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ARTICLE INFO ABSTRACT

Keywords: Thermally sprayed Stellite 6 coatings offer high wear and corrosion-erosion resistance at high temperature but
Small punch creep the creep behaviour of such coatings is not well understood. In this paper, the microstructure and creep be-
HVOF haviour of a HVOF Stellite 6 coating was investigated. The coating was tested in the as-sprayed condition and
Stellite 6 after an isothermal heat-treatment of 1 h at 1050 °C. The as-sprayed coating comprised FCC Co-Cr-W solid so-
S:::glre lution with 2-3 wt% HCP phase, whereas the heat-treated coating comprised FCC Co-Cr-W solid solution, 11 wt

% M,3Cg carbides and 7 wt% M;,C3 carbides. Small punch creep tests were conducted at 700 °C on the as-sprayed
and heat-treated coatings. The heat-treated coating exhibited minimum steady-state strain rates approximately 2
orders of magnitude lower than the as-sprayed coating when tested at similar loads, leading to times to failure
approximately two orders of magnitude longer for the heat-treated coating within the selected load range.
Fracture analysis showed cracking along powder particle boundaries was the main mode of cracking in the as-
sprayed coating whereas for the heat-treated coating, fracture along the carbide / matrix interface was the main

Mechanical properties

fracture mechanism.

1. Introduction

Thermally sprayed coatings are widely used to extend the lifetime of
substrate components in power generation [1-3]. Hard-facing alloys,
such as Cobalt-based Stellite 6, offer high wear and corrosion-erosion
resistance at high temperature, which makes them attractive candidates
for use as thermally sprayed coatings in power generation [4-6]. The
suitability of Stellite 6 was demonstrated by Hjornhede et al. [6] who
reported that Stellite 6 exhibited the lowest amount of degradation
compared to other Co, Fe and Ni-based alloys when exposed to hot
erosion-corrosion environments.

In high temperature environments, the durability of thermally
sprayed coatings is significantly influenced by creep: stress induced
cracking, buckling and delamination have all been shown to be influ-
enced by creep [7-9]. Hence, understanding the creep properties of
thermally sprayed coatings is important for high temperature applica-
tions. However, thermally sprayed coatings are typically too thin for
traditional creep test methods such as uni-axial creep testing. An al-
ternative test method suitable for thin specimens is the small punch test
method. The small punch test can be used in a constant load (small
punch creep) or constant displacement (small punch tensile)
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configuration and has been used to evaluate the mechanical properties
of thermally sprayed MCrAlY coatings [10-14] and a nickel aluminide
diffusion coatings [15].

The small punch test allowed the influence of coating micro-
structure on the mechanical properties of thermally sprayed coatings to
be investigated [11-13], which presents the possibility to improve the
creep resistance of thermally sprayed coatings by developing coating
microstructures. This can be achieved through varying the deposition
method or through post-process heat treatments such as laser re-
melting [16-18] and isothermal annealing [19,20]. Temperatures
above 1000 °C are typically required for isothermal annealing to ensure
homogenisation of the microstructure and reduction in porosity
[19-21]. Comparatively, laser re-melting is a more complex process
than isothermal annealing and can lead to dissolution of the substrate
into the coating which makes it a less attractive post-process heat
treatment.

In this paper, the relationship between microstructure, creep be-
haviour and creep fracture of a free-standing Stellite 6 high velocity
oxy-fuel (HVOF) coating in the as-sprayed and heat-treated condition
(1 h at 1050 °C under vacuum) was investigated. The creep behaviour of
the as-sprayed and heat-treated HVOF Stellite 6 coating was
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investigated through small punch creep tests conducted at 700 °C. The
exposure conditions were chosen to reflect the temperatures in the
superheaters of the latest generation of steam generators operating
under ultra-supercritical conditions with biomass as a fuel where metal
temperatures will be in excess of 650 °C (22). The creep behaviour was
characterised by minimum creep strain state and creep rupture life. The
macroscopic and microscopic fracture patterns of the as-sprayed and
heat-treated coatings were then investigated with reference to the
coating microstructures.

