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Abstract

This case study is the result of an investigation on HVOF
Cr;C,-NiCr coating failure of on-off metal seated ball valve
(MSBV) used in supercritical steam line in a power plant and
solution. HVOF Cr;Cy-NiCr coating is used to protect
thousands of MSBVs without incident; however in this case
the valves are challenged with exposure to rapid high pressure
and temperature resulting in a unique situation where the
coating experiences cracking and cohesive failure. A detailed
investigation was undertaken by Velan, Deloro Stellite, the
National Research Council of Canada and the Ecole
Polytechnique to determine possible cause and develop
solutions in which highlights are presented.

Introduction

A major US-based power company had new challenges with
their supercritical steam drain and vent lines in one of their
plants. MSBVs are being used on drain and vent lines to
extract large quantity of condensate during plant start-up in
order to get dry superheated steam rapidly. During normal
operation, MSBVs must remain steam-tight to prevent energy
loss and maximize plant efficiency. This particular fossil-fuel
power station runs continuously from May to October due to
high power demand to run air-conditioning systems. For the
balance of the year, the plant only runs when the demand
called for more power during peak usage times. Consequently
the operation of the plant changed from base-load to peaking.
Every time the plant shuts down or start-up, MSBVs are
frequently cycled and exposed to supercritical steam, going up
to 15 MPa (2,200 psi) and 675 °C (1,250 °F) 11,

MSBVs are made of a floating ball and a fixed seat,
manufactured from forged Inconel® 718 PH and coated with a
200 pum (.008”) thick HVOF 80% Cr;C, + 20% NiCr coating.
Coating is applied with a Diamond Jet® HVOF system using

propylene as fuel. The primary function of the HVOF coating
is to increase the load carrying capacity of the Inconel 718 ball
and seat by increasing galling threshold resistance (resistance
to micro-welding) and by reducing wear rate.

HVOF Cr;C,-NiCr coating has failed after 1 year and less than
500 mechanical cycles in service on four balls exposed to
supercritical steam, with deterioration extending to regions
where there is no friction between ball and seats. Visual
examination of damage components reveals minor frictional
wear and typical stress/fatigue pattern (Figure I).

Fi igilre 1: HVOF CrsCy-NiCr coating exhibitingcoh-e-.;idve
Sailure after 1 year in service.

The intent of this failure analysis is to provide valuable
information to understand failure mechanism and to help
eventually preventing this type of failure.



Failure Analysis

Experiment
The failure analysis was conducted by elimination. A list of

potential failure mechanisms was established based on

literature review and experience:

1) Coating quality :

- High porosity level, allowing high pressure steam
penetration

- Lack of bonding between coating and substrate,

- Lack of bonding between splats,

- Embedded grit,

- Residual stress (increase with thickness).

2) Design:

- Mechanical stresses during operation (excessive load),

-  Thermal stresses due to thermal cycles or thermal shock.
3) Metallurgical changes :

- Corrosion,
- Reaction at interface,
- Oxidation,
- Carbide precipitation.

We then went on a series of experiments in order to find out
the most dominant failure mechanism.

Coating quality: The first step was to compare a set of failed
ball/seat with a set of new ball/seat through SEM observation.
Coating thicknesses, porosity and oxide levels were measured
as well as micro and nano-hardness. Coating microstructures
were observed using field emission SEM (S4700, Hitachi
Instruments Inc., Tokyo, Japan) while porosity levels were
evaluated from image analysis on ten images obtained with the
backscattered mode of an SEM equipment (JSM-6100, JEOL,
Tokyo, Japan). Coating hardness values were measured using
a Vickers microhardness tester (Micromet II, Buehler, Lake
Bluff, IL, USA) operating under a 300 gf load. Nanohardness
of coatings were evaluated using the Nano G200 from
MTS/Nano Instruments (Oak Ridge, USA) with a Berkovitch
tip under a load of 0.5 gf. The average micro and nano
hardness values were obtained from ten and twenty
indentations, respectively, performed on the cross section of
the coatings. Results were then compared to the OEM
purchasing specification (See Table I)

Table 1: Comparison of failed versus new HVOF 80% Cr;C,
+ 20% [80Ni-20Cr] coating and OEM specification.

