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INTRODUCTIONANDSUMMARY

The purposeof this study was to determinethe tribologicalpropertiesof

hard, wear-resistantcoatingson steel substratesin order to expedite the use

of these materialson engineeredsurfacessuch as coated roller bearings,

transmissiongears, and cams. The specificcoatings to be investigatedfor

the Departmentof Energy (DOE) projectwere the carbidesand nitridesof

titanium,zirconium,and hafnium (TIN, TiC, ZrN, ZrC, HfN, and HfC). All the

coatingswere depositedby high-rate-reactivemagnetronsputtering(HRRS),

which was developedby Dr. WiliiamD. Sproul.

The originalgoals of the project includedincreasingthe knowledgebase

regardingthe frictionand wear behaviorof these coatings so that engineers

would have enough informationto anticipatethe potentialbenefitsof coating

engineeringsurfacesfor variouswear applications. The first task area

involveddevelopmentof the coatingprocess for the six coatingson the

selectedsubstrates(typically52100 steel,hardened to Rc 62) and

characterizationof the coated samples. This effort requireddeterminationof

the operatingconditionsneeded to obtain the best adhesion and the best

hardnessfor each coating. Hardness and adhesionwere critical propertiesfor

selectingthe conditionsto be used for coatingwear test samples.

Where possible,the coatingswere depositedat the highest rate possible

(consistentwith good adhesionand hardness). The use of statistically

designedexperiments(SDE's)was an importantfactor in obtainingthe best

informationwith the fewest number of coatingexperiments. The resultswere

used in response surfaceplots to displaythe parametriceffects. X-ray

diffractionwas used to determinethe crystallographicphases present and the

growth texture. Some idea of the elastic strain inducedby the process could

also be deduced from the deviationin the measured latticeparametersfrom the

publishedequilibriumvalues.

Task 2 involvedtribologicaltesting of the coated samples (TIN,TiC, ZrN,

ZrC, HfN, and HfC). NorthwesternUniversity'stwo-discwear testerwas used

to determinethe rollingcontact fatiguebehaviorof TiN coated samples.
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Opticalmicroscopyand SEM analysiswere used to investigatethe nature of

surfaceand subsurfacecrack developmentduring the test. Although it was not

possibleto perform the fatiguetype tests on the other coatings,they were

subjectedto scuffingfailuretests using the variable roll-slideequipment

and to pin-on-disctests. These other tests broadenedthe scope of testing

that was done but lead to a better understandingof the effects of the

depositionparametersand substratepropertieson the overallperformanceof

coated steel.

The tribologygroup at ArgonneNational Laboratory,tested some of the

coatingsmade at BIRL as a part of the program. The tests run at ANL were

pin-on,disc(room temperatureto 400°C)and oscillatingslider tests which

simulatedifferentwear modes. Some of this work was reported in a paper for

the ICMC in 1991.(I) ANL was not able to conductall of the tests originally

planned due to a lack of manpower and funding.

The third task was originallydesignedto investigatethe effectsof doping on

the wear resistanceof the nitridesstudiedhere. The use of dopants such as

As, Sb, and Bi had previouslybeen shown to increasethe hardnessof the

nitrides significantly,and the effect of this increasedhardnesson wear

resistancewas to be measured. However,as DOE fundingprioritieschanged,

the third task area had to be abandoned.

The work reviewedin this document was all presentedin quarterlyreports

issuedover the period 1990 to 1993 by DOE. This report will not cover the

tribologicaldetails as thoroughlyas the previousreportsbut will collect

and review the main results and the relevantdiscussions. The depositionwork

will be covered since it was not as fully reportedas the wear testing.

RESULTSAND DISCUSSION

CoatinqDeposition

TiN

We were familiarwith the depositionconditionsfor TiN from our past

experience,and we were able to minimize the time needed to develop the

operatingparameters. The characterizationof TiN was also more complete in
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previouswork than for the other materials. It was thereforepossibleto

devote more time to exploringthe performanceof the TiN coatings and the

dependenceof that performanceon the depositionparameters. Due to these

investigationswith TiN, we became aware of the strong dependenceof wear

behavioron coating thickness,hardness,and adhesion,which are controlledby

the processparameters,and on the nature of the substrateitself. We

realizedthe importanceof lookingat the other coatingmaterials in terms of

their depositionparametersas well. Thus, much of the wear testingwas

designed specificallyto differentiatethe performanceof coatingsmade under

differentvalues of operatingparameterssuch as partialpressure of the

reactivegas or substratebias voltage.

Typical depositionparametersfor TiN, along with the associatedproperties,

are as follows:

DepositionParameters

PartialPressure= 1.6 x 10.4Torr (0.16 mTorr)

Total Pressure= 8.0 mTorr

SubstrateBias = (-) 100 - 150 V

Target Power = 10 kW (dc)

DepositionRate = 0.48-0.5#m/min

Coating Properties

Hardness = 2000-2400kgf/mm2 (Vickers,25gm load)

Adhesion : 5.0-6.0 kgf (criticalload, 5-#m thick)

LatticeParameter= 4.26-4.28A

As with all the reactivelysputteredcompoundswe tested,the work began by

defining the hysteresiscurve (underpartialpressurecontrol),which relates

the partial pressureof nitrogento the flow rate of nitrogen. This curve

shows where there is a significantformationof nitrideon the target as well

as on the substrate,and consequently,a reduceddepositionrate. It is

evident from the curve in Figure I that certainregimesof partialpressure

are only accessibleif one is operatingin the partial-pressure-controlmode.

Figure I is a typicalhysteresiscurve for TiN made under partial-pressure

control. The use of flow control is inadequatesince a flow set-pointin the
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region around the knee of the curve can actuallycorrespond to any of two or

three nitrogen partialpressL,res.

I-,0

4.0

J
2.O

Optimum operating point
---.lira.

o _ " 2"o _'o 4b sb ,b T'o :

N_ Flow, sccm

Figure I. TiN HysteresisCurve- PartialPressure Control

Process fluctuationsgenerallycause the systemto shift to the higher partial

pressuresand the depositionratr to drop accordingly. We can determinethe

best operating parametersby exploringthe region above and below the knee of

the curve at any given power. This regionof the curve correspondsto the

highest consumptionof nitrogenand also to the highestdepositionrate.

In general, the best operatingpoint has been found near the "knee"of the

curve. However, the exact relativepositionon the curve varies from one

compound to another. TiN has a "best"operatingpoint just slightlybelow the

knee of the curve.

