion due to
its low hardness.

Due to their outstanding properties, tungsten
carbide-cobalt coatings evolved into a predominant
coating system for wear protection over the last
decades, which is typically employed at operating
temperatures up to 400 °C [9, 10]. Commonly,
tungsten carbide-cobalt coatings are deposited by
using high velocity oxy-fuel (HVOF) spraying. In-

herent process characteristics, such as high kinetic
energy of the impinging spray particles, allow the
application of dense coatings with a good adhesion
to the substrate by mechanical interlocking effects
of splats. The coatings microstructure (e. g. porosity
level, amount of cracks and impurities, inter-
connection of the individual splats) constitutes the
resulting mechanical properties. However, the me-
chanical properties of tungsten carbide-cobalt coat-
ings primarily depend on the tungsten carbide par-
ticle size, the amount and distribution of tungsten
carbide particles, the content of the cobalt binder
phase and its mean free path [11]. For high velocity
oxy-fuel (HVOF) sprayed tungsten carbide-cobalt
coatings, tungsten carbide decomposition as well as
the formation of eta carbides (e.g. M6C, M12C etc.,
M =metal) are under certain aspects of significant
technical importance as they are detrimental to me-
chanical behavior under quasi-static and dynamic
load conditions.

Under practical operating conditions, compo-
nents are usually subjected to mechanical-cycling
loads. A sufficient fatigue strength of the compo-
sites (i. e. laser beam melting (LBM) substrate/high
velocity oxy-fuel (HVOF) coating) is regarded as
an essential criterion to ensure the functionality.
The aim of the present research work is to postulate
a correlation between the effect of different sub-
strate surface conditions (i. e. grit blasted, as-built)
and the low cycle fatigue strength of the produced
tungsten carbide-cobalt coated 316 L substrate
composites under quasi-static and dynamic load
conditions. To differentiate between topographical
effects and residual stress related phenomena,
stress-relieved 316 L substrates served as reference
throughout the investigations.

2 Experimental methods

2.1 Additively manufactured 316 L substrates

Dog-bone shaped low cycle fatigue samples were
produced with a nominal gage length of 8 mm×
3 mm×2.5 mm using the laser beam melting sys-
tem SLM 250HL (SLM Solutions, Germany). The
samples were generated from a 316 L stainless steel
powder (SLM Solutions, Germany). As obtained
from laser diffraction analysis (Mastersizer 2000,
Malvern Panalytical, Germany), the 50th percentile
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in diameter (D50) of the volumetric particle size
distribution was 32.0 μm (D10 =16.2 μm,
D90 =57.8 μm). The samples were built applying
the process parameters, Table 1.

All samples were manufactured under argon at-
mosphere to prevent oxygen uptake and oxidation
phenomena. The building direction was vertical us-
ing the skin-core strategy. For the 316 L stainless
steel powder (i. e. feedstock) and the 316 L laser
beam melting (LBM) substrate, the chemical com-
position was verified by x-ray fluorescence analy-
ses (Revierlabor, Germany), Table 2. As verified by
x-ray microcomputed tomography (Xradia 520
Versa, Zeiss, Germany), the produced 316 L laser
beam melting (LBM) substrates exhibit an overall
porosity of approximately 0.16 % (measured with a
voxel edge length of 70 nm).

2.2 Substrates pre-treatment and coating
deposition

Prior to the coating deposition, the 316 L substrates
were grit blasted using alumina with an abrasive
particle size of F240 (according to the Federation

of European Producers of Abrasives). Within this
study, the sample type is referred to as F240. A
316 L substrate in its as-built condition served as a
reference and is referred to as AB. To distinguish
between topographical and mechanical causes (i. e.
residual stresses) and their effect on the fatigue be-
havior of the laser beam melting (LBM) substrate/
high velocity oxy-fuel (HVOF) coating composite,
a stress-relief heat treatment was conducted in a
second measurement series. The stress-relief heat
treatment was executed at 650 °C with a heating
rate of 5.4 °C min� 1 and a holding time of 120 min,
using a high temperature vacuum oven (U 80/1H,
Schmetz, Germany) [12]. The process as well as
the subsequent furnace cooling was carried out in
vacuum. The corresponding sample types are re-
ferred to as F240_SRT, and AB_SRT, respectively.

