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Abstract.

The development of new thermal barrier coatings@BB capable of increasing the efficiency of
gas-powered turbines requires an understandingwfthe tensile behavior and ductile to brittle
transition temperature (DBTT) of MCrAlY bond coai® influenced by the coating microstructure.
In this study, small punch tensile (SPT) tests weseducted on two high velocity oxy-fuel
(HVOF) NiCoCrAlY coatings. Both coatings, referrealas BC1 and BC2, comprised a BBC
NiAl matrix with FCCy-Ni and TCPo-Cr,Co secondary phases. Coating BC2 also contained FCC
v’-Ni zAl. Small punch tensile (SPT) tests were conductedhe coatings between RT and 750 °C.
The DBTT’s of coatings BC1 and BC2 were found to688-700 °C and 650-750 °C respectively.
Lower phase fractions of-Ni were shown to increase the DBTT. The main maodlecrack
propagation in both coatings was intergranularténac along the grain boundaries of differing
phases. Schematic models were used to demonst@tehtinge in tensile behavior across the
DBTT and explain the influence of the coating mstracture on the fracture behavior of both

coatings.
1. Introduction

Thermal barrier coatings (TBC's) are multilayer paisite systems comprising: a ceramic top coat,
a metallic alloy bond coat and substrate alloy. EB&e extensively employed in gas turbines to
lower the operating temperature of alloy substritgically a nickel-based superalloy [1-3]. The
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ceramic top coat provides thermal resistance tesyiséem and is adhered to the substrate through
the bond coat, which provides oxidation resistatwehe substrate and accommodates strain
mismatch between the substrate and ceramic top &tently, MCrAlY (M=Ni,Co) overlay bond
coats deposited by high velocity oxy-fuel (HVOFgtimal spraying have become widely used in
TBC’s because of advantages such as low cost angdksibility to employ complex MCrAlY
alloys with tailored microstructures [4-6]. The goosition of HVOF MCrAIlY bond coats can be
adjusted without needing to alter the compositibthe substrate; offering greater flexibility over
traditional diffusion coatings which require a dogt composition similar to the substrate
composition [1, 7-8]. MCrAlY’s can comprise FCENi, BCC B2$-NiAl, orderedy'-Niz(Al, Ti)

and o-(Cr,Co) [9-11]. The BZ-NiAl phase, commonly present in MCrAlY overlay togs, is
brittle at lower temperatures and shows increasingn to fracture above a critical temperature
termed the ductile to brittle transition temperat(DBTT); around 750 °C for NiAl. Hence, overlay
coatings containin@-NiAl also exhibit a transition in strain to craolg behaviour above the DBTT
[12-13]. This can be problematic for TBC’s that argb thermal cycling as cracks can form as the
operating temperature decreases below the DBTTcéjatetailed understanding of the DBTT and
temperature dependent mechanical behaviour is tessi@norder to develop life prediction models
of TBC's.

Moreover, as the microstructure of a bond coat irectly influenced by the thermal spray
deposition process and any subsequent thermahieatduring manufacturing [4, 6, 14], it is
essential to determine bond coat mechanical priegest thin, freestanding coatings manufactured
in a similar way to industrial TBC processes.

Investigations into the mechanical properties of IMI€ coatings have been carried out using a
variety of experimental techniques (i.e. 4 poinhdiag, local indentation) [5, 14-18] but there is
still little consistent data for any single MCrAkbating. Recently, studies have employed the small
punch tensile (SPT) test to determine the mechhprogerties and DBTT of MCrAIlY coatings
[12, 19-20]. The SPT test is suitable for coatiagsit employs small specimens: 8 mm diameter
discs of 0.5 mm thickness. The SPT test has beeelyalidated as an effective method to
determine the mechanical properties and DBTT oélst¢21-27] and the recent studies have
demonstrated the applicability of the SPT tesM@rAlY coatings.

The current work aims to investigate the influeméecoating microstructure on the mechanical
properties and ductile to brittle transition beloaviof two NiCoCrAlY bond coats manufactured by
HVOF thermally spraying, which have potential asvnbond coat alloys. The DBTT and

mechanical properties of the coatings were detexdhlsy small punch tensile testing between RT



and 750 °C. The macroscopic and microscopic fradb@haviour of both coatings was investigated

with reference to the coating microstructures.