The deposition of TiC has also been characterizedin the past, and it was

known that partial pressurecontrolwas not necessary,since the curve

relating partial pressureto the flow rate of methane (CH_)did not exhibit
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any region of negative slope. This monotonicdependencyof flow on partial

pressure is typical of carbidedepositionfor Ti, Zr, and Hf, whereas, the

depositionof the respectivenitrides always requiredpartialpressure

control. The flow rate of methaneused in past work was about 40 sccm with 10

kW of power, at a total pressureof 8 mTorr.

150.0-

66.7-- .

50_i00 33.33 36.67 40.00 43.33 46.67 50.00

A: Flow CH4

Figure 2. ResponseSurface Plot - Hardness of TiC (VHN) vs.
Flow Rate of Nz (SCCM) and Substrate Bias (-V)

A statistical-designstudy was run to confirmthe best operatingconditionsin

terms of optimum hardnessand adhesion. While the adhesionwas not very

responsiveto changes in parametersfor the range of data taken, the hardness

was very much dependent,in a regularand predictableway. The response

surface plot in Figure 2 shows that the hardnesschangesfrom about 1500 VHN

= to 2800 VHN over the rangesof parametersinvestigated. (Only the flow rate

and the substratebias were varied in this set of experiments). The bias has

only a minor effect,while the flow rate (amountof nitrogen available)has

the major impact on hardness. This is consistentwith the fact that TiC
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Figure 4. TiC d(111) Spacingvs. Flow Rate of CH4 (SCCM)

of d(111) increaseswith increasingmethane flow. We have plottedboth the

measured d-spacingand the differencebetweenthe measured value and the JCPDS

value. The measured value is nearlyequal to the acceptedvalue at about 40

sccm but this does not imply stoichiometryat this Flow rate. At this point

the film is probably sub-stoichiometric,and the measuredd-spacingis

affected by strain in the film. The coatingsused for these X-ray

measurementswere 2.5-5.0/_mthick, and exhibitedadhesionvalues as shown in

Figure 5, normalizedby thickness. The adhesionwas a maximumat 40 sccm,

with a critical load of 7.5 kgf for a 3.7-/_mthickness. In light of other

measurementswe have made, this value seems a bit too high and may be due to

the conditionof the diamond indenter. Other measured values indicatethat

the scratch adhesionLc would be i or 2 kgf lower, but the relativebehavior

is correct.
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ZrN

The approach for ZrN was very similar. In this investigationwe also made use

of the statisticallydesigned experimentsso that we could vary several

parameters at one time and analyzethe response functionsto obtain optimum

values of hardness and adhesion. We measured hardnessand adhesion (as well

as rate), and the correlationof the responsedata with the parametersettings

was good. The controlparameterswere target power, substratebias voltage,

and nitrogen partialpressure. The total pressurewas held constant at 8

mTorr for most of the work since this was known to be a good operatinglevel

and one that allowedwide variationin the other operatingparameters.

Figure 6 shows the partialpressure-flowrate behaviorfor ZrN, sputteredat

three different target powers (5, 8, and 10 kW). These curves were obtained
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The power and the total pressurewere held constant_t values of 8 kW and 8

mTorr, respectively. The partial pressureand the substratebias were varied

to attain the best combinationof hardnessand adhesion in the range selected.

The rate of depositionvaries stronglywith the partialpressure of nitrogen

as seen in Figure 7. It would also be a strong functionof power, but this

dependencywas not investigatedsince it should scale approximatelylinearly

with the power. The rate contoursshow that the maximum rate (0.5 _m/min) is

at low partialpressure,and decreasesto about 0.35 _m/min at the highest

partial pressure investigated.

150.0T

133.31 /

1oOooO. o4 0.30.4

_080 0100 0120 0140 0160 01aO 0.200
B: PPN2

Figure 7. Deposition Rate of ZrN vs. Partial Pressure
of Nitrogen (m Torr) and SubstrateBias (-V)

As seen in the followingfigures,the hardnessand adhesion (on polishedM2

steel) are more complicatedfunctionsof the partialpressure and bias.

Figures8a and 8b show the responsecontourplot for adhesionand hardnessas

functionsof the variables. It is evidentthat there is a relativemaximum

for each variable in the regime investigated. The scratch-testcritical load

for adhesionyielded a maximum of 6.5 kgf in the ranges: ppN2 = 1.5-1.9x 10"

4 Torr and bias = (-) 65-115 V. The bulls-eyefor hardnesswas seen in Figure

8b to give a maximum of 2250 VHN in the ranges: ppN2 - 1.3-1.75x 10.4Torr

and a bias of (-) 80-140 V. Thus, it is possibleto find considerable

overlappingin the areas where both hardness and adhesionare high. This

should provide coatingsthat give good abrasiveand adhesivewear resistance.
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While the plots in Figures8a and 8b are modeled from the resultsof the

statisticallydesignedexperiment,other data that was taken at constant

,,o.oT],,, ,¢ , ,,o.o!/,o.y/ / ,

0.080 o.ioo o.i'20 'o._4a o._o 0.180 o._oo _.080 o.ioo o.f20 0._+0 0._60 0._80 0.200
B: PPN2'. B: PPN2

Figure 8a. ResponseSurface Plot - Figure 8b. ResponseSurfacePlot -
Adhesi,on(kgf) vs. PartialPressure Hardness (VHN) vs PartialPressure
(x lO+Torr) of Nz and Bias (-V) (xlO+Torr)of N2 and Bias (-V)
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PartialPress.N2, retort

Figure g. Hardness and Adhesion of ZrN vs. Partial Pressure of N2

power, pressure and substratebias are shown in Figure 9. This is equivalent

to sectioningthrough the responsesurfacesat the -100 V-bias level, (keeping

in mind that the correlationis not exact betweenthe modeled response surface
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and the line plot). This data also shows the broad maximum in hardness as a

function of partialpressure (N2),and it shows a shift to higher partial pres-
sures for the adhesionmaximum.