For the coating deposition, a high velocity oxy-
fuel (HVOF) WokaJet 400 spraying system (Oerli-
kon Metco, Switzerland) equipped with an Oerli-
kon Metco MultiCoat controller system, and a
Twin-120-H powder feeder were used. An agglom-
erated and sintered tungsten carbide-cobalt powder
(Woka 3102, Oerlikon Metco, Switzerland) with 88
weight % of tungsten carbide and 12 weight % of
cobalt served as feedstock. The spray torch was
mounted on an ABB IRB 4600 60/2.05 6-axis ro-
bot. The spraying experiments were carried out on
a turning lathe. To achieve an all-side coating, the
different pre-treated 316 L substrates were rotated
using a rotating velocity of 600 min� 1. A transverse
speed of 130 mms� 1 was applied for moving the
spray torch over the sample. Each coating was con-
ducted with a front side cooling (i. e. pipeline with
straight outlet openings; inside diameter: 7.7 mm)
using compressed air with a maximum flow veloc-
ity of 154 m/s �2 m/s (as verified by differential
pressure measurements, pitot tube AFLPS 588701,
differential pressure transmitter DKP1010, Driesen

Table 1. Selective laser melting (SLM) process parame-
ters used in this study.

Local strategy

Process parameter Volume contour Volume area

Laser power
[W]

100 175

Laser scanning speed
[mm s� 1]

565 750

Hatch distance
[mm]

– 0.12

Layer thickness
[μm]

30 30

Table 2. Comparison of the chemical composition for the 316 L feedstock and the 316 L laser beam melting (LBM)
substrate.

Sample O Al Si Ti Cr Mn Fe Co Ni Cu Mo others

SLM substrate 0.07 0.11 0.51 0.05 17.1 1.00 bal. 0.05 11.5 0.12 2.29 <0.03

Feedstock 0.045 0.05 0.78 0.03 16.9 1.40 bal. 0.03 11.5 0.04 2.39 <0.03

in weight %
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+Kern, Germany). The spray parameter settings
were kept constant for all experiments, Table 3.

2.3 Analytic methods

Prior to the coating deposition, the 316 L substrate
surfaces were examined using the 3D surface meas-
urement system Infinite Focus (Alicona, Austria).
The mean roughness Ra and mean roughness depth
Rz were obtained from the reconstructed surfaces.
X-ray diffraction analysis were conducted at the
316 L substrate surfaces as well as the tungsten car-
bide-cobalt coating surfaces (i. e. of the laser beam
melting (LBM) substrate/high velocity oxy-fuel
(HVOF) coating composites) using a Bruker Ad-
vanced D8 diffractometer (Bruker, Massachusetts,
U.S.) with chromium K-alpha (λ =0.22910 nm)
and copper K-alpha (λ =0.15406 nm) radiation to
determine the phase composition and the residual
stresses. With regard to the residual stress measure-
ment, the sin2ψ method was employed [13]. For the
316 L substrates, the austenitic γ-phase (220) re-
flection in an angular range of 2θ =126.5–131°
was examined. In contrast, the hexagonal tungsten
mono-carbide (201) reflection in an angular range
of 2θ =83–85.5° was taken into account for the
tungsten carbide-cobalt coating surfaces. For both
stress measurements, the step width and exposure
time were respectively 0.1° and 2.5 s for each step.
The measurements were performed for various tilt
angles ψ = � (0; 7; 14; 21; 28; 35; 42; 49), and ro-
tation angles ϕ = � (0; 180). The d–ψ data was an-
alyzed using the software Leptos (Bruker, Massa-
chusetts, U.S.). For the austenitic γ-phase (220)
reflection, a Young’s modulus, E, of 207 GPa and a
Poisson ratio, v, of 0.28 were used [14]. The x-ray
elastic constants (s1 = � 1.36E–6 mm2 N� 1; 1=2
s2 =6.19E–6 mm2 N� 1) were computed based on
the Voigt model [13]. As opposed to that, a value
of 515 GPa and 0.19 for the Young’s modulus and

