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ABSTRACT

Progress in the development of metallic and ceramic coatings with improved
high-temperature corrosion and erosion/wear resistance is reported. The objec-
tive was to develop coatings that would insure that future heat engines, nota-
bly gas turbines and diesels, would be able to operate efficiently on degraded
fuel supplies. The majority of coatings investigated were prepared by sputter
deposition. Research on sputter-deposited CoCrAlY coatings was directed at
improving their low-temperature, hot corrosion resistance by introducing com-
position gradients and adding platinum. Studies on sputter-deposited Zr0s and
A1203 coatings were conducted to improve the thermal cycling resistance of
ceramic deposits on metal substrates by using combinations of graded transition
layers, columnar ceramic structures, and dense sealing layers. Preliminary
results on plasma-sprayed Ni-SiC and quartz-SiC coatings that showed good wear
and oxidation resistance are also reported.






EXECUTIVE SUMMARY

Metallic and ceramic coatings have been investigated to identify coatings
that can provide improved erosion, corrosion, and wear resistance to insure
that future heat engines will be able to operate efficiently on degraded fuel
supplies. Current state-of-the-art CoCrAlY coatings were modified to identify
compositional changes that would improve the hot corrosion resistance of these
coatings and thereby provide near-term solutions. Ceramic coatings were inves-
tigated as a potential long-term solution. If the major technical problems
associated with the development of these coatings can be overcome, then a new
generation of coatings with much better erosion and corrosion resistance will
be available. Composite coatings that embedded SiC particles in ductile metal
or glass matrices were investigated as prospective wear-resistant coatings.

The corrosion resistance of a series of modified CoCrAlY coatings to dif-
ferent combustion environments was jnvestigated. These burner rig tests simu-
lated atmospheres that would be encountered in the use of alternative fuels.
Coating performance depended on the combination of coating composition and com-
bustion environment. Using chromium and aluminum composition gradients through
the thickness of the coating and alloying CoCrAlY coatings with platinum were
identified as useful coating modifications, although the exact modifications
must be correlated with the application. Using platinum underlayers as a dif-
fusion barrier to 1imit substrate/coating interdiffusion was found to be
ineffective,

In an aggressive, low-temperature, hot corrosion environment (simuiated by
burning doped marine diesel in & burner rig), the coatings with 1} a high
chromium surface concentration, 2) a high chromium-to-aluminum ratio at the
surface, and 3) an aluminum composition gradient that increased the aluminum
concentration into the coating thickness were more corrosion resistant. Depo-
sits of CoCrAlY containing large additions of platinum also provided good 1ow-
temperature protection.

A burner rig test with solvent refined coal (SRC-11)} provided materials
data in an extremely aggressive environment {characteristic of vanadate
attack). Of the coatings tested, those with 1) a low chromium surface
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concentration, 2) a high aluminum-to-chromium ratio at the surface, and 3} a
chromium composition gradient that increased the chromium concentration into
the coating thickness were more corrosion resistant.

Experiments were performed to evaluate techniques for improving the adher-
ence of ceramic deposits to metallic substrates. If adherent coatings could be
developed, a new generation of corrosion- and erosion-resistant coatings would
be available that would offer much greater protection in corrosive environments
than currently available metallic coatings. Ceramic coatings with graded
metal-to-ceramic transition zones and columnar ceramic structures were
assessed.

The following ceramic materials were investigated: Zr0,-20Y,05,
Zr0,+8Y,04, Al1,05, and AY5045-40Cr)05. The majority of the zirconia coatings
failed as a result of massive diffusion of aluminum (from the MCrA1Y) and oxy-
gen (from the Zr0,) in the graded metal-to-ceramic layer. Coating fracture
occurred very low in the graded transition zone, where a band of Al1,03 and
voids formed that acted as a preferred path for crack propagation. For this
reason, the Zr0, coating with no graded transition zone performed the best in
thermal cycling experiments. Graded Al,03~CoCrAlY layers were not affected by
interdiffusion; however, ceramic layers of Al;053-40Cry04 or Zr02a20Y203 depo-
sited over graded Al,03-CoCrAlY layers did not adhere very well. Multilayered
metal/ceramic coatings were judged to have only limited potential, perhaps in
erosive low-temperature diesel applications.

Depositing sealing (closeout) layers over the porous ceramic structure
(for example, the columnar microstructure of physical vapor deposited coatings)
was identified as a potential technique for reducing the permeability of the
coating to solid and liquid combustion products without affecting coating
adherence. This or a similar sealing technique will be essential for the suc-
cess of ceramic coatings used in alternative fuel environments.

In wear tests on silicon carbide composite coatings, plasma-sprayed coat-
ings that deposited silicon carbide in either a nickel or quartz matrix had
good wear and corrosion resistance. These coatings might be appropriate for
use in diesels operated on erosive coal slurries.

viii



CONTENTS

ACKNOWLEDGMENT Seevevesvansacarenens erarisassnens eeseraseanasssasenersasren ifi
ABSTRACT...ovuunses retrressasasssssns Cesesteeen et b s AN LI LAt AR SRR RS ¥
EXECUTIVE SUMMARY. ..o veervonsscnncanssences ereeracesesnsrasnanenavennss eee Vi
INTRODUCTION. s eeovuesnen tevacrssasasensran tenrsesasansrenns enesas tevasnens . 1
METALLIC COATING DEVELOPMENT.c.vsvavse . 3
EXPERIMENTAL PROCEDURES..eecereanenons trevresasasannas vesasessarerans 4
Coating Preparation..ciiiceeccssscescsssncsessnnensans Ceresrrrens 4

Coating Evaluation..ceieieseancecaeseecensessenescasssssnanannnns 7

RESULTS AND DISCUSSION..cevarsessssnsessascncasanessnsasossasanasasas 9

Coating Character‘ization......O...-O.-0..0-..C.-O'....C.-COCIIIO 9

Annapolis NSRDC Burner Rig Test..ceesecsacennase tesnae ceasssasss 10

Cranfield Institute Burner Rig Test with SRC-II......... evveness 19

Rolls Royce Engine Test with Residual Fuel.ciesuannnanns savsesas 21
SUMMARY....... veaver teveresssnsrnresssasrernetsensnsncarensanas cerses 24
CERAMIC COATING DEVELOPMENT sevvevennacens Mereseseristesetararresrasanasans 27
EXPERIMENTAL PRDCEDURES....vevsuescasansacass Seiedesetberbireennnsaas 29
Graded CoatingSeeceervrvasssassanas vesanans trssevenescasasannans 30
Multilayered CoatingS..eeeceessnsasesencsnsssasasnas sastaresenss 32

RESULTS AND DISCUSSION..ceesuoveroronsnsacnanas Sekantssavernavensnnes 34
Graded Transition LayerS...ceeecesccansanaes teetasetsasstsasaanes 34

Ceramic Cl1oseout Layerscieveveseesnnaass R vens 44
Multilayered Metal/Ceramic CoatingS.ivessnsesneecsveveancenas eons A6
SUMMARY . ceavvncvscoonensvonoasnass tatebserenesesasanas setesressnnsens 49
STC-METAL COMPOSITE COATING DEVELOPMENT . .uvcvuvvsrnsacssvesvssorasconcnnna 51

ix



EXPERIMENTAL PROCEDURES AND RESULTS...cecevennn. satesseessisenernrens
Coating PreparatioN..cucecacscscncrassresressososenesns setssaace
Wear Test.iceiseescovonsonsvssancrraonvssososossssonnsncnsasansas
OX1dation Test.esescesesssoveseserconnrnsnsssvansssnrnasnsescnns

SUHmRYC.C.....U.U.l..l..........'. ...... LI L B O B BN I BB B B B B B BN BE B RE BN RE NN BB A W ]

CONCLUSIOHS........U.II.l......l..‘.-.l....OCOUOOII.....l..ll....'.l...l..
REFEREHCES.......lIl.........I.l....U.l......ll....ll...... lllll LA B BL B B BB BN N

52
52
53
56
57
59
61



10

11

12
13

14

15

16

17

FIGURES

Sputtering Chamber Used for Preparation of Metallic Coatings.........
Sputtering Chamber Used for Deposition of Platinum Underlayers.......