2. Experimental Methods

2.1. Materials, HVOF Thermal Spraying and Heat Tredament.

The coatings were prepared by HVOF thermal spraysigg powders with the following nominal
composition: Ni-20C0-22.3Cr-12.2AI-0.3Y and Ni-20282.3Cr-12.2Al-0.3Y-4Ta (wt.%) denoted
BC1 and BC2 respectively. The coatings were depdsito mild steel substrates of dimensions 60
x 25 x 1.8 mm using a Met Jet Il liquid fuel HVQjun. The spraying procedure is detailed
elsewhere [28]. The mild steel substrates weregnidtblasted to aid debonding after spraying.
Coatings were sprayed to a thickness of approxin&@0 um and were then debonded from the
mild steel by bending around a mandrel to produee §tanding coatings. Vacuum heat treatment
was carried out on free-standing samples at 110@f@wo hours in an Elite Thermal Systems
TVH12 vacuum tube furnace held at approximately bar followed by furnace cooling to room
temperature over a period of 6 hours. This treatwas applied in order to approximately replicate
the initial heat treatment given to bond coats ryihe manufacture of thermal barrier coatings.
This type of heat treatment has been shown to eetheporosity commonly present within sprayed
coatings and allow the precipitation of secondargges [19, 20, 28]. Specimens for SPT tests, in
the form of 8 mm diameter discs, were cut from ltieat treated coatings by electro-discharge
machining. The specimens were ground down fromaiideposited thickness to a final thickness
of 400 um on 1200 grade silicon carbide paper. firked thickness, taken as the average of four
measurements per specimen, was controlled to witlinum as measured by a digital micrometre

and both surfaces had the same finely ground saiffaish.

2.2 Microstructural Characterisation.

Cross sections of the heat treated coatings werented, ground and polished to a 1 pm diamond
finish. Scanning electron microscopy (SEM) was iedriout using a FEI XL30 scanning electron

microscope equipped with an Oxford Instrument LISKS-3000 energy dispersive X-ray analysis
(EDX) detector. Backscattered electrons (BSE) wesed to form images and semi-quantitative
EDX was utilised to aid phase identification thrbuthemical microanalysis. Samples for electron
back-scatter diffraction (EBSD) required a furttst@ige of chemical/mechanical polishing using
colloidal silica to achieve a surface finish of 2.Aam with minimal surface deformation. SEM-

based EBSD was carried out on a Zeiss 1530 VP d&elssion gun scanning electron microscope
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(Carl Zeiss, Inc., Maple Grove, MN) with an EDAX d@sus combined electron backscatter

diffraction system (EDAX, Mahwah, NJ, USA). The HB®atterns were recorded at a specimen
tilt angle of 70 ° with an accelerating voltage26fkV and a beam current of 26 nA. EBSD maps of
the specimen were collected over an area of 50 |5 xm at a step size of 0.1 um.

BSE images and EBSD phase distribution maps werd ttsmeasure the volume fractions of the

different phases within the coating. Quantitativeage analysis was carried out using the ImageJ

and Gimp 2.0 software packages. Volume fractioadtz® mean of four measurements.

2.3 Small Punch Tensile Testing.

Displacement controlled small punch tests werdeout at a displacement rate of 1 X°10s’ at
room temperature (RT) and between 500-750 °C omstom built rig installed on a Tinius Olsen
H5KS single column materials testing machine. Tépgerature range was chosen to achieve
brittle failure at the lower temperature and dectdilure at the higher temperature. A schemdtic o
the small punch rig is shown in Figure 1. Full detan the SPC rig can be found at [20]. A three
tier, 3 kW furnace was used to heat the specimEmze K-type thermocouples, accurate to 5 °C,
were used to measure the furnace temperature itopheniddle and bottom tiers. The temperature
variation across the three tiers was2 °C. Temperature variations across the specimere w
considered to be negligible due to the small sperisize and minimal temperature variation across
the furnace. All tests were carried out in accocgawith the CEN workshop agreement [29] in a
temperature controlled room held at 21 °C. The lwad applied through a 2.5 kN load cell and the

punch head displacement was measured by two Maeble differential transformers (LVDTS).

Original Specimen i R <——Punch Head
1 Ng
% —l i ito / <—Clamp

e R

Deformed Specimen ‘a—p’ Receiving Die

Figure 1. Schematic (not drawn to scale) cross sectionesthall punch rig showing the application of
load through a hemispherical punch head and redgidpecimen displacememdt)wherea, , Rs andt, are
the radius of the receiving hole (4 mm), punch haallis (1 mm) and specimen thickness (0.4 mm)
respectively.