2. Materials and methods
2.1. Materials and HVOF thermal spraying

Stellite 6 powder was provided by Kennametal Stellite Inc. with
median diameter (D50) of 38 pm, as determined by a Malvern Master
Sizer (Malvern, UK), and a composition of
Co-28.3Cr-4.8W-2.2Ni-1.5Fe-1.2Si-1.2C. The powder was sprayed
onto mild steel substrates 1.5 mm thick, 60 mm long and 25 mm wide
using a MetJet IV liquid fuel-based HVOF system developed by
Metallisation Ltd. UK. The nozzle length was 100 mm, the stand-off
distance was 356 mm and the flow rates of kerosene and oxygen were
476 ml/min and 920 1/min respectively. Nitrogen was used as a carrier
gas for the powder. The coatings were deposited to a thickness of ap-
proximately 700 um and subsequently detached from the substrates by
bending around a mandrel. The free standing coatings surfaces were
ground on 240 grade SIC papers and discs of 8 mm diameter were then
cut from coatings via electric discharge machining. Vacuum heat
treatment was carried out on half of the free-standing samples at
1050 °C for one hour in an Elite Thermal Systems TVH12 vacuum tube
furnace held at approximately 10~ ° bar followed by furnace cooling to
room temperature over a period of 6 h. The as-sprayed and heat-treated
discs were then subject to a final stage polishing on 1200 grade SiC
paper to a final thickness of ~500 pm.

2.2. Microstructural characterisation

Cross-sections of the feedstock Stellite 6 powder and as-sprayed and
heat-treated HVOF coatings, both before and after Small Punch Creep
(SPC) testing, were mounted, ground and polished to 1 um finish. The
polished feedstock powder and as-sprayed coating were electro-po-
lished in a solution of 1g oxalic acid (molecular weight = 90.04 g/
mole) and 100 ml di-ionised water. Microstructural analysis was carried
out using an FEI Quanta600 (Oregon, USA) scanning electron micro-
scope (SEM) equipped with a Bruker X-Flash (Massachusetts, USA)
energy dispersive X-ray spectroscopy (EDS) detector.

X-ray diffraction (XRD) measurements of the as-sprayed and heat-
treated coatings were done in a Siemens D500 XRD system (Germany),
with a vertical 6-26 diffractometer in Bragg-Brentano set-up, using Cu-
Ka radiation and scintillation point detector with secondary mono-
chromator. The scanned 26 range was from 20° to 120° with 0.05° step
size and 20 s of counting time in each step. TOPAS software package
(Bruker AXS, Germany) was employed for Rietveld analysis [23].

2.3. Microhardness testing

Microhardness measurements were carried out on polished cross-
sections of the as-sprayed and heat-treated Stellite 6 HVOF coatings. All
measurements conformed to ASTM E92 and were made using a 300 gf
load and dwell time of 10s. An average of 5 measurements was cal-
culated for each coating and the error was taken as the standard de-
viation.

2.4. Small punch creep testing

Constant-load SPC tests were carried out on a custom built SPC rig

138

Materials Science & Engineering A 749 (2019) 137-147

<——Punch Head

Rs

Original Specimen~l

<—Clamp

N\

Receiving Die

Deformed Specimen

Fig. 1. Schematic cross section of the small punch creep rig showing the ap-
plication of load through a hemispherical punch head and resultant specimen
displacement (§) where a,, R; and t, are the radius of the receiving hole (2 mm),
punch head radius (1 mm) and original specimen thickness (0.5 mm) respec-
tively.

installed on a Tinius Olsen (Surrey, UK) H5KS single column materials
testing machine. A schematic diagram of the rig is shown in Fig. 1. The
load was applied through a 2.5kN load cell and the punch head dis-
placement was measured by two LDVT's. A three tier, 3 kW furnace was
used to heat the specimens at a heating rate of 5°C/min. Three K-type
thermocouples, accurate to 5°C, were used to measure the furnace
temperature in the top, middle and bottom tiers. The three thermo-
couples were connected to a Severn Thermal Solutions temperature
controller which controlled the temperature to = 2 °C, giving an overall
temperature tolerance of + 7 °C. All tests were carried out in a tem-
perature controlled room held at 21 °C. The samples were heated to
temperature and held at temperature for 5h prior to the application of
the load. Full details on the SPC rig can be found at [24].

3. Calculation of strain and material properties

During SPC testing, a constant load is applied to a specimen through
a hemi-spherical punch head, as indicated in Fig. 1, which induces a
complex bi-axial stress state in the specimen. Accurate calculation of
the bi-axial stress and strain in a SPC specimen is not possible without
finite element modelling. As such, analytical analysis of SPC testing
employs semi-empirical solutions to calculate the equivalent uni-axial
stress (MPa) and equivalent uni-axial strain from the applied load (N)
and specimen displacement (mm) respectively [25].