the Poisson ratio was used to calculate the residual
stress with regard to the hexagonal tungsten mono-
carbide (201) reflection [14]. In this respect, the x-
ray elastic constants were s1 = -0.37E–6 mm2 N� 1,
and 1=2 s2 =2.31E–6 mm2 N� 1. To evaluate an all-
side coating, representative samples (i. e. laser
beam melting (LBM) substrate/high velocity oxy-
fuel (HVOF) coating composites) were investigated
prior to the low cycle fatigue tests by means of
cross-section analysis using the optical microscope
BX51M (Olympus, Japan). Simultaneously, the
coating microstructure and its bonding to the sub-
strate were examined in order to preclude pre-
mature failures (e.g. coating delamination). To as-
sess the introduction of strain hardening effects by
impinging grit-blasting particles during substrate
preparation, the hardness was determined at the
cross section of the laser beam melting (LBM) sub-
strate/high velocity oxy-fuel (HVOF) coating com-
posites. The hardness was measured at the sub-
strate-coating interface by means of load and
displacement sensing curves using the nanoindentor
G200 (Agilent Technology, USA) [15]. The indents
were performed parallel to the substrate-coating in-
terface in regular intervals. Vickers indention ex-
periments were conducted at the cross-section to
determine the fracture toughness KIC of the tung-
sten carbide-cobalt coating. A load of 49 N was ap-
plied using the universal hardness tester DIA-TES-
TOR 7521 (Wolpert, Germany). The length of the
microcracks (Palmquist cracks), generated at the
corners of the indention, was measured via cross-
section images and the KIC value was calculated ac-
cording to the equation by Shetty and Wright [16].

2.4 Low cycle fatigue tests

The low cycle fatigue tests were performed on a
servo-hydraulic testing machine (MTS 858 Table
Top System, MTS Systems Corporation, Minneso-

Table 3. Spray parameter settings.

Oxygen flow [SLPM] 876 Powder carrier gas [SLPM] 2×4.6

Kerosene flow [SLPH] 23 Feeding disc setting [%] 20

Spray distance [mm] 300 Stirrer setting [%] 50

Overruns 20
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ta). The different laser beam melting (LBM) sub-
strate/high velocity oxy-fuel (HVOF) coating com-
posites were fatigued in strain-controlled tests at to-
tal strain amplitudes of 0.35 %, 0.50 % and 0.80 %.
The low cycle fatigue tests were performed at room
temperature with an R-ratio of -1 and a strain rate
of 6×10� 3 s� 1. An extensometer was used to de-
termine the exact strain. With the results generated
here, it is possible to estimate the service life as
well as the hardening and softening behavior under
dynamic stress based on the cyclic stress-strain
curve (hysteresis curve). After testing, the micro-
structural appearance and failure mechanism were
analyzed at the fractured surfaces using a digital
microscope (Leica DVM6, Leica Microsystems,
Germany). To assess the formation of fatigue
cracks, longitudinal-sections in building direction
of the samples (perpendicular to the crack for-
mation) were metallographically prepared and af-
terwards examined by using the optical microscope
BX51M (Olympus, Japan).

3 Results and discussion

Regarding the surface roughness of the differently
pre-treated 316 L substrates, it is found that the
substrate in its as-built state (sample AB) exhibits a
mean roughness Ra of 9.8 μm�1.0 μm and a mean
roughness depth Rz of 63.2 μm�5.8 μm, Table 4.
In contrast, the grit blasted substrate (sample F240)
possesses a mean roughness Ra of 7.3 μm�0.4 μm,
whereas the mean roughness depth Rz was
43.5 μm�3.0 μm. For the heat-treated samples, the
3D surface measurement indicates a similar surface
roughness, Table 4. Accordingly, sample AB_SRT

shows a mean roughness Ra of 9.9 μm�2.1 μm and
mean roughness depth Rz of 66.1 μm�15.7 μm,
whereby sample F240_SRT features a mean rough-
ness Ra of 7.8 μm�1.8 μm and mean roughness
depth Rz of 45.3 μm�11.1 μm.