3. Data Analysis



Small punch tensile testing induces a complex hiastress state in test specimens [21, 30-32]. The
load-displacement curves obtained from SPT tegigdily exhibit up to four distinct bending
regions [33], as shown in Figure 2, and there iseriily no analytical solution available that allow
strain to be calculated from all four bending regiavithout finite element analysis. The available
solutions allow elastic biaxial strain to be ca#tadl within the elastic bending regime of a SPT
curve [21] and biaxial fracture strain to be cadtetl at the point of fracture [30]. However, there
are also multiple approaches to determine the poinfailure in a SPT test. As such, the
methodology used to calculate strain from SPT temtst be carefully considered in order to allow
accurate interpretation of the calculated valué® fbllowing section illustrates the equations used
in this work to calculate strain and the methodduseidentify the point of failure in the SPT load-

displacement curves.
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Figure 2. Schematic diagram of a typical load-dispment curve obtained from small punch tensikntes
of a ductile material [33]. The four bending reganre: (i) elastic bending; (ii) plastic bending) (
membrane stretching and (iv) progressive plasttailility. K, and U, indicate the maximum load and the
displacement at maximum load respectively.

3.1 Determination of strain from SPT test

In small punch tensile (SPT) tests the elastic iblagtrain in the specimen is calculated by
considering biaxial bending of a thin disc clamdts circumference. A solution to calculate the
elastic biaxial straine] at the outer surface of the sample at its ceptyait was provided by Huang
etal. [21]:

_ to 8 (1)
(a2 + 62)



where § is the original specimen thickness (mih)s the specimen displacement (mm) apddhe
radius of the receiving hole (mm), as shown in Fegli

The solution provided by Huang et al. [21] allowe Elastic biaxial strain to be calculated within
the elastic bending regime of the SPT load-displese curve but ceases to be applicable once
plastic deformation occurs. The elastic-plasticxiaia stain cannot be related to the punch
displacement by simple analytical equations duetht® complex nature of the SPT load-
displacement curve, although finite element sohgi@re available for specific alloys and test
configurations. However, a semi-empirical solute@am be used to calculate the equivalent biaxial
strain of a SPT specimen once it has fractured. SEmi-empirical relationship was provided by
Mao et al. [30] and calculates the biaxial fractatein ¢) of a small punch sample from the
displacement at fractured’j and original specimen thickness)(tThe solution was derived by
correlating the thickness change at fracture oiouaralloys to the specimen displacement and rig
geometry. The solution can be used to calculateafipgoximate biaxial strain at fracture for SPT
specimens exhibiting plastic deformation.

6* 1.5

g =0.15 (t—) (2)

0

3.2 ldentification of point of fracture

The DBTT of coatings is commonly identified by piog coating ductility as a function of
temperature and identifying the transition from hhigemperature ductile behaviour to low
temperature brittle behaviour [1]. A schematic dastmting this is shown in Figure 3, where the
DBTT is defined as the difference between the rsgtemperature at which no ductile behaviour is
observed, and the lowest temperature at whichdiuttile behaviour is observed. The ductility is

measured as the strain to initiate first crackisgsaypical for bond coats [34].
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Figure 3. Schematic showing ductility, measuredteain to first cracking, as a function of temparat
The DBTT is measured as the transition from highperature ductile behaviour to low temperature
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brittle behaviour. Schematic based on figures jn [1

A crucial element of the SPT test is the abilityagsess, in a reproducible manner, this strain to
initiate first cracking from the experimental SEBttcurve. For ductile materials the point of fislu

in a SP tensile test is often taken at the maxirtaad [29]. However, brittle materials may exhibit
load drops prior to the maximum load, which arewnao be associated with cracking in the
sample [31]. Materials may also exhibit a charastierchange in slope of the load-displacement
curve. Such changes may occur due to cracks foromnthe tensile surface of the specimen. The
deflection of the disc varies as the cube of thektiess, hence the load-displacement curve will be
strongly altered when the outside fibres of the fiist crack [21].

Therefore in the present study the point of failonset is defined as the first measurable load-drop
or a characteristic change in the slope of the-thaglacement curve which is not associated with
one of the four bending regions typically assocdiatih SPT testing i.e. elastic bending (i), plasti
bending (ii)), membrane stretching (iii) and maximioad and progressive plastic instability (iv)
[33].

4. Results

4.1 Microstructure of Heat Treated Coatings.

Figure 4 and Figure 5 show BSE images and EBSD rohpseatings BC1 and BC2 respectively.
The BSE images show both coatings exhibit think ddongated features which are regions of
Al,Ozthat formed during spraying. The oxide content massured as ~ 4 vol.% for both coatings.
In the BSE images of both coatings the dark greasplcorresponds to the BGENIAI phase as
identified by EDX. The light grey phase is eith&2@y-Ni or TCPc-Cr,Co phase, both of which
exhibit a similar BSE contrast. The sigma phaseferred to as-Cr,Co as this reflects the phase
composition more accurately thanCrCo. This observation has previously been repolig
Toscano et al. [10]. In the case of the BC2 coatimg bright phase in the BSE images corresponds
to the FCCy’-NisAl phase. In the EBSD phase maps fh#liAl and ¢-Cr,Co phases can be
identified and are coloured red and yellow respetti They-Ni andy’-Ni3Al phases are both FCC
so could not be distinguished in the phase mapssuks, both phases are coloured green. The
phase fractions for each coating were calculat@tjus combination of the BSE images, in which
regions ofy’-Ni3Al could be distinguished, and the EBSD phase mapshich regions 06-Cr,Co
could be distinguished. The phase fraction-dfi was then calculated from the difference between