CoCrAlY Coating Sputter Deposited onto Sputtered Platinum
Under]ayer ......... a4 v s ESED A PR S A A Bs RS SA S e ESES LI B BN BN BN BN CRE NN B BN R BN R NN Y

Typical Corrosion Pit on Burner Rig Pins Tested at
Annapo‘lis HSRDC.l....‘.l.....'..l-... lllll LI I B R B B R BN IR B NI R B R N

Optical Micrograph Showing a Cross Section of a Graded 27-29% Cr,
6-4% A-I Coating‘....!..Il..ﬂlilll.... IIIII [ 3 BE BN I BN BN RN NE BN AN BN RN BN BN R BN OBE BN R RN BN NN N BN R A ]

Optical Micrograph Showing a Cross Section of a Graded
Pt-CoCrAlY Coating After Burner Rig TeSt...eviinvureisensesaranannves

Optical Micrograph Showing a Cross Section of a Graded 24-30% Cr,
19“3% A] coating.. ..... S A PR PR AR SA LI B B B B ) 9 b 3RS EE A R EE AR PA A

SEM Micrograph of Piatinum Underlayer After 500-h Burner
Rig Test....‘ lllllll 8 " A LB BE BN B BN BN ORE BN BN AN RN BN RN BE BE NN N NN NN N ) L B BN N B BE BN N B BN ) .‘I.l..l..

Comparison of Corrosion Attack for a Yariety of Sputtered,
Graded CoCrAlY, and PYD CoCrAlY Coatings With and Without
p‘atinum Under]ayers..ll‘Ill..-'I.....ll.'I.It.lll...l.ll.l.'.....ll.

Optical Micrograph of CoCrAlY Coating Tested for 42 h
in a Rolls Royce Turbine Operated on Residual Fuel.....ovveueercnannns

Optical Micrograph of Preoxidized CoCrAlY Coating Tested for 42 h
in a Rolls Royce Turbine Operated on Residual Fuel.vevesenvnsocsnnans

Sputtering Chamber Used for Preparation of Ceramic Coatings..........

SEM Micrograph of Fracture Surface Showing Segmented Structure
of Sample 2 in the As-Deposited Condition..cceveeesnseressonosssvanes

Optical Micrograph of Sample 3 Following Heat Treatment at 1080°C....

Nearly Continuocus Alumina Band and Yoids Formed in Graded
HCrA1Y-Zr02-Y203 Layers After Annealing at 1080°C for 8 Rev.iveevenoos

Fracture Surface of Sample 1 Following Three Thermal Cycles

tO 950 Cll..'.l..-!.l..II.I.Cl...'..l.II..I'I..Il....l...ll.t.l...ll.

Microstructure Produced in Graded MCrAl1Y-A1503 Layer of
Sample 12 After 8-h Heat Treatment at 1080° E ....... erevisessesssane

xi

11

12

15

16

17

18

22

23

24
29

35
35

38

40

43



18

19

20

21

Examples of Sputtered Closeout Layers Deposited onto Plasma-
Sprayed coat1n950.0.....0.0.......t.I.U llllll PR YRR B A RS RS RS

Optical Micrograph of Sputtered Nine-Layer Metal/Ceramic

Coating -------- NN TR N NN NN RN NN N NN NN N N N I N R W AW Y

SEM Micrographs of Tensile-Tested Coating Showing Ductile Shear
in Ni-50Cr Layers and Fracture Along Columnar Boundaries in the
ZF02°20Y203 Ldyers.... ------ R I T T Y EEEEE ) reavanmay

Wear Scar Widths for Different SiC Concentrations and Various
Matrix Materfals.eeeesveessnencasoosocsennnnnes

LA R R ENEERNEREERE NN NN

xii

45

47

48

54



- W N

TABLES

CoCrAlY Coating YariationSeceieeesossssvsveane ceeasee senensererransens
Burner Rig ans Tested at Annapolis NSRDC.....covevecvnnene Cerreeee,
Coating Composition Types for Annapolis Burner Rig Test Results,.....
Burner Rig Pins Tested at Cranfield Institute....... ctevavesana sevene

Coating Composition Types for Cranfield SRC-II Test Results.cvecveen.

Roi11s Royce Turbine Blade Coating Test ResultS..evcvvecces. seenanes .
Composition of Metal/Ceramic Coatings Tested..... Cerevraran Crereiaren
Results of Thermal Cycling Experiment...eecevanaan sevterssrsaserennnn

Coefficient of Friction Data for SiC Composite Coatings.veevesasvnen.

xiii

13
14
20
21
23
31
36
55






INTRODUCTION

This report describes the results of a research program to provide coat-
ings with improved high-temperature erosion and corrosion resistance. The
objective of the program was to develop metallic and ceramic coatings that
would insure that future heat engines, notably gas turbines and diesels, would
be able to operate efficiently on degraded fuel supplies. The majority of the
coatings investigated were prepared by sputter deposition. The work reported
in this document was performed between October 1980 and September 1983 by
Pacific Northwest Laboratory (PNL)(a) for the U.S. Department of Energy (DOE),
Coal Utilization Office, as part of the Combustion Zone Durability (CZD)
Program.

The CZD Program is a materials development effort to provide improved
coatings for use in future heat engines operated on alternative fuels such as
residual oils, shale oils, or coal-derived liquids and gases. The use of these
fuels is expected to gradually increase as diminishing supplies and increasing
prices reduce the current demand for natural gas and distillate oils. The
higher concentration of impurities in these alternative fuels is expected to
greatly increase the severity of the corrosive and erosive/wear conditions that
combustion zone components will experience. New coatings will be required to
adequately protect future engine components in these more severe environments.

PNL research was directed at developing metalli¢ and ceramic coatings for
testing in engines operated on alternative fuels. The majority of work uti-
1ized PNL-developed sputtering equipment, which offered excelient control over
coating composition and structure and permitted detailed studies on the effect
these parameters have on coating performance under simulated service
conditions.

Metallic coating research was directed at improving the low-temperature,
hot corrosion resistance of standard MCrAlY coatings. These coatings were more
corrosion resistant when prepared with a composition gradient in aluminum or
chromium compared with similar homogeneous coatings. However, to be effective,

{a) Operated for DOE by Battelle Memorial Institute.



the corrosive environment had to be well characterized in advance. Adding
platinum to a CoCrAlY coating was also shown to be beneficial in reducing
corrosion, while using platinum underlayers proved to be detrimental. The
platinum underlayers were ineffective as a diffusion barrier for limiting
interdiffusion between the CoCrAlY coatings and the In-792, X-40, or Mar-M-509
substrates.