Failed New OEM
component component | specification
Thickness (um) 215 155+ 35 200
Porosity 2% 2% <3%
Oxide <2% <2% N/A
Bond (MPa) No failure >70 >70
Microhardness 1092144 897+69 >700
(Vickers tip, 300 gf)
Nanoindentation 18+7 GPa 15+5 GPa N/A
(Berkovitch tip, 0.5 gf)

CNRC-IMI 15.0kV 11.8mm x500 YAGBSE
Figure 2: HVOF 80% Cr;C; + 20% [80Ni-20Cr] coating,
sprayed with C3Hjs after 1 year in the field

The interface between coating/substrate was qualitatively
inspected. Residual grit was regularly observed at the bond.
Cracks formed in the coatings did not appear to originate at
the coating/substrate interface nor due to excess porosity or
grit. SEM observations unveil that cracks were propagating
across the NiCr binder. SEM also shows the presence of
oxides at the coating surface, at the surface of cracks, and as
veins propagating in the coating (appears in dark gray on
backscattered electron images — See Figure 2).

CNRC-IM! 15.0kV 11.9mm x150 YAGBSE

Figure 3: HVOF 80% Cr;C, + 20% [80Ni-20Cr] coating,
sprayed with C3Hy after 1 year in the field



However, it’s difficult to determine if cracks propagate along
oxides or if the crack surfaces oxidize afterward. Cracks form
and propagate across the coating matrix or at the
carbide/matrix interface, delaminating layer by layer the
coating (See Figure 3).

Design: The second step was to perform two validation tests
to confirm that design and materials were able to sustain
mechanical and thermal stresses

For the mechanical stress resistance, one prototype valve was
assembled with brand new coated components and connected
to a 100 KW electrical boiler supplying superheated steam at
426°C (800 °F) and 12.5 MPa (1,821 psig), the maximum in-
house boiler capacity. The prototype valve was mechanically
cycled using an automated pneumatic actuator, while
monitoring seat leakage (in closed position). Valve was
cycled every 2 min (open-to-close and close-to-open) under
the steam atmosphere. The prototype valve was able to
perform over 2,000 mechanical cycles with 0 seat leakages.
After dismantlement and visual inspection, no catastrophic
failure was observed.

For the thermal stress resistance, new coated balls were
brought to 675°C (1247°F) during 30 min using a conventional
electrical furnace. Balls were then quenched into a bucket of
room temperature water (20°C — 68°F). After 30 consecutive
similar thermal shocks going from 675°C to ambient
temperatures, HVOF Cr;C,-NiCr exhibits a crack network
relatively similar to the one observed on the failed valves (See
Figure 4).

Figure 4: HVOF 80% Cr;sC, + 20% [80Ni-20Cr] coating,
sprayed with C;Hg after 30 thermal shocks going from
ambient temperatures to 675°C.

e POyl er Coating

' '\

35
8 .
2
5 e L
c _
s
£
30 40 50 60 70
26 [Cu Kqa]

Figure 5: XRD spectra of HVOF 80% Cr;C, + 20% [80Ni-
20Cr] powder and coating, sprayed with C3Hj.

Metallurgical change: One of the observations of the failed
coating was the significant increase in microhardness values
from nominal 900 HV (.3 kg) to well over 1100 (.3 kg) up to
1400 HV (.3 kg). This lead to evaluation of the phase changes
that were thought responsible for the heat treatment affect of
the coating in service %!,

In this third step, XRD measurements were performed on
powder and “as sprayed” coating in order to estimated the
change in crystalline and other phase composition, amorphous
content and to determine the relative Crystallinity index (Ic)
Bl Ic provides relative proportions of crystalline and
amorphous material. XRD measurements were performed
between 30° deg and 55° deg range because peaks and
amorphous hump are found within those values for Cr;C, and
WC based coatings. Crystallinity index is estimated with the
following formula:

)

Measurements were performed using a D8 Advance Bruker
AXS diffractometer (CuKa, 40mA and 40 kV). Spectrum
areas were measured with Eva software. Table 2 summarizes
results and Figure 5 shows both spectrums.