The load was converted to equivalent uni-axial stress (o.) (MPa)
using the following equation provided by the CEN workshop agreement
[25]:

2 =333 Kya, "Rt o
where a, (mm), R, (mm) and t, (mm) are the radius of the receiving
hole, punch head radius and specimen thickness respectively, as shown
in Fig. 1. F is the load (N) and Ky, is a non-dimensional correction factor
used to correlate SPC data with uni-axial testing data. K, is reported in
the CEN workshop agreement [25] to be between 1.2 and 1.3 but has
also been reported as 0.6-0.8 for single crystal CMSX-4 ref [26]. In this
study, a K, value of 1 was used in line with the CEN workshop re-
commendations for materials where uni-axial test data does not exist.

The specimen displacement (§) was converted to equivalent uni-
axial strain (&) using the solution provided by Li et al. [27] which was
semi-empirically derived from Chakrabarty’'s membrane stretching
theory [28]. The minimum steady state strain rate (¢,,;,) was calculated
using a 1/5th moving average.

g4 = 0.20465 §+0.12026 §2—-0.00950 §&° 2)

Relationships between the equivalent uni-axial stress (o), the
equivalent uni-axial minimum steady-state strain rate (¢,;,) and the
time to failure (ty) can be obtained from the following three equations.
These equations are used to describe the material creep behaviour
following SPC testing at 700 °C.
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Fig. 2. XRD patterns of the as-sprayed and heat-treated Stellite 6 coatings be-
tween 20 values of (a) 20-100° and (b) 35-60°. The as-sprayed coating com-
prised FCC Co-Cr-W and 2-3 wt% HCP Co, whereas the heat-treated coating
comprised FCC Co-Cr-W, 11 wt% M,3Ce and 7 wt% M,C3 as calculated by
Rietveld analysis.

Norton Steady-State Power Law:
3

&nin = Ba,"

Creep Rupture Power Relationship:
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where B, n, M, y, K; and m are temperature dependent material prop-
erties.

4. Results
4.1. Characterisation of HVOF Stellite 6 coatings

4.1.1. XRD analysis

XRD diffraction patterns of the as-sprayed [22] and heat-treated
Stellite 6 coatings are shown in Fig. 2. The phases present in the as-
sprayed Stellite 6 were reported by Pala et al. [22] as almost exclusively
FCC Co-Cr-W solid solution with 2-3wt% HCP Co-based phase, as
measured by quantitative Rietveld analysis of XRD data. Pala et al. [22]
also reported the Stellite 6 feedstock powder to comprise approximately
91 wt% FCC and 9 wt% HCP phase which demonstrated that the as-
sprayed coating retained, in general, the original powder micro-
structure. The heat-treated coating exhibits sharp FCC Co-Cr-W reflec-
tions and new diffraction maxima corresponding to phases with similar
lattice parameters to a Cry3Cg carbide and a Cr,C3 carbide. The phase
fractions were 11 wt% cubic M3Cg carbide and 7 wt% orthorhombic
M,C; as refined by Rietveld analysis. There is a clear reduction in dif-
fraction profile width of the main phase between the patterns of as-
sprayed and heat-treated samples, most likely the result of an allevia-
tion in microstrains during heat treatment and grain coarsening. At the
same time, there is a shift to higher 26 angles of FCC phase (see Fig. 2b)
indicating decrease in the lattice parameter that is obviously explained
by the chromium transfer from the matrix to the carbides; chromium
has higher atomic radius than cobalt and, thus, less chromium in FCC
matrix lead to the decrease of FCC lattice parameter.

4.1.2. Microstructural investigation

BSE micrographs of a cross-sectional etched Stellite 6 powder par-
ticle are shown in Fig. 3. The powder exhibits a dendritic micro-
structure, similar to that previously reported elsewhere [29,30]. BSE
micrographs of the as-sprayed Stellite 6 coating, shown in Fig. 4, show
the interdendritic powder microstructure was retained in parts of the
as-sprayed coating through partially melted powder particles, as in-
dicated by A, which underwent varying degrees of deformation during
spraying. The retention of the powder particle microstructure supports
the XRD analysis that the as-sprayed coating retained, in general, the
original powder microstructure. The boundaries of the retained powder

(b)

Fig. 3. BSE micrographs of an etched Stellite 6 powder particle. The powder particle exhibits a dendritic microstructure which was retained in the as-sprayed coating