'i

X-ray results indicatethat the coatingsare all the fcc phase with strong (111)

and (200) reflections. The (111) and (200)diffractionpeaks are very dominant

for 5-_m thick films and have comparablemagnitudes. For coatings that are less

than 1 /_mthick, the (111) and (200) peaks reduce in size by nearly an order of

magnitude and are comparablewith the (220) peak. The value of the ZrN lattice

parameterwas measured as a functionof partialpressureand found to be quite

insensitiveto the partialpressure in the range used. This is in contrast to the

behavio_of TiN, where the latticeparameterincreaseswith nitrogencontent. The

strain in the latticeof the depositedfilms is about 1.0_, based on the differ-

ence in latticeparametermeasured and that given in the JCPDS cards (4.62 A and

4.574 A, respectively). Figure 10 shows a typicaldiffractionplot for a 5-pm

F-'_I:rIAAOgO5-B.hll lID:ZPN, N_ PP ,= 1.5E-4 FORFI. -IOOV BIAS SCINTAG/USA
DAFE: 9/ 9/9t TIME: 14:55 PT: O. i50 STEP: 0.025 WL: 1.54059

cps z.gs l.s? t.ao 0.97 o.gs z
iaT?.o - ! I I 'too

_4Sl.3 " " go

:LO;I%.B - - 80

IISI:I. Sl " - 70

7611. t " - 80
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i

2S_S. 4 _" 20

i.;l?. 7 - %0
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30 _S!! 80 $05 $30

Figure I0. X-ray Diffraction?attern for ZrN (typical)
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thick film made using 8 kW of power at a total pressureof 8 mTor,. The

diffractionpatternshows typical preferredoriental;ionwith strong peaks for

the (111) and (200) reflections.

ZrC

The depositionof zirconiumcarbidewas carriedout in the dual-opposed-

cathode system,using flow control insteadof partialpressurecontrol for the

carbon bearinggas (similarto the case of TIC). Good quality films were

difficultto make (in terms of adhesion)with methane. The hydrogen

production from the methanemade it difficultto maintainadequate controlof

gas flows and pressures. A change to acetylenewas made in order to reduce

the hydrogen production. The processwas also sensitiveto the amount of

water vapor in the system,and steps were taken to minimizethis contaminant.

The carbide depositionappearsto be much more sensitivethan the nitride

deposition to these factors. Depositionqualityalso deterioratedrapidlyas

the chamber and fixtureswere coated. Maintaininggood deposition conditions

for the carbidewas more difficultin generalthan it was for the nitride.

SuccessfulZrC was depositedusing an interlayerof ZrN for adhesion. This

technique was learned from previous experience (Sproul) c2). The hardness

ranged from about 1700 to 3000 Vickers,dependingon the flow rate of C2Hz,

with a maximum in hardness occurring at a flow rate of 45 sccm. Figure 11

3500 8

3250 . 7

2750 6 vo", "o"

_-2500 5 oo
¢n Adhesion
¢_ ._;

C..)
0
::2000 _"

Ha 3 .o

.._,_=1750 -lOOVBi_X_ 2 "--o1500 <

1250 - 1

lOOO o
10 2'0 3'0 ;0 5'0 6'0 7'0 80

' C2H2FlowRate,sccm

Figure 11. Hardnessand Adhesionof ZrC vs. Flow Rate of CzH2
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shows the responses of hardness and adhesion as a function of the flow rate of

acetylene. While the hardness shows a clear maximumin the range of 40-50

sccm, the adhesion is not very sensitive to flow in this range. Only the low-

flow condition produced better adhesion, but the 4.5 - 5.0 kgf critical load

is good for films that are about 5 #m thick. It may be the effect of the ZrN

interlayer that makes the adhesion relatively independent of the flow
conditions.

A couple of runs were made using a lower bias (-70 V), and these values are

plottedin the figure as well. The hardnessis significantlyreduced from the

correspondingvalues.at-100 V bias. The adhesionfor these two coatingswas

measured at 3.5 and 6.0 kgf for the 30 and 40 sccm cases, respectively.

We have also characterizedthe coatingsusing.X-ray diffraction. Within the

range of acetyleneflow explored,the cubic phase of ZrC was formed. The

latticeparameter,plotted in Figure 12 as the d(111) spacing,did not change
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Figure 12. ZrC d(lll) Spacingvs. Flow Rate of CzHz
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much with acetyleneflow but showedonly a slight declinewith increasing

flow. The JCPDS value is given on the plot as well. As is usuallyobserved

with these coatings,the sputteredfilm has a larger d-spacing(by 1.3 -

1.5%), indicatirlga compressivestress. The higher-biasfilms also have

higher stressesthan the lower-biasfilms, as expected. Figure 13 shows a

typicalX-ray diffractionplot for the ZrC films. Again, there is a strong

textureeffect,with only a coupleof dominant peaks.

F{';: B4040924-2.L"11" ID: Zr'C. C2H2. 50 SCCM SCII'4TAG,-'UGA
DATE: 9/25/92 TIME: 8:58 PT: 0.150 STEP: 0.025 HL: 1.54059
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Figure 13. X-ray DiffractionPattern for ZrC (typical)

Hf__BN

The initialwork utilized the MRC 902M2 magnetron sputteringsystem to deposit

HfN(3)onto M2 tool steel (Rc62),in order to determinethe best range of

depositionparameters. The first step in this evaluationprocedurewas to run
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hysteresis curves. These curves were run at three different power levels, and

the N2 flow rate was measured at increasing (and then decreasing) values of N2

partial pressure. The data is presented in Figure 14 for 3, 5, and 7 kW.

Experience shows that the best operating conditions are near the knee (where

the flow is a maximumand partial pressure increases dramatically) of the

hysteresis curve.
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Figure 14. HfN HysteresisCurves - PartialPressureControl

Having determinedthe approximateoperatingconditionsin terms of power and

partial pressure,we set up a statisticallydesignedexperimentto determine

the best operatingconditions(evaluatedin terms of hardnessand adhesion).

The response surfacemethodologywas used with three independentparameters:

power, nitrogenpartialpressure,and substratebias voltage. In the Box-

Behnken design,three values were taken for each parameterand fifteen runs

were made at thirteendifferentcombinationsof parameters(plus two

duplicates). The parametervalues selectedfor this experimentwere: power =
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3, 5, and 7 kW; partialpressure = I, 1.5, and 2.0 x 10.4Torr; bias voltage =

-50, -75, and-100 V; and thickness= 5 /_m.