X-ray diffraction analyses reveal that the differ-
ently pre-treated 316 L substrates (sample AB, AB_
SRT, F240, and F240_SRT) mainly consist of a
face-centred cubic, austenitic phase (γ-phase) with
a preferred grain orientation in the (111) direction,
Figure 1a. The feedstock (x-ray diffraction data not
shown) is mainly composed of the γ-phase with
some minor content of the body-centred cubic, fer-
ritic phase. It is assumed that the ferritic phase par-
tially converted into the γ-phase by remelting dur-
ing laser beam melting (LBM). Some small
amounts of the ferritic phase remain in the micro-
structure. When compared to the non-heat-treated
substrates (sample AB, and F240), the x-ray dif-
fraction patterns obtained from the heat-treated sub-
strates (sample AB_SRT, and F240_SRT) indicate
the absence of phase transformation processes with-
in the experimental resolution. Nevertheless, the x-
ray diffraction pattern for sample F240 demon-
strates a peak broadening for the (111), (200) and
(220) reflections, which can be presumably attrib-
uted to (i) the introduction of microstresses or (ii)
grain refinement effects due to defects in the lattice
structure. In contrast, the grit blasted and additional
heat-treated substrate (i. e. sample F240_SRT)
shows a reduction in the full width at half max-
imum of the peak reflections, suggesting a reduc-
tion in microstresses or a change in crystallite size.

Regarding the residual stress measurement (i. e.
for γ-phase (220)), it is found that sample AB ex-
hibits tensile residual stresses of 79.1 MPa�

Table 4. Determined surface roughness and mechanical properties.

316 L substrate tungsten carbide-cobalt
coating

Sample Ra

[μm]
Rz

[μm]
Hs,center

[GPa]
Hs,interface

[GPa]
Residual stresses
[MPa]

Residual stresses
[MPa]

AB 9.8�1.0 63.2�5.8 2.98�0.01 3.10�0.02 79.1�19.8 � 1236�54

AB_SRT 9.9�2.1 66.1�15.7 2.91�0.02 2.96�0.06 78.7�16.4 � 1526�52

F240 7.3�0,4 43.5�3.0 3.02�0.05 3.40�0.09 � 363.6�16.8 � 1341�48.

F240_SRT 7.8�1.8 45.3�11.1 2.96�0.03 3.20�0.13 � 29.4�9.7 � 1390�75
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19.8 MPa, whereas sample F240 demonstrates
compressive residual stresses of -363.6 MPa�
16.8 MPa, Table 4. In contrast, the grit blasted and
subsequent heat-treated substrate (sample F240_
SRT) shows a significant reduction to -29.4 MPa�
9.7 MPa. In terms of the as-built and subsequent
heat-treated substrate (sample AB_SRT), the reduc-
tion in residual stresses is marginal (i. e.
78.7 MPa�16.4 MPa) and therefore negligible.

After thermal spraying, cross-section analyses of
representative samples of composites (i. e. laser
beam melting (LBM) substrate/high velocity oxy-
fuel (HVOF) coating) confirm an all-side coating
and reveal the absence of macroscopic defects such
as cracks or delamination, Figure 2. With regard to
the different composites, the light micrographs in-
dicate a homogenous coating with a nearly constant
coating thickness, as well as an adequate bonding
to the differently pre-treated 316 L substrates.

As obtained from the nanoindentation ex-
perimentsthe 316 L substrate of sample AB shows
a hardness Hs,center of 2.98 GPa�0.01 GPa in the
center, whereas the 316 L substrate near the sub-

strate-coating interface demonstrates a hardness Hs,

interface of 3.10 GPa�0.02 GPa, Table 4. The heat-
treated 316 L substrate of sample AB_SRT exhibits
a Hs,center of 2.91 GPa�0.02 GPa in the center, as
well as a Hs,interface of 2.96 GPa�0.05 GPa near the
substrate-coating interface. In contrast, the 316 L
substrate of sample F240 reveals a Hs,center of
3.02 GPa�0.05 GPa in the center, whereas the
316 L substrate near the substrate-coating interface
shows a Hs,interface of 3.40 GPa�0.09 GPa. The
same tendency is observed for the 316 L substrate
of sample F240_SRT, demonstrating a Hs,center and
Hs,interface of 2.96 GPa�0.03 GPa, and 3.20 GPa�
0.13 GPa, respectively. It is found that the stress-
relief heat treatment did not lead to any distinct
change in hardness. The grit blasted 316 L sub-
strates exhibit a higher hardness at the substrate-
coating interface when compared to the hardness in
the center, suggesting the introduction of strain
hardening effects due to the impinging grit blasting
particles. Moreover, the effectiveness of a peening
effect caused by the impinging spray particles (i. e.
hard particles) cannot be clearly demonstrated as

Figure 1. X-ray diffraction patterns for the differently pre-treated 316 L substrates: a) non-heat-treated 316 L substrates, and
b) 316 L substrates processed by SRT; the samples AS and AS/SRT serve as reference.
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strain hardening effects are hardly evident, see
nanoindentation near the substrate-coating interface
for sample AB or AB_SRT, Table 4.