Ceramic coating research examined techniques for improving the adherence
of ceramic deposits to metal substrates. Segmented (columnar) zirconia coat-
ings that were deposited directly onto a CoCrAlY bond layer had the best toler-
ance to thermal cycling. Multilayered metal/ceramic coatings and ceramic
coatings containing either small quantities of retained metal or a thick graded
transition layer between the metaliic bond layer and the ceramic coating were
much less tolerant to thermal cycling. It was also shown that a dense closeout
layer could be deposited over a columnar ceramic layer without adversely
affecting coating adherence. This closeout layer reduced the permeability of
the coating to liquid and gaseous species, which is especially important in
extending the 1ifetime of ceramic coatings that are exposed to the dirtier
environments produced by the combustion of many alternative fuels.

Several plasma-sprayed SiC-matrix composite coatings were investigated as
potential wear-resistant coatings for use with coal slurry fuels. Preliminary
test results are presented. A Ni-SiC and a quartz-SiC coating were found to
have good wear and corrosion resistance.



METALLIC COATING DEVELOPMENT

Gas turbine and diesel components operating with current light distillate
fuels are often life-limited by hot corrosion effects (oxidation/sulfidation),
particularly in marine environments or in the presence of fuel contaminants
such as sulfur and vanadium {Stringer 1976). The severity of these effects is
expected to increase with the use of residual fuels and increase drastically
with the use of minimally processed coal-derived liquid fuels. Because of this
concern, a study was initiated to improve existing protective coatings to per-
mit the expanded near-term use of residual and coal-derived liquid fuels in
heat engines.

Present state-of-the-art production coatings that were developed to pro-
tect gas turbine hot section vanes and blades in hot corrosion environments are
variations of MCrAlY (frequently CoCrAlY) compositions. Historically, research
has concentrated on coatings prepared by electron beam physical vapor deposi-
tion (EB-PY¥D) techniques (Goward 1978) (Shen, Lee, and Boone 1978) (Grossklaus,
Ulion, and Beale 1977). More recently, coatings with these same compositions
have been applied by high-rate sputter deposition at PNL. These sputtered
coatings are strongly bonded to their substrates, are defect-free, have very
fine grain sizes, and have an extremely uniform composition distribution
(Patten et al. 1977) (Patten et al. 1979a), Engine and burner rig tests of
early sputter-deposited coatings have shown that their performance is com-
parable with the most advanced PYD coatings. The present study examines
several coating composition modifications that offer greater hot corrosion
resistance for use in marine environments and for operation with residual and
coal-derived fuels.

Coatings were prepared with a variety of chromium and aluminum contents.
The selection of the coating composition is important, especially at operating
temperatures below 850°C. The optimum composition is expected to be one that
promotes the rapid formation of a chromium oxide scale for early protection and
then gradually allows the chromium oxide to be replaced by aluminum oxide for
long-term oxidation resistance. To achieve this, several coatings were pre-
pared with an aluminum composition gradient that gradually increased the



aluminum concentration at greater depths into the coating. This design pro-
vided for a gradual shift towards increased aluminum content in the coating
surface region at longer service times, which should enhance the transition of
the scale from chromium oxide to aluminum oxide.

As a possible method for reducing the problems that arise from coating/
substrate interdiffusion, many of the coatings were prepared with a platinum
underlayer that separated the substrate and the CoCrAlY coating. The forma-
tion of platinum compdunds (for example, platinum alminides} was expected to
restrict the mobility of selected elements. Coatings with graded platinum
additions were also prepared to establish the optimum distribution of platinum,

The importance of each of these modifications on improving coating corro-
sion resistance depends on factors such as service temperature, hot corrosion
environment, coating and substrate compositions, and coating microstructure.
This study has attempted to characterize at least some of these relationships,
emphasizing those that are expected to be the most important for future heat
engine development.

EXPERIMENTAL PROCEDURES

The experimental procedures that were used in coating preparation and
evaluation are discussed in this section.

Coating Preparation

The CoCrAlY coatings were prepared in the dual-target sputtering system
shown in Figure 1. Two planar targets {up to 9 in. in diameter) can be accom-
modated in the system. Research-grade krypton was used as the sputtering gas,
and chamber pressures were maintained at ~3 x 1073 torr. Up to seven sub-
strates could be positioned in the sputtering chamber; each substrate was
mounted on an individual shaft about midway between the targets. The sub-
strates were rotated at 24 rpm and biased at -35 V dc, relative to the plasma
voltage. This slightly negative bias produced sufficient krt ion bombardment
of the substrate surface to disrupt the growth of the columnar defects
{(1eaders) that commonly form as a result of geometric shadowing {Patten
1979}, As a result, uniform, defect-free coatings were deposited on relatively









targets were formed from 375-um thick sheets of platinum. This system could
accommodate 18 pins or 6 turbine blades at a time. The substrates were not
rotated or biased during platinum deposition. The targets were operated at
500 ¥, with 2.5 and 1.0 amps being drawn on the outer and inner targets,
respectively. Under these conditions, a 5-um platinum layer was deposited in
approximately 60 min.

A total of four turbine blades and 210 burner rig test pins were coated
for testing and metallographic characterization. The matrix of coating condi-
tions was: 1) eight composition variations, including different chromium and
aluminum concentrations and the use of composition gradients through the coat-
ing thickness, 2) different heat treatments prior to testing, 3) the presence
or absence of platinum underlayers and graded platinum deposits, and 4) deposi-
tion on Mar-M-509, X-40, In-792, or In-738 substrates. These coating varia-
tions are presented in Table 1. When describing these coatings in the table,
composition gradients are denoted by a hyphen; for example, 20-30% Cr signifies
that the composition gradient was 20 wt% chromium at the base of the deposit
and gradually increased to 30 wt? chromium at the coating surface. An inter-
mediate composition of a coating resulted when the gradient reversed part way
through the coating thickness; for example, a 60-90-20% Pt coating had a
maximum platinum composition of 90%, which occurred part way through the coat-
ing thickness.

Coating Evaluation

Two stages of analysis were performed on the metallic coatings. First,
representative coatings were cross sectioned and polished for metallographic
examination and characterization in the as-deposited or post-heat-treated con-
dition. The primary analytical technique used for examination was a scanning
electron microscope (SEM) equipped with energy dispersive x-ray (EDX) analysis
for composition determination. Duplicate pins were then distributed to recep-
tive external facilities for testing in various combustion atmospheres. The
intent was to determine those coating parameters that contributed to improved
corrosion resistance in as broad a variety of combustion atmospheres as
possible.



TABLE 1. CoCrAlY Coating Variations

Coating Compositions

Homogeneous deposits: 34% Cr, 3% Al
28% +5% Cr, 9% Al

Graded deposits:(a) 27-29% Cr, 6-4% Al
12-3-21% Cr, 2% A1, 68-87-17% Pt
43-48% Cr, 8-7% Al
24-30% Cr, 19-3% Al
25-30% Cr, 9-8% Al
19-26% Cr, 18-9% Al

Thermal Treatment
Yacuum heat-treat for 4 h at 1080°C

Yacuum heat-treat for 4 h at 1080°C and then
anneal 1 h in air at 1080°C

Sputter etched after nitriding for 4 h at 900°C
None

Pt Underlayer Thicknesses
0, 5, and 12,5 wm

Substrate Alloys
Mar-M-509, X-40, 1n-792, and 1n-738 C

(a) A value of 27-29% Cr, for example, signifies that
the composition gradient was 27 wt: at the base of
the deposit (the substrate interface} and increased
to 29 wtz at the outer surface of the coating.