The Vickers microhardnessdid not change very much with the deposition

conditions and rangedfrom about 2900 - 3300 kg/mm2 (on M2); whereas,the

adhesion criticalload (Lc)was quite sensitiveand ranged from about 3 - 7

kgf. In the analysisof variancefor the quadraticfit of the model curves to

the data, the correlationof the hardnesswas very poor becauseof the small

variations observedin hardnesscomparedto the normal error in this

measurement (approx.± 10%). The correlationfor the adhesiontests was

fairly good (adj. R-squared= 0.73) becauseof the strongdependencies

observed,but Lc is typicallymeasuredto only ± 0.5 kgf, making it difficult

to get a model fit much better than we found here. The resultsof the

statisticalexperimentfor adhesionare shown in Figures15-17.

Figure 15 is a perturbationplot that shows the generaldependenceof the

adhesion-critical-loadon each parameter. The factor (parameter)range is

7.147

6.74g

6.350

J 5.952

5.553

5.155

4.757 \_

-1.()00-0.667-0.3,._ 0.000 0.333 0.667 1.000

FactorRange

Figure 15. Coded PerturbationPlot - Effect of Power (A), Bias Voltage
(B), and N2 Partial Pressure (C) on Adhesion Critical Load, Lc (kgf)

coded so that the minimum and maximumof each parametercan be representedon

the same plot. In this plot, the responsefor each parameteris trackedover

the full range with the other parametersheld at the centers of their

respective ranges. The resultsare striking,showingthe strong dependencies

of adhesion on target power and partialpressurefor the selectedfactor
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values. The response to substratebias voltageexhibits a maximum in the

range we investigated.

The effect of the maximum is seen clearly in the three-dimensionalplot in

Figure 16. Here we have plottedthe response (adhesion)on the verticalaxis

and power and bias on the other two axes. Partialpressure (Nz)is held

constant at the highest value investigated(0.2mTorr). The adhesionappears

to be a maximum (Lc = 7 kgf) at a power of about 5 kW and a bias voltageof

about-75 V.
DESIGN.EXPERTAnalysis

adhesion
7.197

6.513

5.830

5.146

1°°'9°.°.°. I "°°°
o.O,Oo.ooI

6o.o0_'_..I _BOO---
B: bias 50.00 0 A: power

Figure 16. ResponseSurface Plot - Adhesion Lc (kgf) of HfN
vs. 3ubstrate Bias Voltage (-V) and Power (kW)

From Figure 15, we see that the adhesionhas not yet reached a maximum in

terms of the power and partialpressurevalues used here. The practicallimit

for the power, however, is 7 kW. The partialpressurecan be further

increased,and the responsesurfaceplot in Figure 17 indicatesthat we should

be able to increasethe adhesionby increasingthe partial pressureof

nitrogenwhile holding the bias at -75 V and the power at about 5 kW. In

order to confirm this prediction,two more depositionswere made: one at 0.25

mTorr and one at 0.30 mTorr, while holdingthe power and bias at the values

indicated. The adhesion criticalloads obtainedwere 8.0 and 7.0 kgf,

respectively,indicatinga relativemaximum in adhesion at partialpressureof

0.25 mTorr of nitrogen. The hardness valueswere 3065 and 3180 kg/mm2,

respectively.
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observedwas about 0.37 _m/min at 7 kW and 0.I mTorr N2. At the highest

explored partial pressure (0.2mTorr), the rate droppedto about 0.32 /_/min.

for the same power. The substratebias was held at -75V for this plot.

The X-ray diffractionresultsconfirmedthat the films were HfN (cubic),

although the texture and latticeparametervariedwith the differentoperating

conditions. The ratio of the (200) peak-intensityto the (111) peak-intensity

ranged from 60% to 160%. The value of the (200) d-spacingalso changed quite

a lot over the differentconditions,ranging from 2.23 to 2.95 A. The value

on the JCPDS card # 33-592 is 2.62 A. Analysis of the latticeparameterdata

showed a systematicdecrease in d-spacingwith increasingnitrogenpartial

pressure,the same trend reportedby Toth(4)for bulk HfNX. The target power

and substratebias had secondary,but not insignificant,effectson the

d-spacingof the coatings,as shown in the perturbationplot in Figure 19.
!
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Figure 19. PerturbationPlot- (200) d-Spacingof HfN vs. Power (A),
SubstrateBias (B), and PartialPressureof Nz (C)

A typicalXRD curve is shown in Figure 20. This curve was recordedfrom a

sample made at the conditionsproducingthe best adhesion (8 kgf @ 5 kW power,

-75 volts bias, and 0.25 mTorr N2).

20



I

FN: BdO41Q2B-2.H£ I13" HfN, 5KW, -7_V BIAS. 0.3reTort N2DD SCI'NTAI_/USA
OATE" 10/28/92 TZME: t1". 32 PT: O. 150 STEP: 0.02_ WL: 1._405g

cJ_m mse _l'"e7 tj. ao _°*'m? • ms N
Nil, 0 , - I00

ll@a. 8 •lm

41111,0 -llO i

m.ll - 70

_111.0 -I0

__o,!1 .

INIg. 0 , i -4O

llm.8 "_ °_

/IS.O "_ " IIO

_I0 _ II0 tO11 .... 130 ,,

Figure ZO. X-ray DiffractionPatternfor HfN Depositedon MZ Steel.
Power=SkW,Bias=-75V,and Nz-PartialPressure=O.30mTorr

Hf__CC

Hafnium carbidewas depositedonto M2 steel in the same MRC 902-M system as

the nitride. The reactivegas was changed from nitrogento acetylene(C2H2).

Based on previousexperiencewith methane, it was noticedthat the excess hy-

drogen build-up caused problemswith the coatingsand the process control.i

Acetylene improvedthis situation.

There was not sufficienttime in the projectto pursue the carbidedeposition

in the same depth that was used for the nitride. We did have prior

experience,however,which we used as a guide. We could also use our work

with ZrC as a guide since the two systemsbehavesimilarly. Consequently,we

knew that it was not necessaryto use partialpressurecontrol, but the

process could run with flow control. We also knew that the carbidewould not

adhere as readilyto the steel substrateas the nitridedoes, therefore,we
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put down an interlayerof HfN before depositingthe HfC layer. This is the

same procedurethat was used for the ZrN/ZrCwork.

Based on our prior work, we selected6 kW power and 8 mTorr total pressure as

the generaloperatingconditions. The amount of acetyleneand the substrate

bias voltagewere varied somewhatto determinethe best operatingconditions

for making wear test samples. The total film thicknesswas about 4.5 #m,

where the first 0.5 _m was HfN and the last 4.0 #m was HfC. The hardness

generallyranged from 2500 to 2700 kg/mm2, and the adhesionranged from I-3

kgf (Lc) on 52100 steel. These values changedwith bias voltage (-50 to

-100 V) and flow rate (26-30sccm). The carbidewas found to be more brittle

than the nitride and, in general,gave lower adhesioncritical loads. A few

wear tests were run under the same test conditions as the HfN, but the

starting frictionwas about 0.5 and the failureof the films began almost at

the start of the test.