(Fig. 4.
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(a)
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(b)

Fig. 4. BSE micrographs of the as-sprayed HVOF Stellite 6 coating after electro-etching in oxalic acid. The coating consists of partially melted powder particles (A),
thin bands of oxides/pores (B), regions that melted under spraying and recrystallized under cooling (C), large pores (D) and small pores (E).

particles are typically highlighted by thin black bands, as indicated by
B, which are either oxides or pores that formed during thermal
spraying. The powder particles are inter-connected by regions where
the alloy fully melted during spraying and re-solidified under cooling,
as indicated by C. These regions were described by Kong et al. [29] to
be unresolvable in an SEM due to a monocrystalline structure that
formed due to the high cooling rate experienced by the molten alloy:
approximately 107 Ks~! [31]. There also exists large pores, as in-
dicated by D, and small discrete pores, as indicated by E. The porosity /
oxide level in the as-deposited coating is approximately 5vol% as
measured by image analysis. The elemental composition of the as-
sprayed coating, determined from EDX analysis a 180 x 180 um area,
was as follows:: Cr 30.7 + 0.3, Si 1.4 £ 0.1, Fe 2.3 = 0.1, W
6.2 * 0.3, Co bal. (in wt%). Carbon was not included in the EDX
measurement and the values have been normalised to reflect this. The
composition of the as-sprayed coating matches well with the composi-
tion of the feedstock powder.

BSE images of the Stellite 6 coating following heat treatment at
1050 °C for 1 h under vacuum are shown in Fig. 5. The heat treatment
significantly reduced the level of porosity in the coating to approxi-
mately 1vol%, as measured by image analysis, and has eliminated the

large black pores observed in the as-sprayed coating. This ‘healing’ ef-
fect of heat treatment on coatings has been previously reported
[10,20,24].

The partially melted powder particles, indicated by A, are still ob-
servable in the heat-treated coating by thin bands of small discrete
oxides/pores, such as those indicated by F, that exist at the powder
particle boundaries. EDX analysis showed the majority of these features
to be pores rather than oxides. The microstructure of the heat-treated
coating is homogenous. EDX and EBSD analysis confirmed the coating
comprised: light contrast FCC Cr-Co-W solid solution; dark grey M,Cs
carbides, indicated by G; and light grey M,3Cg carbides indicated by H.
There is also a fine dispersion of W rich regions which appear bright in
the BSE images, indicated by I. The composition of each phase, as
measured by EDX, is shown in Table 1. It is clear that the concentration
of W in the My3C¢ carbides is higher than in the M;C3 which explains
why the M,3Cq carbide exhibited a brighter contrast in the BSE image.

The as-sprayed and heat-treated coatings exhibited an average mi-
crohardness (HV3oogr) Of 662 = 14 and 486 * 9 respectively. The
heat-treated coating exhibited a significantly lower hardness than the
as-sprayed coating, despite the precipitation of numerous carbides, in-
dicating that the depletion of the matrix by elements that formed

(a)

(b)

Fig. 5. BSE micrographs showing the microstructure of the HVOF Stellite 6 coatings following vacuum heat treatment at 1050 °C for 1 h. The boundaries of partially
melted powder particles (A) can be identified, as well as M;C; carbides (G), M23Ce carbides (H) and a fine dispersion of W rich regions (I).
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Table 1
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EDX measurements of selected phases. Average of 4 measurements. Error shown is the standard deviation.

Composition (wt%)