Twenty-nine sputter-coated pins and three PVD control samples were tested
by L. F. Aprigliano at the Annapolis Naval Ship Research and Development Center
(NSRDC). The 500-h test was conducted in a low-velocity, atmospheric pressure
burner rig operated on marine diesel fuel containing 2% sulfur (Aprigliano
1980). An aggressive, low-temperature, hot corrosion environment was induced
by adding 10-ppm salt concentrations to the inlet air. During the test, the
samples were cycled from an operating temperature of 677°C (1250°F) to room
temperature at 24-h intervals.



Another set of 18 sputter-coated pins and two PVD control sampies were
tested by Nicholls and Hancock (1981) at the Cranfield Institute of Technology,
Bedford, England. The 100-h test was conducted in a burner rig modified to
operate on solvent refined coal (SRC-II) fuel at 750°C. An extremely corrosive
vanadate attack of the coatings and massive erosion produced by excessive cok-
ing were observed. During the test, the samples were cycled to room temper-
ature every 2 h.

Four high-chromium CoCrAlY coatings were tested for 42 h in a Rolls Royce
0lympus C turbine operated on commercially available residual heating fuel.
Blade temperatures ranged from 500 to 840°C. Each In-738 turbine blade was
first coated with a 5-um Pt underlayer. The CoCrAlY coating was graded such
that the chromium composition was 48 wt% at the coating surface and decreased
to 43 wt? at the coating/substrate interface. The aluminum composition was
~8 wt%. Three of the blades were preoxidized for 1 h at 1080°C in air before
the test.

A burner rig facility was also assembled at PNL to provide the CZD Program
with & dedicated system for alternative fuels testing. Unfortunately, the pro-
gram was terminated just as the system became operational and preliminary tests
with Exxon Donor Solvent, a coal-derived 1iquid fuel, had been completed.

RESULTS AND DISCUSSION

Results of the NSRDC, Cranfield Institute, and Rolls Royce turbine blade
tests are presented in this section, Characterization data on the coatings are
also presented.

Coating Characterization

A variety of samples were prepared for testing in different combustion
atmospheres. It was expected that a tabulation of test data would evolve that
would correlate the corrosion resistance of a CoCrAlY coating in various envi-
ronments with certain design parameters. As alternative fuels are introduced
into service, their actual combustion and corrosive properties could be deter-
mined and the CZD-developed data file could be referenced to provide critical
materials performance information under similar conditions.



The sputtered coatings prepared for this task were all modifications of a
CoCrAlY {23 wt? Cr, 9 wt% A1} coating. Several major variations in the compo-
sition were made to study the effects of chromium and aluminum concentration on
corrosion behavior. These elements were distributed either homogeneously or
with a gradation through the coating thickness. The selection of the composi-
tion and, to a lesser extent, the distribution of the individual elements are
especially important for coatings used at temperatures below 850°C. In this
regime, even small changes in the Cr and Al concentrations will significantly
alter the composition of the scales that form and will dramatically affect the
corrosion resistance of the deposit. '

Coating/substrate interdiffusion was also addressed because of its major
effect on corrosion resistance. Typically, a coating becomes depleted in
aluminum because of diffusion into the substrate. This diffusion can greatly
reduce the life of a coating. Alloy additions made to the substrates, espe-
cially Mo or Ti, can aiso diffuse to the coating surface where they chemically
accelerate the corrosive attack. In an attempt to reduce these effects, many
of the samples were prepared with a Pt underlayer that separated the substrate
and the coating. It was believed that this underlayer would restrict the
mobility of selected elements by forming intermetaliic compounds (for example,
PtA1} and thereby extend the long-term corrosion resistance of the coating.
Coatings with graded platinum additions were also prepared to establish whether
other distributions might be better. Different substrate materials were tested
to assess the problem and to identify those effects that were related to speci-
fic substrates.

The as-deposited CoCrAlY deposits were dense, defect-free coatings com-
posed of a fine (submicron) distribution of 5-Co and BA1-Co phases. Following
heat treatment at 1080°C for 4 h, grain growth resulted in a coarser two-phase
structure with average grain sizes of 4 to 6 um. An example of the heat-
treated microstructure is shown in Figure 3. The metallography of the pretest
coatings is presented in more detail in Patten, Moss, and Hays {1980).

Annapolis NSRDC Burner Rig Test

The Annapolis burner rig test provided an aggressive, low-temperature, hot
corrosion environment for evaluating the samples. Following the test, the
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The SRC-1I test was an extremely aggressive corrosive attack brought on by
the high vanadium content of the fuel., O0Of the coatings tested, those with a
low chromium surface concentration and a chromium composition gradient that
increased the chromium composition into the coating thickness improved the cor-
rosion resistance of the coatings.

Both tests indicated that thick platinum underlayers were not effective
diffusion barriers. Aluminum and titanium did show a chemical preference for
platinum; however, the presence of a platinum underlayer appeared to enhance
the diffusion of these species across the substrate/coating interface.
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considered to be beneficial in diffusing the sharp discontinuity in modulus and
thermal expansion properties that exists at the metal/ceramic interface. The
columnar structure in the ceramic regions is considered to be beneficial in
accommodating the lateral strains generated near the metal/ceramic interface by
permitting expansion and contraction in the gaps between the columns.

Two series of coatings were prepared to study the use of graded transition
zones. For both sets of coatings, a 50-um thick CoCrAlY layer was sputter
deposited. The ceramic material (zirconia or alumina) was then co-sputtered
with CoCrAlY to produce a broad transition zone with a segmented (columnaf)
structure. The ceramic composition was gradually increased towards the coating
surface. In one case, the grading was continued until a pure ceramic layer was
achieved. A thick layer of segmented ceramic was then deposited over the
graded material, followed by deposition of a dense (nonsegmented) ceramic layer
to act as an impermeable closeout layer. Previous experiments with similar
coatings showed that spallation in these coatings occurred by the propagation
of cracks in the pure ceramic layer parallel to the deposit surface (Patten
et al. 1980). Based on these results, a second group of coatings was prepared
in which deposition of the transition zone was stopped before a pure ceramic
was obtained. The outer surface composition was ~5% CoCrAlY and 95% ceramic.
It was expected that the small concentration of retained metal would make the
ceramic coating more ductile, more crack resistant, and more impermeable to
combustion products.

Multilayered metal/ceramic composite coatings were also investigated. 1In
this coating design, alternating thin layers of metal and ceramic were depos-
ited. It was expected that the stresses generated by the thermal expansion
mismatch would be concentrated in the ductile metal layers or at the ductile
metal/ceramic interfaces. By keeping the ceramic layers thin, thermal gradi-
ents across any one ceramic layer would be relatively small, reducing the
possibility of thermal-shock-induced cracking or spalling. The metal layers
made were thick enough to provide ductility and to accommodate the mismatch in
thermal expansion. A columnar grain structure was deposited in the thin
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CERAMIC COATING DEVELOPMENT

The durability of directly fired heat engines operating on minimally pro-
cessed liquid fuels is expected to depend on the hot corrosion and erosion
resistance of the combustion components. Several ceramic coating materials
have been shown to have excellent resistance to aggressive hot corrosion
environments {McKee and Siemers 198D) {Ruckle 1980) (Dapkunas and Clarke 1974)
and are therefore promising as protective coatings. However, retaining adher-
ence of these coatings to metallic components has been difficult.