There was also some anomalousbehaviornoted for the HfC coatings in terms of

measured adhesionand hardness. There seemed to be an aging effect (whichwas

also reported in earlierwork by Sproul(2). That is, the hardness and

adhesionvalues changedwith time. For example,the adhesion for a particular

samplewas very low (Lc - 1.5 kgf) immediatelyafter coating, but severaldays

later the value of Lc increasedto 3.0 kgf. Similarly,the hardness changed

from about 1100 to about 3300 Vickers,as measured by the UMIS 2000 ultra-

microindentationsystem. These numberswere measured using a 10-mN maximum

force and may not be comparableto the usual microhardnessvalues,but the

relativevalues and changes in values are meaningful. After three months had

passed,the same sampleyielded adhesionand hardnessvalues of 2.0 kgf and

2600 kgf/mm2, respectively.

The UMIS load-unloadvs. penetrationcurves (Figure21) demonstratemore

graphicallythe changes in propertiesfor the three time periods. The aging

process is not explainedin this work, but it is evident that the properties

of the carbide films are not stable for some time after deposition. These

effects should be furtherexplored.
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WEAR RESULTS

The wear testing of samplescoatedwith TiN and TiC was undertakenby Peter

Chang while he was still workingon his Ph.D. degree under the guidance of

ProfessorHerbert Cheng at NorthwesternUniversity. Later testingwith ZrN,

ZrC, HfN, and HfC was done at BIRL after Dr. Chang had joined our staff. The

initialwork focusedon the effect of coatingson the contact fatiguefailure

of rollingand sliding surfaces. This work was very time-consumingbut

generatedvery valuable performancedata for coated contacts (with TiN

coatings). Later work was largelyroller-on-rollerscuffing and pin-on-disk

wear testing. This change from rolling-contact-fatigue(RCF) testingwas

partly mandated by difficultiesin schedulingthe tester for such lengthy

experiments. Broadeningthe scope of the investigationto includethe effects

of coating parametersand substratecharacteristicsprovidedother valuable

informationregardingthe practicaluse of these hard coatingsfor wear

resistance. Finally,as it became apparent that there would be no money

availablefor the final year of the projectbecauseof a DOE cutback in

funding, it was felt that it was necessaryto use the most expedientmeans of
.

testing in order to generate as much informationas possiblewith the time and

money remaining.

Most of the early work was done in ProfessorCheng'slaboratoryusing roller-

on-rollertype testingwhere the ratio of slidingand rolling could be

controlled. The loadingof the drive roller and the driven roller was

controlledto obtain failuresin the materialsduring a reasonabletest time

in the selectedenvironment. The rollerswere generallyrun with mineral oil

lubricationmaintainedat a constanttemperature(e.g.,80-100 °C), using a

recirculatingsystem. This test set up was used extensivelyto gain

informationon scuffingresistanceand frictioncoefficients. Roller-on-

roller testingwas also used in the pure rollingmode to get rolling-contact-

fatigue(RCF) data on the TiN films.

Among the parametersinvestigatedfor their effect on wear performancewere

depositionconditionssuch as reactive-gaspartialpressure and substratebias

voltage. Since these parametersaffect the chemicalcompositionand the

microstructureof the coatings,it was felt that they should be explored.
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Other factorssuch as coating thickness,substratehardness,and surface

roughnesswould also have importanteffectson the wear performance,depending

on the test environment. Correlationsbetweenthese operatingparametersor

other easily measured propertiessuch as hardnessand adhesion and the wear

resistanceof the coatingswas the goal for understandingthe behaviorof hard

coatings and for being able to design coatings for specificapplications. The

resultsof these wear tests have all been reported in the QuarterlyProgress

Report,DOE-OTMTribology ProgrampublicationsthroughArgonne National

Laboratory. As with the depositiondata, the resultswill be summarizedin

this final report,but the QuarterlyReportsshould be consultedfor further

detail.

The followingtable summarizesthe factorsthat were investigated,the test

environment,and the coatings tested.

Table I. Coatingsand Wear Testing
, , , ,...,

Factor Composition Process Thickness Substrate Substrate
Test (PartiatPres- Parameters Hardness Roughness

,,,, sure) (Bias fPower,,)

Scuffing TiN, TiC TiN, ZrN ZrN TiN, TiC TiN
,, ,, ,, , .,,

Pin-on- TiN, HfN, TiN, HfN HfN
Disk HfC

,,

RCF & TiN
Roll-
Slide
Fatigue

, ,,, ,

RollinclContactFatique

An area of primary interestin this study was the effect of hard coatingson

fatigue inducedfailurein wear environments. This includesrollingcontact

fatigueand scuffingin rolling/slidingapplications. A thorough study of the

effect of TiN coating thicknesson fatiguelife was undertaken. The test

25



sampleswere coated rollersrun under lubricatedcontactconditionsin the

two-diskmachine. TiN films of variousthicknesses(0.25,0.5, 0.75, 1.0,

2.5, and 5.0 /_m)were depositedonto AISI 4118 steel rollers,by HRRS.

The degree of spallingon the coated surfaceswas progressivelymonitored as

the wear tests were run, providinginformationon the expectedfatigue lives

relativeto coatingthickness. The ratio of spalledarea (Asp)to the

observed area (Aob)was used as the fatiguedamage index for differentcoating

thicknessesat selectedcycles. The experimentalresultsrevealed that a

coatingthicknessof 0.25 #m gave the best fatigue resistance(s). Both 0.25

and O.5-#m thick films showedno measurablespallingafter 60 million cycles,

while the amount of spallingobservedin thickercoatings increasedwith

coating thickness(and number of cycles) as shown in Figure 22. The 2.5 and

5.0-#m films spalledseverelyand did not perform as well as the uncoated

samples.

When the number of fatiguecycles to achievea specificpercentageof failure

(eg., 5% or 10%) are plotted against the coating thickness, as in Figure 23,

100 ......