the BSE images and EBSD phase maps. The phasmefisatdbr each coating as listed in Table 1
and the composition of each phase, as measure@®Ky g presented in Table 2.
The random assortment of colours in the IPF (Z) sniaplicates that there is no preferred grain

orientation for either coating. The finer grainglicate areas of the coatings which underwent

melting and resolidification during thermal sprayimhe areas of larger grains highlight powder
particles which retained in part, the original p@wdicrostructure during HVOF thermal spraying.

Phase Fraction (vol.%)

B-NiAl v-Ni 5-Cr,Co v-Ni Al
BC1 60 + 2 27 + 2 13+2 -
BC2 56 + 2 14 +2 21+ 2 9+1

Table 1.Phase fractions (vol.%) of coatings BC1 and BCPaasured by image analysis using a

combination of BSE images and EBSD phase maps.

_ Phase Composition (wt.%)
Coating Phase .
Ni Co Cr Al Ta
B-NiAl 57+3 14+3 8+1 202 -
BC1 y-Ni 38+2 29+3 272 81 -
o-Cr,Co 19+2 27 +2 49 +2 3+1 -
B-NiAl 52 +2 17+1 9+1 201 2+1
BC2 v-Ni 36+4 231 27 4 10+2 +
o-Cr,Co 18+2 271 47 +2 3+1 4+1
v'-NizAl 48 + 2 15+1 81 101 18+1

Table 2.Phase compositions of coatings BC1 and B€Measured by EDX analysis. The values

shown are an average of 4 spectra and the errovensére the standard deviations.




(d)

Figure 4. BSE images (a-b) of the heat treated Béziting. The light contrast phase is an FCG{dhase
and the dark contrast phase is a BCC NiAlhase. The dark regions are,®@d oxides. Images (c) and (d)
are EBSD scans presented as a phase map and gentatton map respectively. The letters A and B
indicate areas of large and fine grains respegtiviie letter C indicates twinning in theNi phase.

4.2 Load-Displacement Curves and Macroscopic Fracta Patterns

Representative load-displacement plots are showirigure 6 for BC1 and BC2 specimens
following SPT tests at room temperature (RT) antéwben 500-750 °C. The corresponding
macroscopic fracture patterns observed on theléesisifaces of the specimens are shown in Figure
7 and Figure 8 for coatings BC1 and BC2 respegtivel

[0, i

Figure 5. BSE images (a-b) of the heat treated &822ing. The light contrast phase is a FCG{ghase
and the dark contrast phase is a BCC NiAdhase. The dark regions are@®@{ oxides. Images (c) and (d)
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are EBSD scans presented as a phase map and igeatation map respectively. The letters A and B
indicate areas of large and fine grains respegtividie letter C indicates twinning in theNi phase.

There is a distinct change in the load-displacerbehaviour for both coatings as the temperature is
increased. At high temperatures (700 and 750 °f@®, durves are similar to those reported
elsewhere for ductile materials [22-23, 35] andldig an initial linear region of elastic behaviour
followed by plastic deformation, membrane stretghimaximum load and then progressive plastic
instability, as indicated in regions (i)-(iv) indtire 2 respectively. Failure occurs shortly after t
maximum load, as has been observed for steelfieAbtver temperatures, down from 600 and 650
°C for coatings BC1 and BC2 respectively, the csraee predominately linear and feature sharp
load drops which have been shown to indicate failornon-ductile materials [20, 31, 36]. Hence,
the point of failure, indicated by the arrows inglile 6, is taken at the first load drop or
characteristic change in the slope of the curve ithaot associated with one of the four bending
regions described above.

The macroscopic fracture patterns shown in Figuend Figure 8 clearly indicate the change in
load-displacement behaviour corresponds to a changeacroscopic fracture behaviour for both
coatings. At RT, cracks formed at the centre oftémsile surfaces of both coatings and propagated
radially. As the punch head continued to push tiinoilne specimens the cracks propagated further
and eventually caused the centre of the specingesglit into fragments, as shown in Figure 8c for
the BC2 specimen tested at 500 °C. This type ofkong also occurred for the BC1 specimen
tested at 500 °C but the central fragments becam®letely detached. This type of fracture has
been previously reported for SPT specimens andasvk to be associated with brittle failure [36].