The adherence problem arises from: 1) the inability of brittle ceramic
materials {particularly dense coatings) to accommodate modulus and thermal
expansion mismatches with metal substrates and 2) the entrainment of corrosion
products or condensates in coating porosity, which stresses the surrounding
cerami¢ coating and induces spallation during subsequent thermal cycling. To
date, the most effective way to improve ceramic adherence has been to introduce
porosity into the coating. The pores afford the coating some toughness by
blunting crack propagation. However, porous coatings are compromised when used
in engines operated on low-grade fuels with high impurity concentrations. These
impurities produce liquid and solid combustion products that can collect in the
coating porosity; these combustion products stress the coatings {(Bratton, Lau,
and Lee 1980) and leach phase-stabilizing elements from the coatings {McKee
et al. 1979) {Barkalow and Pettit 1979) (Hodge, Miller, and Gedwill 1980).
Coating spallation then results during subsequent thermal cycles. To minimize
entrainment of these contaminants, a dense and, if possible, self-healing outer
layer is required.

The need for a ceramic coating that is both adherent to a metal substrate
and impermeable to liquid and gaseous combustion products has long been recog-
nized at PNL {Fairbanks et al. 1975), For the past 8 years, a number of coat-
ing design approaches have been examined in an effort to obtain an adherent and
impervious ceramic deposit (Bayne et al. 1979) {(Patten et al. 1979b). This

work identified that a segmented ceramic structure and a graded transition zor
between metal and ceramic layers are useful techniques for improving coating

adherence, at least at temperatures below 500°C. A broad transition zone is
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TABLE 7.

Composition of Metal/Ceramic Coatings Tested

Sputtering MCrA LY
Samp le Run Substrete Bond Layer Transition Zone(a) Ceramic Layer
1 wiB-2 304 S5 304m NiCrAlY 8-Um dense NiCrMY/ZrOz' 2(.'!‘1'203 384m segmented Zr0f 2(.'!'1'203
(118 Al)
2 wTB-3 304 S5 304lm NiCrAlY 164m segmented NiCrAIY/Zr0," 20Y,0, 384m segmented ZrQ,* 20‘Y203
(11 Al
3 MC-13-7 X-40 50-4m CoCrAlY J4m segmented CoCrAIY/ZrOz'ZOYZOB 154 m segmented/dense Zr02’20Y203;
(14% Al) 02 added
4 MC-14-6 X-40 504;m CoCrAlY 84m segmented CoCrMY/ZrOz'ZOYZO3 244m segmanted Zr02'20'r203
(145 AN
5 MC-15-5 X-40 504dm CoCrAlY 3-Um segmented CoCrMY/ZrOz' 207,04 - 244Im segmented Zro,* 20"(203
(142 A1)
6 MC-23-1 In-792 404m ColrAlY 3-Hm segmanted CoCrMY/ZrO'z'BYZO3 4-4im segmented/dense Zr02'8Y203;
(6% Al 0, sdded
7 MC-24-1 In-792 334m CoCrAlY 124m segmented ColrAlY/Zr0,* 8Y,0, 54Hm segmented/dense Zr0," BY,04;
(6% Al
8 MC-26-2 tn=-792 63-4im CoCrAlY Oxldlized CoCrAlY prlor to ceramic 44m segmented/dense Zr02'8Y203;
(6% Al) deposition 02 added
9 MC-27-3 In=792 604m ColrAlY 404m segmented CoCrﬁlY/ZrOz’ZOYZOB; 74m segmented/dense Zr02’20Y203;
(14% AL} 0, added 0, added
10 MC=-25=-1 In=-792 36-dm CoCralY 10-Hm segmented CoCrMYMIZOB‘ 4(.'(3r203 544m segmented/danse M203' 4CCr203;
(6% AL
1 HC-27-3 In-792 60-Um CoCrAlY 404Um segmented CoCrAlY/A),0,; O, added 7-Hm segmented/dense Zr0.* 20Y.0,;
273 "2 2 2°3
(145 A 0, added
12 MC~17-7 In-792 504Hm CoCrAlY 204m segmented CoCrMY/MzO3 None
(142 Al
13 MC-18-7 In-792 5044m CoCrAlY 204{m segmented CcCrMY/ZrOz' 20'1'203 Nona
(145 Al
i4 MC=-19=6 In-792 50-4m CaCrAlY 30+4m segmented CoCrAlY/AI,O.; O, added None
(145 AY) 23 2
15 MC-20-6 1n-792 50<im CoCrAtY 30-dm segmented CoCrﬁIY/ZrOz'ZOYZOS; None
(14% Al) 02 added

(a} The thickness of the transition zone 1s the area where the composition varlies from 10 to 95 wi% zirconia or ajumlina,



Two types of graded coatings were prepared. In the first group (Samples 1
through 11}, the deposition of the graded zone continued until pure ceramic was
obtained. The thickness of the transition layer varied from 40 um in Samples 9
and 11 to 0 um in Sample 8. A thick pure ceramic layer was then deposited. In
most cases, the graded zone was composed of densely packed columns (0.l-um
diameter) that developed by geometric shadowing. This columnar structure con-
tinued smoothly into the pure ceramic layer. In many coatings, the last 1 to
2 um of ceramic was deposited as a dense sealing layer by applying an rf-
induced dc bjas to the substrate. This bias resulted in ion bombardment of the
substrate that disrupted the columnar growth and permitted formation of a
dense, defect-free closeout layer. These deposits have been designated by a
segmented/dense notation in Table 7.

The second group of coatings (Samples 12 through 15) was prepared with a
thick graded zone. Deposition was terminated on these coatings before pure
ceramic was obtained. Samples 12 and 14 were prepared with Al,03 as the
ceramic material; Samples 13 and 15, with ZrQ,+20Y,04. These coatings were
deposited onto solid 1n-792 substrates following a trial experiment in which it
was found that the hybrid A1,04-CoCrAlY coatings failed to adhere to hollow
X-40 substrates.

Microstructure, composition, heat-treatment behavior, and thermal cycle
durability were characterized on the samples listed in Table 7. Two sections
from each sample were used to prepare metallographic specimens; one in the as-
deposited condition and one after an 8-h vacuum heat treatment at 1080°C.
Structural and composition studies were performed using an x-ray diffractometer
and SEM with EDX. A similar pair of as-sputtered and vacuum heat-treated sec-
tions was subjected to a series of ten 10-min thermal cycles at 1000°C. In the
first five cycles, the samples were air cooled to 150°C; in later cycles, the
samples were quenched into water.

Multilayered Coatings

Four solid 1n-792 burner rig test pins (0.95-cm diameter) were coated in
an early version of the sputtering system. The only differences were the lack
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of the central shield and the absence of the shutter covering the ceramic tar-
get. A Jayered deposit was prepared by alternately sputtering from a Ni-50Cr
target {operated in a dc triode mode) and then a Zr0,-20Y,03 target (operated
in an rf diode mode}. A Ni-50Cr layer was deposited first, followed by a
Ir0,+20Y,05 layer, another metal layer, etc., until a total of five metal and
four ceramic layers had been deposited. Each layer was 25 m thick.

A shutter was placed over the metal target when it was not in use to
prevent contamination from the ceramic target during rf sputtering. Such con-
tamination would have prevented subsequent dc sputtering from the metal tar-
get. A limited degree of composition grading was achieved in the transition
area between the metal and ceramic layers. The ir0, deposited in the first
5 um of ceramic deposition was very high in nickel and chromium. The concen-
trations of these elements decreased and the zirconium concentration increased
as ceramic deposition continued. This behavior was attributed to removal of
Ni-Cr contamination from the Zr0, target after each Ni-Cr deposition. The pure
ir0, layer was ~18 im thick. In contrast, the transition from the ceramic
layer to the next metal layer was very sharp since no similar resputtering step
was possible with the metal target.