= 2.5 IJ coating

-_ _J lO _

eL m e

I U

m ¢

0.75 u coatinq 5 %lailure
o,. .1 ............ , ......... , ...... [0 _ _" _ .... _ "

6 7 S 9
10 10 _o 10 0 I 2 3

Rolling Contact Cycle Coating Thickness (pro)

Figure 22. Percentage of $palling Figure 23. Rolling Cycles vs.
Failurevs. RollingCycles for CoatingThicknessfor 5 and
Three Coating Thicknesses 10% $palling Failure

useful design information is generated for the engineer. The accumulated data

on percent spalling was also used to show that the initial phase of spalling

development was a relatively slow process, while the final growth of spalls

lead to rapid failure of the contact surfaces.

26



j HI

Other s.tudies(6)aimed at illuminatingthe nature of fatigue failures in

rollingand slidingcontactswere conductedon the two-diskmachine using a

roll'slideratio of 4"I. Microstructuralcharacterizationof the worn

surfaces and wear-trackcross-sectionsrevealedthat the coated surface (I #m

TiN) deformedmainly elasticallyafter 33 millioncycles,whereas the uncoated

surface showed significantdevelopmentof subsurfacecracking and surface

spallingafter only 10 millioncycles. These results and the thickness

effects previouslydescribedagree with the predictionsof an analyticalmodel

by Kim, et. al.(7) "[heirtheory calculatedinterfacialshear stresses and

stress intensityfactorsfor coated surfacesand predictedthat the stresses

would increasewith coatingthicknessin much the same way that we observed in

these experiments.

SubstrateEffects

While the main emphasis has been the study of the variouscoatings and their

performancein differentwear situations,it was also necessaryto understand

the effect of the substratepropertieson the coatingperformance. In

particular,it became evidentthat the hardnessof the substrate(relativeto

the hardness of the coating)and the surfacefinish of the substratewould

both play importantparts in determiningthe successfulapplicationof a

coatingto a selectedwear environment.

As noted in the TiC data, which will be reviewedin more detail later, the

harder substratesperformedbetter with the hardestcoatings. The hard TiC
t

materialwas able to realize its potentialfor low wear only when supportedby

material of sufficientstrength. Work with the TiN coatings on various

substratehardnessesfurther revealedthat, in fact, matching the coating and

substratehardnesswas important,since softer films could out-performharder

coatingsif the substrateswere relativelysofter (than Rc 62).

For the TiN case, the coated and uncoateddriven-rollersin contactwith

uncoateddrive-rollerswere tested in lubricated,rolling and slidingtests.

One series of tests was run at a slidingand rollingspeed combinationof

121.48 and 97.42 m/sec, respectively. Anotherseries of tests was run at a

slidingand rolling speed combinationof 151.81m/sec, and 121.74 m/sec.,
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respectively. All tests had a fixed slide-to-roll ratio of 1.247. The test

lubricant was a mineral oil (no additives, with a viscosity of about 4.0 cst

at I00°C) applied at a temperature of IO0°C. The load was applied

incrementally for each loading step until either scuffing failure occurred or

the load limit on the scuffing tester was reached.

Three differenthardnessesof the driven rollers (Rc 62, Rc 54, and Rc 45)

were employedwith a fixed Rc 62-hardnessdrive roller. The coatingthickness

was I pm. While the hardnesscould not be measured accuratelyon such thin

films when this work was done, a relativemeasureof hardnesswas obtained

from measurementson coatingsdepositedunder the same conditions,although

onto tungstencarbide substrates. The depositionconditionsproducedcoatings

with Vickersmicrohardnessesof about 3000 kg/mm2 and 2200 kg/mm2. The

substratehardnesseswere not changedduring the depositionof the coatings.

Figure 24 summarizesthe data and dramaticallyshows the increase in scuffing

load that is possiblewhen the correctcombin#tionof coating and substrate

hardness is achieved. From this figure,one can see the advantageof using a

relativelyhard TiN film (coatingA) for a relativelyhard substrate(Rc 62).

0

coating A B A B A B

subsuraue _c45 Rc45 _c54 Rc54 R=_2 Rc_2

ha:_ess

coauing A : 9 _, -i00 V, i.I E-4 T:::

c_a_i_g B : 5 KW, -50 V, 1.0 E-4 T:::

Figure 24. ScuffingFailureLoads vs. SubstrateHardness
for Two DifferentHardnessesof TiN Coatings
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In this case, the scuffingfailureload has been increasedat least ten times

with the use of coatingA. For the relativelysoft substrate(Rc 45), it is

better to apply the softerTiN film (coatingB) in order to obtain the

protectionof titanium nitridefrom early scuffingfailure. The coating

parameters,target power, substratebias voltage,and nitrogen partial

pressureare given in tilefigure for each coating.

The post-testexaminationsshowedthat coating-B,on substrateswith

hardnessesof Rc 54 and Rc 62, was still intactprior to scuffingfailure.

For coating-Bon the substratewith a hardnessof Rc 45, the coating

delaminatedbefore scuffing,as it did for the harder coatingon both the Rc

45 and Rc 54 substrates. From these experimentalresults,one can conclude

that hard coatings can be beneficialwhen depositedonto steel substrates,but

the match of mechanicalpropertiesof the materials involvedis crucial for

optimum results.

The surfacefinish of the wear sample also affectsthe performanceof the

coating. The influenceof surfaceroughnesson the tribologicalbehaviorof

TiN-coatedsteel rollershas been investigatedwith a roller-on-cylinder

tribo-tester. Driven rollersof varioussurfaceroughnesseswere coated with

1-#m TiN coatings by HRRS. In the case of the roughersurfaces,2 and 3-_m

coatingswere also appliedto see if the effect of roughnesscould be

mitigatedby the use of thickercoatings.

Figure 25 shows the scuffingfailure load of coated and uncoateddriven

rollerswith various surfaceroughnesses. For relativelysmooth surfaces

(Ra:O.25and 0.50 #m) the scuffinglives of steel substrateswere

significantlyincreasedwith the TiN coatings. For these cases, failuredid

not occur within the load limit of the test machine. For relativelyrough

surfaceconditions (Ra=O.88and 1.5 _m), the scuffingfailureloads for coated

driven rollerswere only slightlyhigher than for uncoatedrollers.