At 700 and 750 °C for coatings BC1 and BC2 respelytj the coatings exhibited ductile behaviour
and specimen failure occurred through the growtla afircumferential crack, shown clearly in
Figure 7d and Figure 8d for the BC1 and BC2 coatirgspectively. The cracks developed at a
radial offset from the centre of the specimen amgagated along a circumferential path. This type
of circumferential cracking is caused by thinnirfglee sample due to membrane stretching and is
known to be associated with ductile failure dur8®T testing [37].
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Figure 6. Representative load-displacement curgesrhall punch tensile tests carried out betwe@mro
temperature and 750 °C for coatings BC1 (a) and @3.2The BC1 coating exhibits brittle behavioumato

from 600 °C and ductile behaviour above 700 °C whsrcoating BC2 exhibits brittle behaviour dowmrfro
650 °C and ductile behaviour above 750 °C. Thenatiadicate the point of failure.

(c) 500 °C

(d) 700 °C

Figure 7. Tensile surfaces of the BC1 coating felig SPT testing at (a-b) RT, (¢) 500 °C and (d) 70.
The white boxes in (c) and (d) indicate the ardasve at higher magnification in Figure 10 and Fegli
respectively.
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2 mm

(c) 500 °C (d) 750 °C

Figure 8. Tensile surfaces of the BC2 coating feilm SPT testing at (a-b) RT, (c) 500 °C and (d) 76.
The white boxes in (c) and (d) indicate the aréasve at higher magnification in Figure 11 and Fegi8
respectively.

4.3 Ductile to Brittle Transition Temperature

The strain to first cracking as a function of temgpere is shown for both coatings in Figure 9. For
coating BC1, there is only a small increase indtrain at first cracking between RT and 600 °C,
indicating that the ductility of the BC1 coatingegonot change significantly over that temperature
range. Between 600 and 700 °C there is a largeeaser in the strain at first cracking which
demonstrates there is a significant change in thaildy of the coating. Similar behavior is
observed for coating BC2 with the increase in sttai cracking occurring between 650-750 °C.
Therefore, the DBTT of coatings BC1 and BC2 aradsthed as 600-700 °C and 650-750 °C
respectively based on the definition of DBTT aslax@d in Figure 3.
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Figure 9. The strain to first cracking as a functid temperature for coatings (a) BC1 and (b) BC2.

4.4 Microscopic Fracture Path Analysis

4.4.1 Low Temperature Fracture

The change in fracture behaviour exhibited by botlatings across the DBTT can be better
understood by looking at the microscopic fractuebdviour of each coating above and below the
DBTT. Plan view images of the BC1 and BC2 coatifaljpwing SPT testing at 500 °C, taken from
the areas indicated by the white boxes in Figuceand 8c respectively, are shown in Figure 10 and
Figure 11 respectively, where (a) is a BSE imagjq an EBSD phase map and (c) is an inverse
pole figure (IPF) (2) that assigns a colour to safegrains based on orientation. The letter A
indicates evidence of transgranular fracture thinotite B-NiAl phase, evidenced by a similar
orientation of the3-NiAl phase grains either side of crack path. Téttel B indicates evidence of
intergranular fracture along the phase boundarietsvden the matrix3-NiAl phase and the
secondary-Ni and 6-Cr,Co phases. This is the dominant mode of fracturthénBC1 coating at
500 °C. The letter C indicates evidence of transgjea fracture through a grain 6fCr,Co phase.
Transgranular fracture through tBeNiAl and o-Cr,Co-phases appears to occur when the phase
boundary is at a large angle to the direction atkrgrowth. There is no evidence of transgranular
fracture through a grain @fNi phase. It can be concluded that intergranuiactéire along phase
boundaries is the dominant mode of fracture inB&84 coating at 500 °C and transgranular fracture
through the-NiAl and o-Cr,Co phases is a secondary mode of fracture.

Figure 11 shows two well defined cracks in the Bp&cimen following SPT testing at 500 °C. The
letter A indicates evidence of transgranular frectinrough a grain di-NiAl phase. The letters B
and C indicate evidence of intergranular fractumn@ the -NiAl/ 5-Cr,Co andf-NiAl/y’-Ni zAl
phase boundaries respectively. The letter D indgavidence of transgranular fracture through a

grain ofc-Cr,Co phase. There is no evidence of intergranulatura between two grains p{NiAl
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phase. The preferential path for crack propagaitiothe BC2 coating at 500 °C is variable: one
mode of fracture is transgranular fracture throtigip-NiAl phase; there is clear evidence of a
crack originating within a grain di-NiAl phase, indicated by A in Figure 11. Anotheode of
fracture is intergranular fracture along phase baues which is the dominant mode of fracture
where phase boundaries between differing phasest. ekhe third mode of propagation is
transgranular fracture through theCr,Co phase. This type of fracture appears to occlanvthe
phase boundary is at a large angle to the direaifatme crack growth. There is no evidence of
transgranular through theNi or y'-NizAl phase in the BC2 coating at 500 °C.