Metallographic examination indicated that all metal layers were free of
growth defects and appeared to be mechanically sound. The ceramic layers were
characterized by a high density of growth defects {columnar voids) throughout
the thickness of each Tayer. These voids seemed to have no effect on the
growth or structure of the metal layers.

One of the 9.5-mm diameter coated solid pins was also thermally cycled
12 times in air between room temperature and 1100°C using a radiant furnace.
Each cycle consisted of ~80 s of heating and ~120 s of cooling. In addition,
four similar multilayered coatings were evaluated in a burner rig test con-
ducted at Westinghouse for the National Aeronautics and Space Administration
{NASA) (Andersson et al. 1982). Three thermal cycling tests were performed
using fuels with different impurity concentrations to evaluate various advanced
coating designs for future industrial turbine appiications. The four coatings
tested were nine-layer deposits of NiCrAlY and Ir0,.20Y,03 deposited onto
Udimet 720 domed button substrates (13 mm in diameter and 9.5 mm tall).
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RESULTS AND DISCUSSION

Three aspects of coating design are discussed in this section: 1) the
feasibility of incorporating graded metal-to-ceramic layers to act as compliant
transition layers separating the metallic bond layer and the ceramic deposit or
as autonomous protective coatings; 2) the potential for using dense closeout
layers to extend the 1ife expectancy of porous ceramic deposits exposed to
dirty combustion environments; and 3) the possibility of preparing multilayered

coatings consisting of alternating metallic and ceramic layers as an alterna-
tive to duplex coatings consisting of a ceramic layer deposited over a metallic
bonding Tayer. Test results are presented that identify how each coating
design performed under thermal cycling tests in oxidizing environments.

Graded Transition Layers

This section presents the test results of coatings with graded metal-to-
ceramic layers. The samples selected for characterization are described in
Table 7. Al1 of the coatings started with the sputter deposition of a 50-um
thick MCrAlY layer. The ceramic material (zirconia or alumina) was then
cosputtered with MCrAlY to produce a transition zone where the composition was
graded from pure metal to nearly pure ceramic. The thickness of the transition
layer varied from 0 to 40 ym., In Samples 1 through 11, a thick ceramic layer
was sputter deposited over the transition layers. For Specimens 12 through 15,
the transition zone deposition was stopped before a pure ceramic was obtained.
The outer surfaces of Samples 12 through 15 contained about 5% CoCrAlY. With
the exception of Sample 1 and the outermost closeout layers, all of the coat-
ings were sputter deposited with a densely packed columnar structure extending
through the coating thickness. A fracture surface perpendicular to the plane
of Sample 2 showing this segmented structure is presented in Figure 13,

In the as-deposited condition, the CoCrAlY was a very fine distribution of
6-Co and 8A1-Co phases. Ceramic layers of Ir0,-20Y,05 and Zr0,+8Y,0; were
deposited with a cubic crystal structure; A1,04 and A1203-400r203 layers were
amorphous. VYacuum heat treatments of these coatings at 1080°C for 4 to 8 h
produced a series of changes in the microstructures. Recrystallization in the
CoCrAlY layer resulted in a much coarser grain structure (Figure 14) and a more
ductile fracture behavior after heat treatment. A very fine distribution of
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the present work, this smooth surface resulted in the localization of the
Kirkendall voids to one well-defined plane that was highly susceptible to crack
propagation. Because of this localization, the formation of just a few voids
had a large effect on reducing coating adherence.

Nongraded Zr0,+Y503 Coatings

The thermal cycling results and microstructural observations clearly indi-
cated that the inclusion of a graded metal-to-zirconia layer detracted from
coating adherence. Samples 3, 5, and 8 had either a very narrow or ro graded
transitior layer. These samples performed well in the thermal cycling test.

No differences were observed in the performance of the two zirconia compo-
sitions: Zr0,+20Y,03 (Samples 3 and 5) and Zr0,-8Y,03 (Sample 8)}. Neither
ceramic was affected by annealing at 1080°C; both retained the columnar micro-
structure and cubic crystal structure that was introduced during deposition.
The Ir0,+8Y503 composition was of interest because it fell within the mixed
cubic/tetragonal phase field. This ceramic composition was known to develop a
two-phase microstructure with enhanced crack toughness (Porter and Heuer 1979;
Green, Maki, and Nicholson 1974; Garvie and Nicholson 1972; Heuer 1981).
However, in this study, x-ray diffraction patterns provided no evidence of
tetragonal {(or monoclinic) phase formation during the 1080°C annealing treat-
ment, indicating that higher annealing temperatures would be needed before the
desired two-phase microstructure would develop.

Examination of Samples 3, 5, and 8 in cross section following the thermal
cycling experiment revealed that a very thin film of alumina had formed at the
metal/ceramic interface. Some longitudinal cracking was also observed in the
ceramic layer, usually near the base of the ceramic deposit. Both of these
features represent a source of concern with respect to the long-term durability
of the coatings.

The cracking of the ceramic was of greatest immediate concern. Sample 3
was much less prone to cracking than either of the other coatings. In fact,
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after the fifth water quench, this sample was examined in the SEM and no spal-
lation or surface cracks were observed, Some cracks were observed in the pol-
jshed cross sections of the sample that were vacuum heat-treated at 1080°C for
8 h., However, these cracks ran vertically into the coating and usually stopped
at the top of the graded zone; none were observed to penetrate into the CoCrAlY
layer. In contrast, metallography on Samples 5 and 8 following heat treatment
at 1080°C for 8 h showed that these samples developed longitudinal cracks in
the pure ceramic layer parallel to the deposit surface. This cracking was in
addition to the vertical cracking found in all the samples.

Two factors appeared to be important in reducing the amount of cracking in
the ceramic layer. First, it was extremely important to obtain a stoichio-
metric deposit. In later experiments, O, was added to the sputtering gas dur-
ing the deposition of the pure ceramic layer in Samples 3 and 6 through 9.
These samples cracked much less in thermal cycliing experiments than similar
ceramic layers in Samples 4 and 5, where no supplemental oxygen was added.

The second factor that reduced cracking was the topography of the sub-
strate. Sample 8 was the only deposit that covered an irregular surface. All
of the longitudinal cracks observed in Sample 8 were in sections of the coating
that covered a protuberance in the CoCrAlY layer. The ceramic layer was gener-
ally sheared off at the level of the surrounding ceramic outer surface; the
cracking tended to produce a smooth outer surface by lopping off the high
areas. It appeared that deposition of a flat ceramic coating on a smooth sub-
strate surface improved the stress distribution within the ceramic layer and
minimized the cracking of that layer.

MCrA1Y-Al1,05 Coatings with Graded Transition Layers

Samples 10 and 11 were prepared with a graded MCrA1Y-A1,05 transition
layer separating the metallic bond layer and the outer ceramic layer. These
graded layers were expected to be thermodynamically stable, unlike the mixed
MCrA1Y-Zr0y+Y,03 deposits where free aluminum resulted in partial reduction of
the zirconium oxide. Two ceramic layers were sputtered over graded alumina
deposits: Al,03+40Cry03 on Sample 10 and Zr0,-20Y303 on Sample 11.
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SUMMARY

The tolerance of a series of oxide coatings to thermal cycling was stud-
ied. Zirconia coatings deposited directly onto metal bond layers had the best
tolerance to thermal cycling. In general, a graded region between the metal
bond layer and the outer ceramic coating detracted from the adherence of the
ceramic layer. 1In the graded zirconia coatings, failures resulted from the
massive redistribution of elements that occurred in the graded layer during
annealing. Graded alumina layers were not affected by interdiffusion but still
failed to improve ceramic adherence.