Progressiveexaminationsduring the rolling/slidingtests showed that the TiN

coatings on the rougher surfaceshad delaminatedprior to the occurrenceof

scuffingfailure. The use of thicker (2 and 3 pm) coatingsdid not improve

the performanceon these roughersurfaces,which suggeststhat the surface

roughnessdominatesthe scuffingbehaviorabove certain roughnesslevels.
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Figure 25. ScuffingFailure Load of TiN-Coatedand
UncoatedRollers vs. SurfaceRoughness

Another fact that emergedin this and other studieswas that the wear

performance (especiallyscuffingtests where load is increasedto achieve

failure) may depend on the productsof the wear process. Often it was found

that the wear life was extendedand the frictionwas reduced by the generation

of an oxide-debrislayer on the surfacesof the wear couple. The presenceof

the nitride coatingoften enabledthe surfacesto resist scuffinglong enough

to experiencethe higherloads and temperaturesnecessaryto form the oxide

layer. This oxide layer would then act like a solid lubricantfor the system.

ProcessinqEffects

Coating compositionis alteredprimarilyby changingthe partialpressure of

the reactive gas in the sputteringsystem. Compositionalvariationsalso

affect the hardness and adhesionof the coatingsso that there is no simple

correlationwith the wear-testresults (for this or any other parameter

effects).
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Recognizingthe importanceof stoichiometryin producinggood qualitycoatings,

researchwas conductedon the tribologicalpropertiesof differentTiN films by

means of scuffing tests. The influenceof target power, N2-partial-pressure

and substratebias-voltageon scuffingand relatedbehaviorwas experimentally

investigatedusing a roller-on-cylinderscuffingtester. A drive roller (3.84

cm diameter with a 1.78 cm crown-radius)was made from 4140 steel. The rollers

were case-hardenedto a thicknessof 1.0 mm, with a case hardness of Rc 60-62,

and a core hardnessof Rc 38-40. The driven roller (1.91 cm diameter with no

crown radius)was made of 52100, through-hardenedsteel,with a hardnessof Rc

60-62.

As shown in Figure26, one of the TiN films (CaseA) exhibitedgood scuffing

resistance. Scuffingoccurred at a load of 263 N, which was more than twice

All driven rollers : (ChA)trans" :20 _" , (CLA)circum" = 11 _"

All cIrive rolle_: (CLA)tra'ns.= 7 p" , (CLA)circum = 4U"

All substrates with hardness: Rc 62.
!

Vs = 121.48in/sec, s/r = 1.24"7
300

263 (117N)

200._I
V

"Cl

0
..I

= 116 52N)
_. 104 (46N).
_" 100
tJ

0

A B C

5KW, -50V, 5KW, -50V, uncoated
1.0 E -_ Torr. 0.75 15.4 Tort. steel

roller

Figure 26. ScuffingFailure Loads of TiN-CoatedRollers
vs. NitrogenPartial Pressure(Compositionof the TiN)
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that of the uncoated roller. A films made at a lower partialpressure of

nitrogen (Case B) scuffedat lower loads,nearer to the failure load of

uncoated steel (Case C). The differencesin responseare attributedto

differencesin the nitrogenpartialpressure since the other deposition

conditionswere constant. The use of higher substratebias (-100 V) improved

the performancesuch that the 1.0 E-4 Torr-Nz coatingdid not fail within the

limits of the machine (198 N). The higher substratebiases also contributeto

the superiorperformanceby creatingdenser, hardermicrostructures.

It has also been suggestedthat non-stoichiometrycan affectthe density. In

fact, Sundgren(8)has reported that in a stoichiometricTiN film, no voids can

be observed,whereas the non-stoichiometricfilms possess voids located in the

grain boundariesand produce a lower-than-optimumdensity. For both under-

stoichiometricand over-stoichiometricfilms, a lower density can be found.

Voids are weak points where crack propagationand fractureare initiatedas

external forces are applied. Non-stoichiometricTiN films, possessingvoids

locatedin grain boundaries,have lower strengthand hardnessand will promote

cohesivefailureunder an applied,concentratedcontact.

We also investigatedthe effect of compositionon the wear resistanceof

titaniumcarbidecoatings(9>. TiC coatingswere depositedon test rollersby

the high-rate-reactivemagnetron sputteringtechnique. Three different

reactive-gas(CH4) flow rates (20,30 and 50 sccm) were used for 1-_m thick TiC

coatings,with the power (9 kW), total pressure (8 mTorr), and the substrate

bias (-100 V) held constant. The depositiontemperaturewas lower than 200°C,

and there was no significantchange of substratehardnessafter deposition.

Driven rollers (52100steel) with three differenthardnesses(Rc62, Rc54, and

Rc45) were coated and tested againsta drive roller (4140 steel)of hardness

Rc62. While the coating propertieswere not measured directly on these test

rollers (the coatingswere too thin for reliablehardnessmeasurements),other

work, on thicker coatings,indicatedthat the hardnessranged from 720-1100-

3000 VHN for coatings made under similarconditionsand flow rates as used here

(20, 30, and 50 sccm, respectively). The lowest hardnesswas about equivalent

to the substratehardnessof the drive roller (Rc62).
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The reactive-gasflow rate, the driven-rollersubstratehardnessfor each

contact pair, and relatedtest result are summarizedin Table 2. As shown in

the table, contact-pairsA,B,C and D did not scuff within the load limit of the

test machine. Wear track profileswere measuredwith a profilometer,perpen-

dicular to the slidingdirection,to obtain the wear scar area. Such profiles

showed that even though scuffingfailurewas not triggeredfor pairs A,B,C and

D, their wear characteristicsvariedgreatly,dependingon the coating

Table 2. TiC-Coating Test Conditions and Results
.El l !IIILL ! : ._J!tJ, ,,,, .I._,_ ,tt ' 'w"-',,_,'nr,,'' , 'I',I, r, , Fi, ' 11i ,_ .....

Contact Reactive- Driven-Roller Scuffing- Wear Scar Area
Pair Gas Flow Substrate Failure-Load of the Driven

............Rate (sccm) Hardness.(Rc) L.....(N) Roller (#mz)

A 50 Rc45 >1979 9876
,,R,, ,,m,, i, ,

B 50 Rc62 >1979 770
,,,,,, ,, ., ,, ,, ,,,

C 20 Rc62 >1979 2426
............. ,,i , ,, ,.,, ,, , i

D 30 Rc54 >1979 4071

E 20 Rc54 1450 Severe damage
-- ,, ,, ,,.,,, , ,,,,,

U54 Uncoated Rc54 530 Severe damage
, i, ,,,, ,, .,. ,,,, ,

U62 Uncoated Rc62 131 Severe damage
i_!i, J ,,,, . ,, ,,i, ,,r " i._ "_

conditionsand the relativepropertiesof the coatings and their substrates.

