Table 1. Summary of the intrinsic and extrinsic properties typically measured for HVOF

coatings.

Attributes

Characterization techniques

Metallography &

phase identification

OM!, SEM?, CLSM?, EBSD*, EDS’, TEM®, XRD’

Porosity

MIP [97]%, XCT’ [97], BET! [98], OM and SEM [99], Gas

absorption [97], Electrochemical techniques [100]

Residual stress

Destructive (i.e., hole drill method [101]) and nondestructive (i.e.,

XRD, ND'!, LBES') testing [89,102]

Adhesion/cohesion

Tension testing [103], Stud-pull test [104], Shear load test [105],
Peel test [106], Scratch test [110,111], Interfacial indentation

[110]

Hardness
Elastic modulus

Fracture toughness

Indentation tests (i.e., Knoop or Vickers hardness) [111]

Wear

Pin on disc [112], Taber abrasion [113], Sliding wear testing

Corrosion

OCP'® &PD' [114], EIS™ [115], Salt fog spray [116]

1Optical microscopy, *Scannin electron microscopy, *Confocal laser microscopy, “Electron backscatter
diffraction, SEnergy-dispersive X-ray spectroscopy, *Transmission electron microscopy, 'X-ray diffraction
$Mercury intrusion porosimetery, °X-ray tomography, '°Brunauer-Emmett-Teller

""Neutron diffraction, ?Laser beam excitation spectroscopy.

3Open circuit potential, '*Potentio-dynamic polarization resistance, '“Electrochemical Impedance

Spectroscopy
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content than for most of the present work, at 40 vol.%. The particles appear somewhat
spherical, though are often slightly irregular or oblong in nature. Nevertheless, the particles
produced were roughly spherical, and it was possible to then handle and sinter them to
increase their mechanical robustness.

The samples that did not pass the 75 um are quite uniform, as is the fraction collected
between 45 and 75 um. In contrast, the fines that passed through the 45 um sieve show
both intact particles and fragmented material, which is presumably damaged either during
the light grinding by mortar and pestle, or during the sieving step itself. However, these
particles show a suitable morphology for use in techniques such as HVOF or for laser DED

processing.

(a) (b)
Figure 29. TiC-Ni3Al particles produced at sprayed into a bath of 0.2 M Ca acetate at a
liquid flow rate of 300 mL/min and an air pressure of 25 psig. The images shown the
separated particles sized between 75 pm and 45 um: (a) high magnification, and (b) low

magnification.
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Figure 30. Examples of fractionated TiC-40 vol.% NizAl particles after gelation with
CaCly, sprayed from a 50 wt.% solids suspension: (a) the +75um fraction, and (b) the -

45um fraction.

3.6. Rheological Analysis

3.6.1. Alginate suspension before gelation

The apparent viscosity of the 1.6 wt.% sodium alginate in distilled water (without the
addition of cermet particles) versus shear rate is plotted in Figure 31. The alginate solution

is shear thinning and the presence of a normal stress indicates that it is viscoelastic.
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Figure 31. Rheology plots from 1.6 wt.% sodium alginate in distilled water. (a) Flow
viscosity and normal stress vs. shear rate. (b) Oscillatory elastic (G’) and viscous (G”)

moduli vs. oscillation frequency; the secondary axis shows the phase angle, delta.

The flow viscosity 7 (Pa-s) is described well by the Carreau-Yasuda equation, with

negligible infinite shear viscosity:

90



Equation 8
n="1n,"[1+@-p)*ta

where 7, 1s the viscosity at zero shear rate (Pa-s), A is response time (s), ¥ is the shear rate
(sh), p is analogous to the power law index and a is dimensionless parameter that describes

the transition from the negligible shear rate region to the power law region.

Table 6. Values of the parameters of the Carreau-Yasuda equation to estimate the apparent

viscosity of the cermet suspensions.

Parameter | Units | Value
o Pa‘s 0.810

A S 0.00621
a - 0.888

p - 0.626

For plate-plate geometries this thrust (the normal force) Fpp () (N) is, in fact, the first
normal-stress difference Ni(y) minus the second normal stress difference No(y), as

described by Equation 4 [40,41]:
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Equation 9

2Fpp(¥) d1In Fpp(y) . .
TTR2 1+ O'ST()/') = (N1(¥) = N2(PD)ly,=r

The radius of the parallel plate is R (m) and ¥ is the shear rate (s). The Reynolds number

for parallel-plates geometry is given by:

Equation 10

__ pwRh _ pyh?

e [ —

pp n n

Table 7. Rheometry parameters utilised for the cermet suspensions.