Phase Co Cr w Fe Ni Si
FCC Co Cr W 68.3 * 5.0 21.3 + 1.6 44 x 14 2.3 + 03 2.7 £ 0.3 1.0 + 0.2
M Cs carbides (G) 30.4 + 2.5 64.6 + 4.0 23 %03 1.3 £ 0.2 1.0 = 0.2 0.4 + 0.1
M3 Ce carbides (H) 34.7 * 2.5 52.9 + 3.7 9.4 = 0.7 1.4 = 0.2 1.2 = 0.2 0.4 = 0.1
W rich regions (I) 47.8 * 3.4 311 * 2.3 147 * 1.1 1.4 + 0.2 2.2 * 0.2 29 * 0.4
carbides is the dominant factor determining the hardness overruling the Table 2.
effect of carbide presence. Moreover, it can be assumed that the hard- The heat-treated coating exhibited a lower, by approximately two
ness (HV) of the coatings follows the Hall-Petch relationship: orders of magnitude, minimum steady-state strain rate (for any given
stress) compared to the as-sprayed coating. This resulted in the heat-
HV = HV, + CX05 6) i S ) )
treated coating exhibiting times to failure approximately two orders of
where HV,, is original hardness, C is a constant and A is the interparticle =~ Magnitude greater than the as-sprayed coating. The time to failure for
distance [32]. The interdendrite arm spacing in the as-sprayed coating any given strain rate remained consistent between the as-sprayed and
is lower than the inter-carbide spacing in the heat-treated coating heat-treated coatings, demonstrating the total strain to failure remained
(approximately < 1 um and 1-2 um respectively), which provides fur- consistent.
ther explanation as to why the heat-treated coating exhibits a lower The rate at which the minimum steady-state strain rate increased
hardness than the as-sprayed coating. with stress, and the rate at which the time to failure increased with
stress, described respectively by the Norton power law constant ‘n” and
rupture powder law constant “x’, was consistent between the as-sprayed
4.2. Small punch creep results and heat-treated coatings. This indicates the dominant creep me-
. . . . chanism at 700 °C was similar for both coatings.
Representative time-displacement curves obtained from the as-
sprayed and heat-treated coatings during SPC testing at 700 °C are
shown in Fig. 6. The stresses shown are calculated using Eq. (1). Each 4.3. Failure of SPC specimens
curve exhibits a primary region consisting of a large initial deformation
followed by a reduction in the displacement rate, a secondary steady- In order to further understand the difference in creep behaviour
state region where the displacement rate is approximately constant, and between the as-sprayed and heat-treated coatings it is necessary to
a tertiary region where the displacement rate accelerates leading to evaluate the fracture behaviour of both coatings. SE images of the as-
failure. The initial displacements following the application of the load, sprayed and heat-treated coatings following SPC testing at 700 °C are
the overall displacements at failure and the steady-state displacement shown in Fig. 8. The as-sprayed and heat-treated specimens shown were
rates increased as the loads were increased, whereas the times to failure tested at 102 and 127 MPa respectively, and exhibited similar minimum
decreased. As such, it is clear both the as-sprayed and heat-treated steady-state strain rates during testing, approximately 2 x 1077 s~ 1,
HVOF Stellite 6 coatings exhibited typical creep behaviour during SPC These samples were chosen to ensure that the fracture behaviour being
testing at 700 °C. The heat-treated coating exhibited a higher resistance observed occurred whilst both coatings experienced similar strain rates.
to creep than the as-sprayed coating and so was subjected to higher Thus allowing accurate comparisons to be drawn.
loads in order to obtain similar times to failure for both coatings. The centre of both specimens fractured and detached during testing;
Fig. 7 shows log-log plots correlating the equivalent uni-axial the resultant holes correspond to the size of the punch head and are
minimum steady-state strain rate, equivalent uni-axial stress and time approximately 2mm in diameter for both specimens feature. Radial
to failure for the as-sprayed and heat-treated coatings. Linear re- cracks are observable on both specimens which have been reported to
lationships have been drawn to allow parameters for the Norton steady- initiate in the centre of SP specimens and are associated with brittle
state power law, the creep rupture power law and the Monkman-Grant cracking at low displacements [24,33,34]. The black boxes in Fig. 8a
relationship can be calculated. The calculated values are shown in and b indicate the areas shown at higher magnification in Fig. 8(c and
20 {100 MPa 20 ’
| 170 MPa 145MPa |
133 MPa 119 MPa |
£15- 3 £157 5
£ 3 E {127 MPa
5 | 5 |
% 1.0 | g 1.0
8 i s :
2 100 MPa'! 2
a ' a :
0.54 ; 054 !
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a) As-sprayed
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Fig. 6. Representative SPC displacement-time curves of the as-sprayed and heat-treated Stellite 6 coatings tested at 700 °C. Both coatings exhibit typical creep

behaviour at 700 °C.
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Fig. 7. (a) Minimum steady-state strain rate vs stress, (b) stress vs time to failure and (c) minimum steady state-strain rate vs time to failure for the as-sprayed and
heat-treated Stellite 6 coatings at 700 °C as calculated from analysis of SPC testing.

Table 2

Parameters for the Norton power law, creep rupture power law and modified
Monkman-Grant relationship for the as-sprayed and heat-treated coatings at
700 °C. Values calculated from the graphs shown in Fig. 7.