X-ray diffraction analyses of the tungsten car-
bide-cobalt coatings reveal that the deposits are
mainly composed of hexagonal tungsten mono-car-
bide (WC), tungsten semi-carbide (W2C), as well as
traces of a non-stoichiometric cubic phase of tung-
sten carbide (WC1-x) and eta carbide (Co6W6C),
Figure 1b. The produced tungsten carbide-cobalt
coatings of the different samples AB, AB_SRT,
F240, and F240_SRT show no significant differ-
ences in phase composition. A distinct reflection of
hexagonal or cubic cobalt cannot be found within
the experimental resolution. In contrast, the tung-
sten carbide-cobalt feedstock (x-ray diffraction pat-
tern not shown) consists of a mixture of hexagonal
tungsten mono-carbide and cubic cobalt.

The residual stresses in the tungsten carbide-co-
balt coating surface for sample AB, AB_SRT,
F240, and F240_SRT were calculated for the (201)

reflection of hexagonal tungsten mono-carbide, Ta-
ble 4. It is found that the tungsten carbide-cobalt
coating deposited onto the differently pre-treated
316 L substrates exhibits compressive residual
stresses in a range of -1236 MPa�54 MPa to
-1526 MPa�52 MPa. A dependency on the differ-
ent pre-treatments cannot be determined. Due to the
strong momentum transfer by the impact of highly
kinetic spray particles with a low melting degree
(compared to other thermal spraying techniques),
high velocity oxy-fuel (HVOF) sprayed tungsten
carbide-cobalt coatings typically exhibit com-
pressive residual stresses. However, the order of
magnitude of residual stresses in this study is strik-
ing. The residual stress state, evolving in high ve-
locity oxy-fuel (HVOF) sprayed coatings, depends
mainly on the thermal conditions to which the sub-
strate-coating system has been exposed [17]. There-
fore, the final stress state can be assigned to a com-
bination of quenching stresses, thermal stresses,
and peening stresses. During cooling down to am-

Figure 2. Cross-section images taken by light microscopy showing the high velocity oxy-fuel (HVOF) sprayed tungsten car-
bide-cobalt coating deposited onto differently pre-treated 316 L substrates: a) sample AB, b) sample AB_SRT, c) sample
F240, and d) sample F240_SRT.
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bient temperature, thermal stresses develop due to
the mismatch of thermal expansion between the
coating and substrate. The resulting thermal stress
is compressive if the coefficient of thermal ex-
pansion of the coating is lower than the coefficient
of thermal expansion of the substrate material [18].
For a temperature range from 293 K to 1173 K, the
coefficient of thermal expansion was demonstrated
to be significantly lower for a high velocity oxy-
fuel (HVOF) sprayed tungsten carbide-cobalt coat-
ing than compared to 316 L (i. e. bulk material)
[19]. Therefore, it is assumed that thermal stresses
make a substantial contribution to the compressive
residual stress state in the tungsten carbide-cobalt
coatings in this study. However, other effects such
as tungsten carbide decomposition cannot be pre-
cluded.

As obtained from Vickers indentation tests, the
tungsten carbide-cobalt coatings sprayed onto the
differently pre-treated 316 L substrates show a frac-
ture toughness KIC of approximately 2.5 MPa

p
m�

0.4 MPa
p
m. With regard to these results, it is ob-

vious that the fracture toughness KIC is remarkable
low compared with either those observed for high
velocity oxy-fuel (HVOF) sprayed tungsten car-
bide-cobalt coatings or tungsten carbide-cobalt ce-

mented carbides [20, 21]. The degree of de-
carburization in high velocity oxy-fuel (HVOF)-
sprayed tungsten carbide-cobalt coatings has a deci-
sive influence on the fracture toughness KIC [22].
As reported by the authors, a decreased fracture
toughness KIC correlates with an increased de-
carburization. Based on the findings in this study, it
is assumed that the decreased fracture toughness
KIC is caused by tungsten carbide decomposition
phenomena and the embrittlement of the metallic
binder phase.