Parameter Symbol Units Value
Density p kg/m’ 2.57x10°
Apparent viscosity n Pa-s ~0.1
Gap h m 1x1073
Nominal shear rate y st 10! to 10°

The oscillatory frequency sweep shows a liquid-like behaviour at frequencies below 1 Hz.
Below this value the elastic component is insignificant compared to the viscous component.
Above 1 Hz, the elastic component increases faster with frequency than the viscous
component. The crossover is close to 10 Hz, however, the liquid-like behaviour is still

dominant, since the complex viscosity remains virtually constant, at approximately 0.127
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+0.002 Pa-s. The relationship between frequency, w, and complex viscosity 7* is described

by a power-law regression to characterize the gel properties [290-292]:

Equation 11

(@) =Kro™ (0 <nf<1),
where n* is defined by {(G? + G"*)"?}/iw
Constant Krrepresents the dynamic consistency index, in this case, whereas exponent nfis
the dynamic power-law factor. When the exponent is equal to 1, the system is completely
elastic, and #* decreases with increasing @w. When the exponent is equal to 0, on the
contrary, the system is completely viscous, and #* stays constant regardless w. The
exponent for the alginate solution is very close to zero for frequencies below 10 Hz. These
results agree with reported values for sodium alginate media while there was very little

work has been done on the rheology of ceramic suspensions [293,294].

3.6.2. Rheology of the Cermet Suspensions

Figure 32 shows the effect of shear rate on the apparent viscosity for cermet suspension
with 1.6 wt.% alginate and 50 wt.% solid loads without addition of chelating agent solution.
The apparent viscosity of the suspension decreases with respect to shear rate (i.e., it has a
pseudoplastic or shear-thinning behavior). These plots show hysteresis as well. The
separation between the up and down legs of the hysteresis loops decreased if the rate of
change of the shear rate over time was increased, i.e., if more equilibration time was

allowed for each step. The fluid behaviour was thus thixotropic. On the other hand, in the
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range of higher shear rates (500 to 800 s™) it was also possible to measure the normal stress.
The presence of significant normal forces indicates that the fluid, as expected, was

viscoelastic.
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Figure 32. Flow rheology plots from cermet suspension within the sodium alginate
medium stabilized at pH 8.5. (a) The viscosity vs. shear rate response. (b) The associated
viscosity vs. high shear rate response. (¢c) The measured plate normal stress vs. (high) shear

rate behavior. (d) The measured plate normal stress vs. (high) shear stress behavior.
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The apparent viscosity of the thixotropic cermet suspension changes with time under any
given shear rate. Additional experiments were conducted to explore this time dependence

of the suspension and the results are summarized in the plots in Figure 33.
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Figure 33. Apparent viscosity of cermet suspension in the sodium alginate medium
stabilized at pH = 8.7, as a function of “time after changing shear rate”. (a) Viscosity versus
time, as the shear rate is switched alternatively between 1 s and 2 s™' every minute. (b)
Detail of the viscosity vs. time curve, for the last shear step down from 2 s to 1 s7. (c)

Detail of the viscosity vs. time curve, for the last shear switch step up from 1 s to 2 s,

At short time scales (less than 60 s) the time change of the apparent viscosity follows an

exponential function:

Equation 12

n = +An-e_<%)
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Table 8. Characteristics of the time-dependent response of the apparent viscosity of cermet

suspensions to change in shear rate.

Variable  units Shear step down Shear step up
no Pa-s 0.940 —1.13 0.760 —0.685
An Pa‘s 0.190 -0.0730
T s 79.2 27.9

At longer settling times this behavior is more complicated, as seen in the viscosity data for
240 seconds after the step reduction of the shear rate from 2 s to 1 s™!, Figure 34. This
response is associated with the magnitude of yield stress that is related to the strength of

the particle network.
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Figure 34. Apparent viscosity of the cermet suspension as a function of time under

alternating shear rates (1 and 2 s™). Initial stabilization was at a sheer rate of 1 s\
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