Table 2: Crystallinity Indices of powder and “as sprayed”
coating of the original HVOF coating

Chemical composition Crystallinity index

Powder composition Fuel | Powder | Coating

80%Cr;C,.20%[80Ni20Cr] C;Hg 90% 56%

The crystallinity index reduces by more than 35% after
coating deposition, indicating significant crystalline phase
dissolution during spraying.




Discussion

The main difference observed between failed versus brand
new “as sprayed” coating is a 25% hardness increase, leading
to measurements well over 1,200 Hv. It was proposed that
either ~carbide precipitation and/or oxidation could
theoretically increase the hardness of the coatings. Therefore,
the following 2 steps failure mechanism is suspected:

1) Carbon dissolution into 80% Ni - 20% Cr matrix during
spraying :

During spraying, carbon is dissolved into the matrix. Carbon
could come from two sources: I- chrome carbides are getting
partially dissolved, creating a range of Cr composition in
matrix from Carbon-rich to the original Ni alloy (The higher
the spraying temperature, the more dissolution occurring); II-
carbon comes also from the carbon-rich propylene fuel. The
high cooling rate “freezes” the carbon-rich matrix in a
supersaturated state, with amorphous or nanocrystalline zones
— a metastable system that can change if heated !,

2.a) Chrome carbide precipitation:

In high temperature service, matrix recrystallisation can occur.
Fine Cr,C; could precipitate in high dissolution NiCr regions
leading to hardness increase. Hardness increase could be
observed with values exceeding the coating initial hardness
due to carbide precipitation and to a “sintering” effect
(decrease in porosity and improved adhesion between splats).
The hardness increase could keeF increasing due to the
formation of a fine carbide network %,

2.b) Chrome Oxidation:

When sufficient Cr;C, dissolution occurs during spraying to
get at least 27.5% Cr in the matrix (either due to spraying
conditions or the type of powder used), only Cr,0; is formed
in a continuous scale . Cr;0, can be adherent or eventually
buckled if carbides are large. If there is not enough Cr in
solution in the matrix, a NiO scale forms below which a
continuous Cr,O; scale develops. NiO can further be
consumed to form NiCr,0, 1.

Water vapor containing atmospheres cause more rapid
oxidation of chromia-forming alloys than do dry oxygen or
air, according to the equation shown below %

5 €203 () + Hy0(9) +20,(g) = Cr0,(0H)2(9)  (2)

In summary, two reactions involving Cr are competing: Cr can
form carbides or can oxidize. At the temperatures of interest in
this study, i.e. 675°C or below, Cr and C diffusion is slow and
it is most probable that the Cr in contact with the oxidizing
atmosphere will preferentially form oxides . However, the
Cr present deeper in the coating and not in contact with O,
would form carbides.

In this specific case, oxides region displaying low hardness
have been observed, possibly due to presence of pores and

cracks, and perhaps the formation of non-stable oxides.
Furthermore, no significant trend in hardness from coating top
to bottom, where a gradient in oxide concentration is expected,
was measured. Cr;O; hardness being around 1,200 Hv and
Cr;C; hardness around 2,000 Hv, the presence of Cr;C, in the
matrix seems reasonable.

No fine chrome carbides have been detected under SEM into
the NiCr binder most probably because those fine carbides
would be too small to be seen.

Solution

After identifying the most dominant failure mechanism, it was
time to test and qualify potential coating solutions, better
suited to carry high load at elevated temperature and to
withstand thermal shock.

List of potential solutions
Based on our analysis, the dominant failure mechanism is

coating embrittlement due to chrome carbide precipitation in-
service across coating binder. 3 potential coatings were
selected to overcome this issue. On the top of it, to minimize
carbon dissolution during spraying, hydrogen was used instead
of propylene (carbon-free fuel) and Jet-Kote® HVOF system
was used instead of Diamond Jet® (lower in-flight
temperature). Table 3 lists the selected potential solutions.