It appears that a dense closeout layer can be deposited over a columnar
ceramic structure and not interfere with the ability of the segmented region to
accommodate the lateral strains generated near the metal/ceramic interface.

Use of this combination of porous and dense ceramic structures should permit
development of adherent ceramic coatings with greatly reduced permeabilities to
liquid and gaseous species. Such a coating would be well suited to the combus-
tion atmosphere of highly contaminated alternative fuels such as coal-derived
fuels or residual fuels.

Multilayered coatings consisting of alternate layers of metal and ceramic
were judged to be of limited value. These coatings contained a large number of
inherently troublesome metal/ceramic interfaces. In addition, the metal layers
were very susceptible to oxidation.
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SiC-METAL COMPOSITE COATING DEVELOPMENT

Replacing the current supply of highly refined petroleum-based fuels with
alternatives such as residual fuels, coal-derived fuels, and coal-water slur-
ries is expected to increase the severity of erosive/wear and corrosive condi-
tiors that engine components will experience. In particular, a severe wear
problem can be anticipated as the concentration of abrasive contaminants
increases in the fuel. Initial research is being directed at diesel engines
where the earliest fuel substitutions are expected to occur. A major area of
concern is with the wear surface between the top ring and the cyiinder liner.
At this point, temperatures are at their maximum and a condition of marginal
lubrication can exist.

The objective of this task was to develop wear-resistant coatings for use
in diesels operated on coal slurry fuels. The present generation of coal
sturries consists of a close-packed array of 70-um {75%) coal particles with
smaller 30-pm {25%) particles fi11ing the interstitial positions; all particles
are suspended in either a water or oi]l media. Coatings used with these fuels
will have to resist a severe combination of abrasive wear and particle ero-
sion. High material hardness and good fracture toughness will be required to
resist the resultant cutting and fatigue wear processes. This task sought to
derive these properties from a plasma-sprayed coating with many ultrahard sili-
con carbide inclusions embedded in a ductile matrix. The inclusions provide
hard points of contact, and the metal or glass matrix cushions the carbides
against fracture from high-velocity particle impacts. If possible, a continu-
ous hard surface layer was sought through a combination of hard inclusions and
coal particles trapped in pockets that formed in the coating surface. Such a
coating would offer good erosion resistance to engine components operating on
coal slurry fuels.

Because of the premature termination of the CZID Program, testing with coal
slurries was never compieted. However, some preliminary experiments provided
encouraging results. Promising cocating compositions and techniques are dis-
cussed in this section.
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EXPERIMENTAL PROCEDURES AND RESULTS

A series of composite coatings were prepared by plasma spraying. Prelimi-
nary experiments established deposition techniques that would be appropriate
for further study. Samples were wear tested at 225°C using a ring-on-block
apparatus and corrosion tested for 200 h in air at 600°C.

Coating Preparation

A SG-100 plasma spray system from Plasmadyne was used to prepare the com-
posite coatings. The equipment operated at 40-kW power using both subsonic and
Mach I plasma velocities. Two roto-feed hoppers with tapper assemblies were
available for mixing two powders during the spray operation. However, the
powders were usually premixed and fed from a single hopper because it was
simpler and in most cases provided either comparable or superior powder feeding
behavior. Al1l coatings were deposited onto H-30 steel wear blocks that had
been grit blasted prior to deposition.

Two forms of silicon carbide were tested: a fine powder and short fibers.
The powder was 10 to 20 um in diameter and was obtained from Cerac. Short
fibers, 15-um diameter x 0.5-cm, were cut from yarn obtained from Nippon Carbon
Co., Ltd. Despite a number of attempts, no effective method of feeding the
fibers to the spray gun was devised using Plasmadyne equipment. The fibers
tangled, eventually leaving a congealed mass of fibers in the hopper that
"blocked the feed mechanism. Dilution of the fibers by premixing them with fhe
matrix powder helped; but at the concentrations of interest (greater than
20 wt%), the fibers still tended to levitate to the top and then tangle. It
was concluded that the only feasible solution would require adaptations to the
gun to permit cutting and immediate feeding of the fibers to the gun, similar
to those used in fiberglass production. Such modifications were not completed
in this study.

Silicon carbide powders posed no handling difficulty. A series of ~250-um
thick coatings were prepared by spraying mixtures of silicon carbide and matrix
material powders, either 410 stainless steel (SS) or Si0p (quartz). Two sizes
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of 410 SS powder were used: a coarse-grained 44- to 74-um powder and a fine-
grained powder that was less than 44 um in diameter. An ~50-im diameter quartz
powder was also used.

The SiC-quartz deposits were of interest since the quartz represented an
inert and ductile (self-healing) matrix material. However, in preparing these
coatings, it was found that thick deposits could not be prepared. As deposi-
tion proceeded, a very smooth surface formed that prevented subsequent buildup.
Thus, these coatings were only 20 to 50 um thick.

The 410 SS was chosen as a matrix material because of its good high-
temperature fracture toughness and corrosion resistance. However, the combina-
tion of SiC and stainless steel proved disappointing. Combinations with
greater than 12% SiC resulted in decreased wear resistance, apparently because
of an increase in brittleness. It was felt that this could be due to the lack
of a ductile matrix between SiC particies at higher carbide concentrations.

In later experiments, SiC particles were precoated with Ni using an elec-
troless deposition technique (Krieg 1959) to minimize carbide-carbide contact.
Approximately 50 g of SiC powder was first dipped in palladium chloride and
then rinsed in water. The powders were transferred to a 1.5-1iter bath of
NiS04+6H,0 {33 g}, NajPOy-Hy0 (48 g), and lactic acid (30 g). This bath was
adjusted to a pH of 5.0 and a starting temperature of 50°C. Once the powders
were added, the batch was stirred continuously and heated to 95°C where Ni
deposition accelerated. Two coatings were plasma sprayed using these Ni-coated
SiC powders. One coating was made using a 50:50 mix of the coated carbide and
the 410 SS; a second coating was prepared using only the precoated SiC powder.

Wear Test

Tribilogy samples were deposited onto flat H-30 steel blocks and then
lapped prior to testing in a Falex-1 ring-on-block friction and wear tester.
The coated wear block remained fixed and a rotating ring of hardened S-10 steel
contacted the sample surface, generating a linear wear scar. The 3.5-cm ring
rotated at 72 rpm and was loaded with 150 1b. A Toad cell measured the fric-
tional force between the ring and the block. During the test, the samples were
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jmmersed in an o1l bath held at 225°C. The oil was Brayco 8999, an ACFT tur-
bine engine lubricating oil. The test was terminated after 5000 ring

rotations.

The wear test provided two pieces of data: 1) a wear scar width that
indicated the extent of wear that had occurred during the test and 2) a final
coefficient of friction that represented the status of the wear surfaces at the
conclusion of the test. Figure 21 illustrates the dependence of the wear scar
width on coating composition. These data provided a measure of the wear resis-
tance of the coatings; a narrow wear scar indicated that little coating was
abraded, Coefficient of friction data are presented in Table 9.