The results of the low cycle fatigue tests of the
different composites (i. e. laser beam melting
(LBM) substrate/high velocity oxy-fuel (HVOF)
coating) respect to the cycles to failure for various
strain amplitudes, Figure 3. At a strain amplitude
of 0.35 %, the mean lifetime of sample F240 and
F240_SRT amounted to 1,325 and 1,294 cycles, re-
spectively, as compared to 569 and 577 cycles for
sample AB and AB_SRT, Figure 3a. Thus, the fa-
tigue life of the laser beam melting (LBM) sub-
strate/high velocity oxy-fuel (HVOF) coating com-
posites with the use of the grit blasted substrates is
slightly enhanced as compared to the use of sub-
strates in their as-built condition. No significant
differences (i. e. cycles to failure) can be observed

Figure 3. Cycles to failure for the different composites (i.e. laser beam melting (LBM) substrate/high velocity oxy-fuel
(HVOF) coating) referring to as sample AB, AB_SRT, F240, F240_SRT: at a strain amplitude of a) 0.35 %, b) 0.50 %, and c)
0.80 %.
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for the heat-treated samples. Thus, the stress-relief
heat treatment does not lead to an increased low cy-
cle fatigue strength. At higher strain amplitudes of
0.50 % and 0.80 %, the fatigue life dramatically de-
creases, Figure 3b, c. Accordingly, the samples
mostly failed immediately. At a strain amplitude of
0.50 %, however, the mean lifetime of sample
F240_SRT and AB amounted to 401 and 170 cy-
cles, respectively.

The fracture surface morphologies were macro-
scopically analysed by means of optical micro-
scopy, Figures 4, 5. After low cycle fatigue testing
at high strain amplitudes (e. g. Figure 4, at a strain
amplitude of 0.50 %), the macroscopic images il-
lustrate serious surface damage, i. e. cracking, coat-
ing delamination and severe deformation of the
composites. For the majority of samples, light mi-
crographs of longitudinal-sections (i. e. perpendicu-
lar to the crack formation) reveal the evidence of
cracks running through the 316 L substrate after the
tungsten carbide-cobalt coating has been de-
laminated, for example sample AB_SRT, Fig-

ure 6a, b. Similar findings were observed after low
cycle fatigue testing using a strain amplitude of
0.80 %.

At a strain amplitude of 0.35 %, the damage is
less severe and shows a similar extent for all sam-
ples regardless of whether the 316 L substrates
were grit blasted or heat-treated prior to the tung-
sten carbide-cobalt coating deposition. Accord-
ingly, all samples show distinct crack formation in
the tungsten carbide-cobalt coating, as well as the
delamination of individual coating areas. The mac-
roscopic fracture surface morphologies of samples
F240 and AB_SRT after low cycle fatigue testing
at a strain amplitude of 0.35 %, Figure 5. Longi-
tudinal-sectional images suggest that crack ini-
tiation starts at the coating surface, for example
sample AB_SRT, Figure 6c, d. The cracks prop-
agate from their initiation sites through the coating
towards the coating-substrate interface and finally
penetrate the substrate. By comparing the hysteresis
loops between sample F240 and AB_SRT at a
strain amplitude of 0.35 %, it is demonstrated that

Figure 4. Optical micrographs showing the fracture surface morphologies after low cycle fatigue tests at a strain amplitude
of 0.50 %: a) sample F240, b) sample F240_SRT, c) sample AB, and d) sample AB_SRT.
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the AB_SRT curve shows only a small drop in
force amplitude over the service life, Figure 7. In
addition, no cracks can be detected, which allows
the conclusion to be drawn that the coating fails,
thus leading to a premature failure of sample AB_
SRT. In contrast, the hysteresis loops of sample
F240 demonstrate that a crack has been formed
only after a certain time, suggesting that the sample
fails later. It must be said that 3 % of the service
life was chosen as starting value in order to repre-
sent the beginning of the service life and to mini-
mize the influence of the settling of the machine.