Norton power law Rupture power law Monkman-Grant

relationship
B(s"!MPa™ n M (h~! MPa™) K; (hs™) m
As-sprayed 2.1 x 1072 17.4 1.61 x 107 184 11x10"* 1.02
Heat-treated 1.3 x 107 19.4 155 x 107 17.4

d) and Fig. 8(e and f) respectively.

The fracture surface of the as-sprayed coating following SPC testing
at 700 °C and 102 MPa is shown in Fig. 8(c and d). There are a large
number of powder particles, as well as craters that mirror the shape of
powder particles, which can be clearly identified on the fracture sur-
face. The smooth surface of these features suggests the boundaries of
powder particles were weak areas that acted as paths for continuous
crack propagation. The remaining fracture surface exhibits a high
density of small surface features which indicates a different type of
crack propagation throughout the bulk of the as-sprayed specimen. This
crack propagation is detailed in Fig. 9.

The fracture surface of the heat-treated coating tested at 700 °C and
127 MPa is shown in Fig. 8(e and f). The fracture surface features a high
density of small surface features, similar to the as-sprayed specimen,
which are detailed in Fig. 10. It is not possible to clearly identify
powder particles on the fracture surface of the heat-treated specimen
but craters similar to those observed on the fracture surface of the as-
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sprayed specimen are visible. These craters indicate that the powder
particle boundaries remain a preferential crack path in the heat-treated
specimen; however, the craters exhibit a rough surface which indicates
a different type of crack propagation compared to the as-sprayed spe-
cimen.

In order to investigate the crack propagation behaviour in the tested
SPC specimens, the areas indicated by the black boxes in Fig. 8(a and b)
were cut from the specimens and mounted so that cross-sections of the
cracks could be studied. BSE micrographs of a cross section taken from
as-sprayed specimen are shown in Fig. 9. There is clear evidence of
crack propagation along the powder particle boundaries, as indicated
by A in Fig. 9(b). This appears to be the main mode of crack propa-
gation in the as-sprayed coating. Fig. 9b and c show a secondary mode
of crack propagation wherein a crack has propagated through a powder
particle. The crack has propagated along the dendrite phase boundaries,
as indicated by B.

Micrographs of a cross section through the heat-treated specimen
are shown in Fig. 10. There is clear evidence of crack propagation along
a powder particle boundary, as indicated by A, which corresponds to
the craters observed on the fracture surface of the heat-treated coating,
shown in Fig. 8(e and f). The shape of the crack path along the powder
boundary is irregular, which explains why the craters on the fracture
surface exhibited a non-smooth, irregular surface that was different to
the smooth surface of the craters observed on the fracture surface of the
as-sprayed specimen. Fig. 10c and d show how crack propagation oc-
curred in regions not associated with a powder particle boundary.
Considering the low density of powder particles and craters on the
fracture surface of the heat-treated specimen, the types of crack pro-
pagation observed in these regions can be considered the main modes of
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Fig. 8. SE micrographs of the as-sprayed and heat-treated Stellite 6 coating specimens following SPC testing at 700 °C. The macroscopic fracture patterns are shown
in (a) and (b) for the as-sprayed and heat-treated coatings respectively. Both specimens exhibit circumferential and radial cracking. The black boxes indicate the areas
shown at higher magnification in (c and d) and (e and f). The fracture surface of as-sprayed Stellite 6 specimen is shown in (c¢) and (d). A high density of partially
melted powder particles, as well as craters which correspond to pull-out of powder particles, can be identified on the fracture surface. The fracture surface of heat-
treated Stellite 6 coating specimen is shown in (e) and (f). Craters, due to powder particle pull-out, can be identified.

crack growth in the heat-treated Stellite 6 coating. There is evidence of
crack propagation along the carbide/matrix interface, as indicated by B,
and evidence of crack propagation either through a carbide, or along a
carbide/carbide interface, as indicated by C. There is also evidence of
pores forming at the carbide/matrix and carbide/carbide interfaces, as
indicated by D, which is evidence of how the observed cracks developed
under tensile loading.
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5. Discussion