I y-phase =N

Figure 10. BSE image (a) and EBSD phase map (b)RingdZ) map (c) of a cross section of coating BC1
following SPT testing at 500 °C. The letter A iralies evidence of transgranular fracture througlftNeAl
phase, the letter B indicates evidence of intengearfracture along the phase boundaries betwesf th
NiAl matrix phase and secondarNi andc-Cr,Co phases. The letter C indicates evidence ofdgransilar
fracture through a grain efCr,Co phase.

ey
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Figure 11. BSE image (a) and EBSD phase map (b)RidZ) map (c) of a cross section of coating BC2
following SPT testing at 500 °C. The letter A inalies evidence of transgranular fracture throug|f-tiNeAl
phase, the letter B indicates evidence of intengearfracture along the phase boundaries betweasf th
NiAl matrix phase and secondarNi andos-Cr,Co phases. The letter C indicates evidence ofdransilar
fracture through a grain efCr,Co phase.

4.4.2 High temperature fracture

Figure 12 and Figure 13 show cross sections oB& and BC2 coatings tested at 700 and 750 °C
respectively where (a) is a BSE image, (b) is asBBhase map and (c) is an inverse pole figure
(IPF) (2). The areas shown are highlighted by théevboxes in Figures 7d and 8d for the BC1 and
BC2 coatings respectively. Considering coating Bi¢4t, the crack shown in Figure 12a is
significantly wider than the low temperature crask®wn in Figure 10. This indicates slow crack
growth and ductile tearing; clearly different teetthin cracks observed at 500 °C. It is clear from
Figure 12a that the crack tip is growing in betweegions of the dark contrast Nifdlphase and
the light contrast-Ni/c-Cr,Co phase.

Figure 12b is a BSE image showing an example af fmimation in the BC1 coating in the area of
high tensile stress in a SPT specimen. The lettediates evidence of void formation at the phase
boundaries between tlfeNiAl phase, they-Ni phase and/or the-Cr,Co phase. This intergranular
void formation at the phase boundaries is the praégant type of void formation in the BC1
coating at 700 °C and explains the phase boundack growth observed in Figure 12a.

Figure 13 shows an example of void formation artkcigrowth in the BC2 coating at 750 °C. The
letter A indicates evidence of void formation a& fthase boundaries between fiigiAl phase, the
v-Ni/y’-Ni3Al phase and/or the-Cr,Co phase. The letter B indicates evidence of im&englar
fracture along the grain boundaries of adjaceningraf B-NiAl phase. The letter C indicates
evidence of intergranular crack growth along thagghboundaries between fh@liAl phase and/or
the y-Ni, y’-NisAl and o-Cr,Co phases. The intergranular crack growth alonghdvaundaries of
differing phases appears to be the dominant modeagk growth in the BC2 coating at 750 °C and
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is most likely caused by the void formation at gfease boundaries indicated by A. Intergranular
crack growth between adjacent graing-ddiAl phase appears to be a secondary mode ofuiract

& | y-phase
3l 3-phase

(d)

Figure 12. BSE images (a-b), EBSD phase map (c)Rid map (d) of coating BC1 following SPT testing
at 700 °C. The letter A indicates evidence of Voiination at the phase boundaries betweeif4NeAl
phase, the-Ni phase and/or the-Cr,Co phase.
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"M y/y'-phase
/M B-phase
o-phase

Figure 13. BSE image (a) and EBSD phase map (b)Rd map (c) of a cross section of coating BC2
following SPT testing at 750 °C. The letter A iraties evidence of void formation at the phase baigsla
between th@-NiAl phase, the-Ni/y’-Ni ;Al phase and/or the-Cr,Co phase. The letter B indicates evidence
of intergranular fracture along the grain boundadgkadjacent grains @iNiAl phase. The letter C indicates
evidence of intergranular crack growth along thagghboundaries between fhdliAl phase and/or the-

Ni, v'-NisAl ando-Cr,Co phases.