Table 3: List of potential solutions

#| Chemical composition | Process Remark
Powder Fuel
0| 80% Cr;C, CsHg | HVOF | Original (Failed)
20%[80Ni20Cr]
1} 75% Cr3C, H, 25% matrix to
25%[80Ni20Cr] increase ductility
2| 65-70% WC H, Almost chrome-
22-25% Cr;C, free binder to
7% [Ni/NiCr] minimize Cr;C,
and CI'302
formation
3| 55% Ni, H, S&F | 55% Ni to provide
17% W, ductility. Fusing at
15% Cr, 1,000 °C to sinter,
4% Si stress relieve and
3.5% Fe precipitate carbon.
3% B
<1% C

Solution qualification
Brand new samples were produced with those three new

coatings. A battery of tests was performed to assess their
behaviors for this specific application.



Design: Mechanical resistance of the three coatings was
evaluated using the cycle test previously described. Coating #1
and #3 exhibited similar mechanical resistance than the
original HVOF coating. Coating #2 demonstrated an
exceptional mechanical resistance by performing 5 times more
mechanical cycles than the original coating without any
leakage.

Thermal stress resistance was evaluated using the thermal
shock test previously described. Coating #1 and #3 passed the
test with flying color (No crack indication after 60 thermal
cycles — See Figure 6). Coating #2 exhibited chipping and
delamination after exposure to 675°C during 30 min (Most
probably due to high tungsten content ¥}).

Metallurgical change: The third test was to perform XRD
measurements on powder and “as sprayed” for the HVOF
coatings in order to estimate crystalline phases dissolution
during deposition. The fusing process allowing stress relieving
and carbon precipitation, the Ic of coating #3 was not
evaluated. The following Table 4 summarizes results.

e T T

Figure 6: Coating #1 and #3 were repeatedly subjected to
thermal shocks going from ambient temperatures to 675 °C.
Then they were put through liguid penetrant tests to check for
any cracking: they passed with flying colors.

Table 4: Crystallinity Indices of powder and “as sprayed”
HVOF coating

Coating ID Crystallinity index
Powder Coating
0 90 % 56 %
1 99 % 55%
2 95% 80 %

While coating #1 displays similar degradation level than the
original coating, coating #2 crystallinity index remains much
higher, indicating less amorphisation (See Figure 7).
However, for coating #2, a partial phase transformation (WC
— W,C) was observed on the XRD spectra after deposition.
Therefore, amorphisation is not the only degradation
mechanism for this composition material.
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Figure 7: XRD spectrums of HVOF material #1 and #2;
powder and “as sprayed” coating.

Coating Selection
Based on those data, coating #1 and #3 seem well suited to

withstand high bearing load and thermal shock. However, the
low Ic of the “as sprayed” coating #1 indicates a high content
of metastable phase, which could evolve in-service. The
coating #3 seems the less sensitive to aging at high
temperatures and therefore more durable under these very
specific conditions.

Coating #2 is not suitable for temperature over 540 °C (1,000
°F) however it has demonstrated the best overhaul
performance at lower temperature.




Conclusion

In this study, the failure of a HVOF Cr;C,-NiCr coating
applied on an on-off metal seated ball valve (MSBV) used in
supercritical steam line was investigated. While oxidation
definitely contributes to coating degradation, it is believed that
carbide precipitation is the major factor causing embrittlement
of the coating. Once the coating toughness and ductility is
reduced, thermal, mechanical and residual stresses can initiate
and propagate cracks more easily, causing coating failure.

Once the cause was known, it was possible to qualify a spray-
and-fuse NiWCrBSi coating more suitable to support high
bearing load when facing thermal shock. Coating is less
sensitive to aging at high temperatures and therefore more
durable under these very specific conditions.

An enhanced HVOF coating, produced from a mixed (W,Cr)C
and WC carbides in a nickel matrix, also emerged of those
testings. While it showed similar ductility compared to the
original HVOF Cr;C,-NiCr coating, it consistently provides
longer in-service life on service under 540 °C (1,000 °F).

Armed with these new coating technologies, new valves were
installed in the plant: They’ve worked flawlessly for the past
year. As a result, Velan’s MSBVs line for the power industry
now features two coatings: One designed for regular service —
HVOF (W,Cr)C-Ni and one specially designed for
applications involving severe thermal shocks - S&F
NiWCrBSi.
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