Considering the SPC behaviour of the coatings first, the minimum
steady-state strain rates observed for the heat-treated coating were
approximately 2 orders of magnitude lower than those observed for the
as-sprayed coating. This demonstrates that the vacuum heat-treatment
at 1050 °C, and the subsequent changes in microstructure, resulted in a
marked increase in creep resistance for the Stellite 6 coating. In order to
understand the change in creep behaviour it is necessary to first con-
sider the microstructural evolution of the Stellite 6 coating.
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The as-sprayed coating was comprised almost exclusively of FCC Co-
Cr-W solid solution with no carbides identified by Rietveld analysis.
However, it is possible that carbides were present in the as-sprayed
coating but at concentrations below the detection limit of XRD; ap-
proximately 1wt%. The microstructure of the as-sprayed coating is
consistent with the microstructures previously reported for similar
coatings [22,29,30,35]. The lack of carbides is commonly associated
with the high cooling rates experienced by the alloy during HVOF
spraying; approximately 107 Ks~! [31]. The high cooling rates typi-
cally cause residual stresses in as-sprayed HVOF coatings [36] but the
impact of residual stresses on creep properties is not taken into account
in this study. While the residual stresses in as-sprayed HVOF coatings of
metallic materials are compressive, due to the high velocity of im-
pinging particles and resulting peening effect during the coating built-
up, the stresses will be reduced during annealing. Whereas the sig-
nificance of residual stresses in, mainly high cycle, fatigue life is firmly
established [37] their effects on creep, that itself falls under relaxation
processes, is more complex and for the sake of clarity, it is considered as
beyond the scope of this article.

The heat-treated coating comprised FCC Co-Cr-W solid solution with
M,C3 and M»3Cg type carbides. M,Cj3 type carbides are widely reported
in laser clad, cast and hot isostatically pressed (HIPped) Stellite 6 alloys
[32,38-40]. M33C¢ type carbides are not commonly reported but have
been observed with the addition of Mo, Y and Si [41,42].
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Fig. 9. BSE micrographs of the as-sprayed Stellite 6 coating following SPC testing at 700 °C and 102 MPa, showing a cross-section of the area highlighted in Fig. 8a.
The letter A indicates cracking along a powder particle boundary and B indicates cracking along the dendrite phase boundaries.

Thermodynamic calculations (not presented in this paper) predict
M,3Ce carbides to form below approximately 950 °C. Hence, the pre-
sence of M»3Cg type carbides in the heat-treated Stellite 6 coating is
most likely the result of slow furnace cooling following the isothermal
heat-treatment at 1050 °C.

The precipitation of carbides in the heat-treated coating was the
most significant phase change during heat-treatment. As such, it can be
concluded that the precipitation of carbides, as well as the corre-
sponding decrease in hardness, increased the creep resistance of the
Stellite 6 coating. This is consistent with the well-documented ob-
servation that carbides increase the strength of Co-base alloys [43,44]
but contradicts the findings that a loss of hardness can decrease creep
rupture lifetime [45]. As such, it appears the loss of creep lifetime due
to a loss of hardness was far off-set by the increased creep resistance
due to the precipitation of carbides.

The precipitation of carbides was not the only microstructural dif-
ference between the as-sprayed and heat-treated coatings. The heat-
treated coating exhibited a homogenous microstructure, whereas the
as-sprayed coating exhibited a non-homogenous microstructure com-
prising partially melted powder particles interconnected by regions that
melted during spraying and re-solidified under cooling. The boundaries
of the powder particles were highlighted by long, continuous pores and
it was clear from the fracture patterns that crack propagation occurred
along these boundaries. This type of crack propagation did not occur in
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(d)

Fig. 10. BSE micrographs of the heat-treated Stellite 6 coating following SPC testing at 700 °C and 127 MPa. The letter A indicates cracking along a powder particle
boundary, B indicates cracking along the carbide/matrix interface, C indicates cracking either through a carbide or along a carbide/carbide interface, and D indicates

the growth of pores at the carbide/matrix and carbide/carbide interfaces.

the heat-treated coating as the long, continuous pores were removed
during heat-treatment. The main mode of crack propagation in the
heat-treated coating was cracking at the matrix/carbide interface. It is
clear then that the increased creep resistance of the heat-treated coating
is due to: (i) the precipitation of carbides; (ii) decrease in porosity,
specifically the removal of the long, continuous pores; and (iii) decrease
in hardness.