5. Discussion

5.1 Influence of Microstructure on Ductile to Brittle Transition Temperature

The only available study concerning the DBTT of MOf alloys with compositions similar to the
BC1 and BC2 alloys was conducted by Hesbur and Mi88], who reported a Ni-20Co-17Cr-
14Al-0.5Y coating exhibited a marked increase istiity above 500 °C; which is consistent with
the current findings. The DBTT is known to be sBwsito a number of factors including
composition, phase distribution, microstructure amhufacturing process [1, 34]. As the BC1 and
BC2 coatings received the same manufacturing pspdbe difference in the DBTT's can be
discussed with respect to the coating compositenms$ microstructures. In general, theNiAl
phase is considered the phase responsible forub@ledto brittle transition in MCrAlY alloys;
increasing the phase fraction @NiAl is considered to increase the DBTT [1, 34-38).This

relationship is not useful for comparing the DBT 6%sthe BC1 and BC2 coatings as both contain
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similar fractions oB-NiAl. It is more useful to consider that most MQYAalloys comprise-NiAl
andy-Ni, and so the DBTT of most MCrAIlY's is therefomeversely proportional to the phase
fractiony-Ni. This general trend is consistent with the eatrfindings as the BC2 coating exhibits a
lower phase fraction of-Ni and a higher DBTT compared to the BC1 coatifige BC1 and BC2
coatings (14 and 27 vol.%Ni respectively) also have a higher DBTT than a@rilY coating
manufactured using similar spray parameters [28] dontained 70 vol.%-Ni and 30 vol.%p-
NiAl.

The lower phase fraction @fNi in the BC2 coating can be attributed to theitoid of 4 wt.% Ta,
which promoted the formation @fNisAl: Ta was shown to segregate heavily into thbli zAl by
EDX measurements. The formationyoiNi sAl restricted the amount of Ni available to fogaNi,
which in turn created a surplus of Co and Cr tkdttb the formation of-Cr,Co. Therefore, it is
possible to state that the addition of 4 wt.% Tereased the DBTT of coating BC2 due to the
subsequent formation @Ni3Al and o-Cr,Co which lowered the phase fraction of the duatili
phase.

5.2 Influence of Microstructure on Fracture Behaviar

In order to understand the change in tensile belawaf each coating above and below the DBTT,
and how this is influenced by the coating microdues, it is necessary to consider the
macroscopic and microscopic fracture behaviouraghecoating. The macroscopic fracture patterns
of the coatings show distinct characteristics abawne below the ductile to brittle transition
temperatures (600-700 °C and 650-750 °C for coatlBG1l and BC2 respectively). At 500 °C,
below the DBTT of both coatings, cracking occuriecthe centre of the tensile surface of the
specimens. The cracking was associated with loapgsdin the load-displacement curves and for
each coating occurred at low strain. As the initi@cks became larger, the central regions of the
specimens fractured into multiple fragments. Thieagments eventually sheared away from the
specimens as the tests continued. This also cdagexs of coating to shear away from the tensile
surface of the specimens. This additional shearargbe explained by the model shown in Figure
14a: the initial radial cracks propagated to a swihatance through the thickness of the specimen,
as the central fragments then deformed normald@csgecimen under the movement of the punch
head, the sub-surface cracks spread through thmohtal plane of the specimen, causing the outer
layer to detach. For the BC2 coating, the initiedo&s propagated to the edge of the specimen,
which is evidence that the magnitude of cracking Wagher in the BC2 coating than in the BC1
coating. As the-Ni phase is known to be a ductile phase, it caadsaimed that during a SPT test

it plastically deforms and dissipates energy. Hetlze lower phase fraction giNi phase in the
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BC2 coating resulted in less energy dissipatiomndubending and a larger release of energy during
crack propagation.

The macroscopic fracture patterns of both coatiapve the DBTT are characterised by
circumferential cracking at a radial offset frone ttentre of the specimen, as shown in Figure 14b.
Experimental observations and finite element modethe SPT test [31-32] have reported this type
of failure and it is known to be characteristidloé small punch test for ductile materials. Speaime
failure occurs at a circumferential offset becatlse is the area of maximum principle stress and
corresponds to the location of the maximum thinr@nd plastic strain in the specimen.

The change in macroscopic fracture behaviour belod above the DBTT can be understood by
considering the evolution of the stress distributwithin a SPT specimen. Finite element models
[31-32] have shown that the region of high tensiiess develops underneath the punch contact
area. At low displacements the punch contact bayndad therefore region of high tensile stress,
is limited to the centre of the specimen [31]. Ag displacement increases the region of high
tensile stress shifts radially as the punch cordae increases. The region of high tensile stress
then stabilises at a radial offset that correspdadbe radius of the punch head. Below the DBTT
of coatings BC1 and BC2, cracking occurs at lowistwwhen the high tensile stress region is in the
centre of the specimen. Above the DBTT, crackinguog at high strain when the high stress region

is at a radial offset from the centre of the specim

Initial

Possible extent == Cracking

of initial cracking

Brittle cleavage ; \ Region Of
at punch =y s 3
/' contact boundary Observed hlgh tensile

Shearing of coating surface, Fracture ——  {{mm stress
possibly due to initial cracking Pattern

(@) (b)

Figure 14 Schematics showing the macroscopic fracture pattewelopment of the BC1 and BC2 coatings
during SPT tests (a) below and (b) above the DBTT.