With regard to the low cycle fatigue tests of the
laser beam melting (LBM) substrate/high velocity
oxy-fuel (HVOF) coating composites, fatigue
cracking was predominantly initiated at the tung-
sten carbide-cobalt coating surface and propagated
during cyclic loading through the coating towards
the substrate-coating interface. Here, it is assumed
that the cracks were nucleated near various hetero-
geneities of the tungsten carbide-cobalt coating sur-
face. It is known that fatigue cracking can be miti-

gated by the introduction of surface compressive
residual stresses. The insertion of compressive re-
sidual stresses in thermally sprayed coatings can
lead to an increased fatigue life of the coated com-
ponent [23]. Nevertheless, high residual stresses
can cause fatigue failure, if their magnitude ex-
ceeds the yield strength of the coating material. De-
spite the high surface compressive residual stresses,
the investigated tungsten carbide-cobalt coatings
failed prematurely. The tungsten carbide-cobalt
coatings were unable to plastically deform and
demonstrated a brittle behavior. In this respect, the
deposits showed a reduced fracture toughness KIC,
suggesting a poor crack resistance and breakage
strength. Therefore, under the given experimental
conditions, the fatigue life of the laser beam melt-
ing (LBM) substrate/high velocity oxy-fuel
(HVOF) coating composites is largely determined
by the fatigue behavior of the tungsten carbide-co-
balt coating itself. For parts processed by laser
beam melting (LBM), it is known that the process-
related restrictions, such as residual stresses or sur-

Figure 5. Optical micrographs showing the fracture surface morphologies after low cycle fatigue tests at a strain amplitude
of 0.35 %: a) sample F240, b) enlarged view of sample F240, c) sample AB_SRT, and d) enlarged view of sample AB_SRT.
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face roughness and porosity, have a substantial im-
pact on the fatigue strength. Although the laser
beam melting (LBM) substrate/high velocity oxy-
fuel (HVOF) coating composites with the use of
grit blasted substrates showed improved fatigue be-
havior at low strain amplitudes, no clear correlation
can be made in this study. In order to obtain a more
precise correlation, further experiments of a larger
number of samples at lower strain amplitudes such
as 0.20 % should be carried out for the given mate-
rial combination.

4 Conclusion

316 L substrates processed by laser beam melting
(LBM) were subjected to different pre-treatment
procedures prior to the deposition of a tungsten car-
bide-cobalt coating by means of high velocity oxy-
fuel (HVOF) spraying. Grit blasting the 316 L sub-
strates led to the introduction of surface com-

pressive residual stresses, as well as strain harden-
ing effects due to the impinging grit blasting
particles. In addition, a subsequent stress-relief heat
treatment of selected 316 L substrates resulted in a
decline in residual stresses. Tungsten carbide-cobalt
coatings were afterwards deposited onto the differ-
ently pre-treated 316 L substrates. Implementing
low cycle fatigue tests at various strain amplitudes,
the tungsten carbide-cobalt coated 316 L substrate
composites demonstrated a poor fatigue strength
since the tungsten carbide-cobalt coatings failed
prematurely. The failure was predominantly attrib-
uted to crack initiation at the tungsten carbide-co-
balt coating surface. X-ray diffraction analyses re-
vealed that the tungsten carbide-cobalt coatings
mainly consist of hexagonal tungsten mono-car-
bide, tungsten semi-carbide, as well as traces of a
non-stoichiometric cubic phase of tungsten carbide
and eta carbide. In addition, Vickers indentation
tests indicated a reduced fracture toughness KIC, re-
sulting in a poor crack resistance and breakage

Figure 6. Optical micrographs showing the longitudinal-section of sample AB_SRT after low cycle fatigue tests: a, b) at a
strain amplitude of 0.50 %, and c, d) at a strain amplitude of 0.35 %.
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strength of the tungsten carbide-cobalt coatings.
Therefore, the low cycle fatigue life of the laser
beam melting (LBM) substrate/high velocity oxy-
fuel (HVOF) coating composites was largely de-
termined by the low cycle fatigue behavior of the
tungsten carbide-cobalt coating itself. Despite the
fact that the influence of the substrate pre-treatment
on the resulting fatigue strength of the tungsten car-
bide-cobalt coated 316 L substrate composites was
not clearly apparent, the low cycle fatigue tests also
suggested that grit blasting the 316 L substrates pri-
or to the coating deposition of tungsten carbide-co-
balt led to an improved fatigue life of the compo-
sites.
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