For both coatings, the growth of cracks can be attributed to strain
mismatch between the different phases/regions within the coatings.
This strain mismatch model has been used to explain the fracture be-
haviour of multi-phase materials such as dual-phase steels [46,47] and
MCrAlY alloys [12]. Considering the heat-treated coating first, strain
mismatch between the FCC matrix and the carbide phases caused a
stress concentration at the interface and eventually led to the formation
of voids during creep. The voids then developed into cracks which
coalesced during tensile loading and caused specimen failure. Using a
similar model for the as-sprayed coating, it can be assumed strain
mismatch developed at the interface of the powder particles and the re-
solidified regions. For the heat-treated coating, voids needed to form
before the cracks developed, but for the as-sprayed coating, porosity
already existed at the interface between phases. As such, cracking oc-
curred much more readily in the as-sprayed coating resulting in a lower
creep resistance.

Cracking was also observed in the as-sprayed coating at the dendrite

phase boundaries within the powder particles. This cracking could be
due to strain mismatch between either: an interdendritic phase, most
likely a carbide, within the powder particles; or dendrites with sig-
nificantly different grain orientation. In both instances, it appears the
microstructure of the heat-treated coating is more creep resistant than
the dendritic microstructure of the power particles in the as-sprayed
coating. This is most likely due to the precipitation of the M,C; and
M,3C type carbides in the heat-treated coating.

Despite the higher creep resistance of the heat-treated coating, the
Norton power law parameter n, also known as the stress exponent, was
similar for both coatings: 17.4 and 19.4 for the as-sprayed coating and
heat-treated coating respectively. Stress exponents of 17-19 are much
higher than those commonly observed for creep [48] but have been
reported for small punch creep and uni-axial tensile testing of P92 steel
[49,50]. In these studies, the plots of minimum steady-state strain rate
vs stress for the P92 steel exhibited two distinct regions: a low-stress
region with stress exponents in the range 4-8; and a high stress region
with stress exponents in the range 12-17. The high stress exponents
were attributed to a breakdown in creep strength within the high stress
region. The times to failure (< 10% h) of the P92 steel in these studies
[49,50] were similar to those observed for the as-sprayed and heat-
treated Stellite 6 coatings. Hence, it is likely that the stress exponents
for the Stellite 6 coatings represent a high-stress region in which the
coatings are experiencing a breakdown in creep strength. This
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breakdown in creep resistance may have been exacerbated by the
macroscopic radial cracking observed on both coatings (Fig. 8). The
radial cracking at low displacement did not cause immediate specimen
failure for either coating because the cracks did not propagate further
than the clamping boundary; however, it is likely that the creep re-
sistance of both coatings was compromised after the onset of cracking
and that the steady-state strain rates observed were likely higher than if
cracking had not occurred. This may explain why both coatings ex-
hibited high stress exponents and supports the assumption that both
coatings experienced a breakdown in creep resistance; it can be as-
sumed higher loads caused more significant cracking and therefore a
more significant reduction in creep resistance, leading to high stress
exponents. Hence, it is possible, although not confirmed in this study,
that both the as-sprayed and heat-treated coatings would exhibit sig-
nificantly lower stress exponents within a lower stress region.

In conclusion, the isothermal heat-treatment applied to the HVOF
Stellite 6 coating significantly increased the coating's resistance to
creep. The increased creep resistance can be attributed to the homo-
genisation of the microstructure, the precipitation of carbides accom-
panied by decrease in hardness and the removal of the long, continuous
pores that existed at the powder particle boundaries in the as-sprayed
coating.

6. Conclusions

e HVOF Stellite 6 coatings heat-treated at 1050 °C for 1h under va-
cuum exhibit an FCC Co-Cr-W solid solution with 11 wt% and 7 wt
% M33Cs and M,C3 carbides respectively. The heat treatment re-

moved the HCP Co-based phase observed in the as-sprayed Stellite 6

coatings and reduced the level of porosity in the coatings.

The heat-treated coatings exhibited small punch creep rates ap-

proximately 2 orders of magnitude lower than the as-sprayed coat-

ings. This resulted in the heat-treated coatings exhibiting times to
failure approximately 2 orders of magnitude longer than the as-
sprayed coatings during small punch creep tests.

® Failure of the as-sprayed coatings during small punch creep testing
was dominated by crack propagation along powder particle
boundaries. Secondary crack propagation also occurred along den-
drite phase boundaries within the powder particles that were re-
tained in the as-sprayed coating.

o Failure of the heat-treated coatings was dominated by the formation
of voids and cracking at the interface of the FCC Co-Cr-W solid so-
lution and Mj3C¢/M,C5 carbides. The formation of voids resulted
from strain mismatch between the carbides and FCC matrix.
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