Further understanding of the change in tensilefeaadure behaviour of coatings BC1 and BC2 can
be gained by considering the microscopic fractuwekaiour of each coating. The main mode of
crack propagation in the BC1 and BC2 coatings wssrgranular fracture. This type of fracture is
commonly observed in dual-phase (DP) steels, whypically consist of a ductile matrix phase

inter-dispersed with hard precipitates. DP steals loe considered similar to the ductiii and
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hardp-NiAl and o-Cr,Co phases in the BC1 and BC2 coatings. Duringipldsformation of a dual
phase steel, yielding starts in the soft ferriteaggh whereas the hard martensite phase remains
elastic. The strain incompatibility at the phaseirmtaries causes a build-up of local stress at the
phase interface as well as internal stress in tagemsite phase [40-42]. Once the internal stress
surpasses the elastic limit of the hard phaseitherebegins to deform or fractures. The strain
incompatibility between the soft and hard phasee ahuses shearing of the phase interface which
leads to void formation [41, 43-44].

Figure 15 shows a simple model of a coating thatainsy-Ni and B-NiAl phases and subject to
uni-axial tensile loading, where thyeNi and B-NiAl phases are considered to behave in a similar
way to the ferrite and martensite phases in duakelsteelsy-Ni phase is known to be ductile and
does not experience a DBTT [45]; whereas fH&iAl phase, depending upon composition and
processing method, experiences a DBTT between 800Q [1, 39].

Under tensile loading, theNi phase plastically deforms, which leads to ddsup of local stress at
the phase boundaries as well as internal streB®if-NiAl phase. At low temperature, voids and
cracks form at the phase boundaries whenytphase deforms but th@NiAl phase remains
inelastic. This causes intergranular fracture as s the BC1 and BC2 coatings at 500 °C. At high
temperature, th@-NiAl phase becomes ductile and deforms elasticAllyids and/or cracks still
develop at the phase boundaries, but a higher amofuplastic deformation and thinning is

achieved before intergranular fracture occurs.
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Figure 15. Schematic of void formation for a cogtimntainingy-Ni andp-NiAl phases subject to tensile
loading below and above the DBTT.

Figure 16a shows a similar model for a coating &imitg y-Ni, B-NiAl and o-Cr,Co. In this
instance thes-Cr,Co phase can be considered to be a hard undefarmabke that deforms less
than they-Ni and g-NiAl phases. In this instance, voids and cracksnfat the phase boundaries
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between the three phases, as was observed fordoatings. As intergranular fracture is the
dominant fracture mechanism in both coatings, aresse in the number of phase boundaries will
increase the density of cracking and decreasetthm g0 fracture. A reduction in the amount of
ductile y-Ni phase will also reduce the strain to fractuag,was seen for the BC2 coating which
contained a higher volume fraction 6fCr,Co phase and lower volume fraction 6Ni phase
compared to the BC1 coating. The presenceg-bizAl phase did not appear to increase the density
of crack formation in the BC2 coating, which candteibuted to the coherent interface between the
v-Ni andy'-NizAl phases [45].

\I/ Tensile
Stress

FATERELER RS Y

Thinning

No Deformation Increased Void/Crack
Density Due to o-Phase

Figure 16. Schematic of void formation for a cogt@ontainingy-Ni, B-NiAl and 6-Cr,Co phase subject to
tensile loading below the DBTT.

5. Conclusions
e The DBTT's of the BC1 and BC2 coatings are 600-&itf) 650-750 °C respectively.
This is the first time the DBTT's of these alloyashbeen determined.
» Decreasing the fraction gfNi phase was shown to increase the DBTT, and educ
the ductility of the HVOF NiCoCrAlY coatings. Thegsence ok-Cr,Co phase also
reduced the ductility of the BC2 coating. The pneseofy'-NizAl did not appear to
significantly reduce the ductility of the BC2 cowdi
 Below the DBTT of coatings BC1 and BC2, fracturewrced at low strain and was
characterised by cracking in the centre of the igp&t. Above the DBTT, circumferential
cracking occurred at a radial offset from the aewfrthe specimen at high strain.
* Intergranular fracture was the main mode of fraztarthe BC1 and BC2 coatings
above and below the DBTT's and is considered toehaeccurred due to strain

incompatibility between the different phases.
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