The majority of the coatings tested were 410 SS-SiC composite coatings.
For these, there was a gradual decrease in wear scar width as small concentra-
tions of SiC were added to the stainless steel coating. However, as the

410 85-SiC

410 85-SiC-Ni

Wear Scar Width, mm

SiC-Ni

}] (J— Quartz-SiC

ol 4 4 b4
0 50 100

SiC, w1%

FIGURE 21. Wear Scar Widths for Different SiC Concentrations and Yarious
Matrix Materials. HNarrow wear scars indicate lower wear rates.
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TABLE 9, Coefficient of Friction Data for SiC Composite Coatings

Coefficient

Sample Description Hardness of Friction
55 Fine 410 SS powder 315 0.143
56 Coarse 410 5SS powder 233 0.141
50 Fine 410 SS + 8% SiC 321 0.144
51 Coarse 410 SS + 8% SiC 246 0.141
52 Fine 410 SS + 12% SiC 336 0.131
53 Coarse 410 SS + 12% SiC 217 0.137
57 Coarse 410 SS + 15% SiC 222 0.135
58 Fine 410 SS + 23% SiC 330 0.133
5% Coarse 410 5SS + 23% SiC 253 0.137
60 Fine 410 SS + 70% SiC 0.132
61 Fine 410 SS + 50% SiC (Ni coated) 442 0.108

(410 SS + 25% SiC + 25% Ni)

62 Ni-coated SiC {33% SiC) 0.030
54 Quartz + 50% SiC _ 0.110
48 Laystall: iron + 10% SiC 356 0.099
49 KC + 13% Co 1482 0.107

composition rose above ~12 wt% SiC, the width of the scar increased drama-
tically (rapid wear occurred). Changes in the particle size of the 410 SS
powder used in spraying did not affect the wear behavior of the coatings. The
use of SiC powder precoated with Ni and then mixed with 410 SS for spraying
also failed to improve coating performance. For that mixture, the Ni coating
on the SiC particles had been quite thin (~5 um}. 1In a later experiment, the
SiC powder was processed through the Ni bath twice to provide a 10- to 15-um Ni
coating on the carbide particles. When this powder was sprayed alone, a Ni-30%
SiC composite coating was deposited that had very good wear resistance. In
addition, the quartz-SiC coating aiso demonstrated good wear resistance despite
its 1imited thickness.

For comparison, a Laystall SiC-embedded iron sample with 10% SiC and a
plasma-sprayed WC-13% Co powder coating were also tested. The first specimen
was prepared by Laystall using a proprietary technique that impregnated an
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ordinary iron cylinder liner with SiC and then honed the surface smooth. This
technique improves the wear resistance of cylinder liners placed in diesels run
on fuels cut with kerosene (Scott 1976). The kerosene is added to permit low-
temperature operation; however, it also dissolves the lubricating oil and pro-
duces a severe wear problem. Impregnated linings and rings had performed well
in this application. 1In the current test the Laystall coatings formed a wear
scar of 1.13 mm, about the same as the 410 SS coatings. In addition, a WC-Co
coating was prepared at PNL with powders obtained from Plasmadyne. This coat-
ing was very hard {1482 DPH) compared with other coatings (from about 215 to
about 450 DHP). No well-defined wear scar was present on the coating surface.
A significant weight 1oss occurred on the ring, suggesting that the wear
occurred there rather than on the coatings.

The coefficient of friction data also provided a relative ranking of the
coatings. All the 410 SS-SiC coatings had a coefficient of 0.14, while the
others {the Ni-coated SiC, quartz-SiC, the Laystall, and the WC-Co coatings)
had values around 0.10. The lowest coefficient of friction measurement was
recorded on the Ni-SiC coating where a value of 0.090 was obtained. This
result was encouraging since it suggested that a low wear rate condition may
have existed by the end of the experiment and that long-term wear rates could
be kept low.

Oxidation Test

These coatings were intended to be used in diesel engines under poten-
tially severe erosive/corrosive conditions. Therefore, preliminary testing was
performed to determine the oxidation resistance of the coatings. During prepa-
ration of the wear samples, duplicate coatings were plasma sprayed onto 18-mm
diameter x 50-mm long steel rods. These sampiles were then oxidized at 600°C
for 200 h in afr. The WC-Co coating spalled badly during the test, eliminating
jt as a potential wear-resistant coating for use at elevated temperatures. Al
of the other coatings appeared to be in good condition after 200 h. No metal-
lography was performed on the samples; therefore, the extent of oxidation was
not determined. However, both the Ni-SiC and the quartz-SiC coatings were
sufficiently oxidation resistant to justify further study.
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SUMMARY

Two plasma-sprayed coatings were jdentified for potential use in diesels
operated on alternative fuels. The first was a Ni-SiC composite that was
sprayed using SiC'powders precoated with nickel using an electroless deposition
technique. The other was a quartz-SiC composite coating prepared by cospraying
the two respective powders. The latter coating had a thickness limitation of
about 50 um. Both coatings displayed good wear and corrosion resistance and
warrant further investigation.
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CONCLUSTONS

As heat engines begin to operate on degraded fuel supplies, the problem of
low-temperature hot corrosion will worsen. Current state-of-the-art CoCrAlY
coatings can be modified to improve their low-temperature, hot corrosion resis-
tance. Using chromium and aluminum composition gradients through the thickness
of the coating and alloying CoCrAlY coatings with platinum were identified as
useful coating medifications, although the exact meodifications must be corre-
lated with the application. The use of platinum underiayers as a diffusion
barrier to 1imit substrate/coating interdiffusion was found to be ineffective.

In an aggressive, low-temperature, hot corrosion environment {simulated by
burning doped marine diesel in burner rig), coatings with 1) a high chromium
surface concentration, 2) a high chromium-to-aluminum ratio at the surface, and
3) an aluminum composition gradient that increased the aluminum concentration
into the coating thickness were more corrosion resistant. Deposits of CoCrAlY
containing large additions of platinum also provided goed low-temperature
protection.

A burner rig test with SRC-II provided materials data in an extremely
aggressive environment (characteristic of vanadate attack). Of the coatings
tested, those with 1) a low chromium surface concentration, 2) a high aluminum-
to-chromium ratio at the surface, and 3) a chromium composition gradient that
increased the chromium concentration into the coating thickness were more
corrosion resistant.

In studies on zirconia- and alumina-based ceramic coatings, a graded tran-
sition layer between the metallic bond layer and the ceramic deposit did not
improve ceramic adherence. Graded zirconia coatings failed as a result of mas-
sive diffusion of aluminum {from the MCrAlY bond layer) and oxygen {from the
Zr0,) in the graded metal-to-ceramic layer. Coating fracture occurred very low
in the graded transition zone, where a band of A1,03 and voids formed that
acted as a preferred path for crack propagation. For this reason, the Zr0,
coating with no graded transition zone performed the best in thermal cycling
experiments. Graded Al,03-CoCrAlY layers were not affected by interdiffusion;
however, ceramic layers of Al,0;-40Cr,03 or Zr0,+20Y,05 deposited cver graded
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Al1504-CoCrAl1Y Tayers adhered poorly. Multilayered metal/ceramic coatings were
judged to have only limited potential, perhaps in erosive low-temperature
diesel applications.

Depositing dense closeout layers over the porous ceramic structure--for
example, the columnar microstructure of PVD coatings--was identified as a
potential technique for reducing the permeability of the coating to solid and
1iquid combustion products without affecting coating adherence. This or a
similar sealing technique will be essential for the success of ceramic coatings
used in alternative fue) environments. |

In wear tests on silicon carbide composite coatings, plasma-sprayed coat-
ings that deposited silicon carbide in either a nickel or quartz matrix had
good wear and corrosfon resistance. These coatings might be appropriate for
use in diesels operated on erosive coal slurries.
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