For contact-pairE, with the same substratehardness as that of pair D, but

differentcoating conditions,scuffingfailureoccurred at 1450 N.

In general, among the tested samples,it appearsthat the harder substrates

performbetter and that the coatingswith higher carbon levels (higherflow

rates of reactivegas) perform better. However,as the results also show, the

interactionsof the coating, the substrate,and the wear environmentproduce a

complicatedresponse. There is no doubt that good TiC coatings can perform

well and can provide superiortribologicalpropertiescompared to those of

uncoatedsteel substrates.
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Profilometertraces were made on both the coated and uncoatedrollersafter

testing. The results of the wear on the uncoateddrive rollersare not shown

in the table since they were not quantitative,but the degree of wear followed

the expected pattern. That is, the hardest coatingson the hardest substrates

produced the most wear on the uncoateddrive roller,while showingthe least

wear themselves. The softercoatingson softer substratescaused less wear on

the uncoated drive rollers. The uncoatedrollerswere machinedwith a crowned

contact surface so that, to the degree that this crown was worn by the hard

counterface,the contactarea and the contact stresswas reduced,producing

less wear in the coated surface. The softer coatingsand substrateshad less

effect on the shape of the crown and were themselvesworn substantiallymore.

In all cases, some of the coatingwas worn throughbut some remained in the

wear track at the end of the test. To the extent that the coatingwas left

intact it could not only resistscuffingbut could supportthe formationof

lubricousoxide films (dueto high temperaturesduring the wear process) that

lowered the overall coefficientof frictionduring the course of the test. In

contrast,the uncoated sampleswould scuff before the conditionsfor generating

the oxide films could be achieved.

The curves in Figure 27 show the frictionbehaviorof the coated substrates

during the tests as a function of the applied load. In addition to the
0.;5

O.'.4
Q _ p&,..-a, $Oac_, _:67,
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Figure 27. FrictionBehaviorDuring ScuffingTests of TiC-CoatedRollers
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generaldecrease in the frictioncoefficient,there is an initialsharp

increasethat appearsto correlatewith the loss of coating. The long term

friction values appear to decrease the most for sampleswhere more of the

coating is worn away. This may be the effect of exposingmore steel, or

earlier formationof oxides becauseof more severe wear. The better wearing

coatingsexhibitedsomewhathigher frictionat the end of the test, but it was

still quite low. In general, it was observedthat these hard coatings per-

formed very well in lubricatedwear conditions,showingmuch lower wear and

much lower frictionthan the uncoatedcase.

Similar resultshave also been reportedfor our coatings by the tribologygroup

at Argonne National Laboratory. Some of this work has been reported in the

literature(I), but not all the samplesprovidedto Argonne under this contract

have been tested yet.

Zirconiumnitride (ZrN) coatingshave been depositedon wear-test rollersby

the high-rate-reactivemagnetronsputteringtechnique.(I°) Three different

coating thicknessesof ZrN (0.25,0.63 and 1.0 #m) were applied to AISI 52100

steel substratesof hardness,Rc 62. The other deposition conditionswere held

constantfor this series,using the MRC 902-M magnetronsputteringsystem. The

conditionswere as follows" target power = 8 kW; substratebias voltage= -150

V; total pressure ffi8 mTor_; partialpressureof N2 ffi0.4 mTorr. A 0.25-_m

thick ZrN layer was also depositedusing a substratebias voltageof -50 V.

The depositiontemperaturewas lower than 200°C, and there was no significant

change of substratehardness after deposition.

It is noteworthythat the depositionconditionsused for these wear-test

samplesare differentfrom the best values found in a later statistically

designed experiment (presentedearlier in this report). Specifically,the

nitrogenpartial pressureof 0.4 x 10.4Torr is more than twice that found in

the later study (0.175x 10.4Torr). The particularrotationdevice used to

coat the wear sampleslimitedthe pump-downtime, and forcedus to operatethe

systemwhile the base pressurewas still an order of magnitudehigher than that

normally used (normal= 0.5-1.0x 106Torr). The operatingconditionswere

picked based on the achievementof what we decidedwere acceptableproperties;

that is, color, hardness and adhesionon a polishedM2 block. The measured
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values of hardnessand adhesioncritical load were 2340 VHN and 5 kgf,

respectively,for a 5-/_mthick coating.

The scuffingresistanceof the ZrN-coateddriven rollerswas tested in contact

with uncoated drive rollers in lubricated,combined rollingand slidingcondi-

tions. The tests were run at sliding and rolling speeds of 3.86 m/s and 3.09

m/s, respectively. The circulatinglubricantwas a mineral oil suppliedat a

temperatureof 80°C. The load was applied incrementallyuntil either scuffing

occurredor the load limit of the test machinewas reached.

The scuffingtest resultsare summarizedin Table 3. All the contactpairs

failedwithin the load limit of the test machine (1979 N). However, the ZrN

Table 3. ScuffingResistanceof ZrN-CoatedRollers I
Run AgainstUncoatedSteel Rollers

i

ContactPair ZrN Coating SubstrateBias Scuffing Failure
Thickness (#m) (V) Pressure:GPa;

Load: (N)

A 1.0 -150 3.5 (1797)

B 0.63 -150 3.5 (1797)

C 0.25 -150 2.7 (825)

D 0.25 -50 3.0 (1132)

E uncoated 1.5 (141)

coated pairs significantlyincreasedthe scuffing failureload of the steel

rollers. Pairs A and B with the ZrN thicknessesof 1.0 and 0.63 _m, respec-

tively, scuffedat a load of 1797 N, which was more than 13 times that of the

failure load of an uncoatedcontact pair. ZrN coated rollers,with a coating

thicknessof 0.25#m,did not performtribologicallyas well as rollerswith

thicker coatings.

The steel substrateshad a surfaceroughnessof 0.25/_mRa, and it is believed

that such roughnesscontributesto the earlier failureof very thin films since

the underlyingmaterial cannot adequatelysupportthe film at the points of

36



contact. While the thickerfilms are stronger,even they would do better with

a smoothersubstrate. The sputteredcoatingsdo not level the surface, but

generallyreplicateit. Thus, the scuffingtest is sensitiveto film thickness

because it affectsthe strengthor load-carryingcapacityof the film.

Previousstudieshave shown that for other wear mechanisms,such as rolling

contact fatigue,the performanceshows a differentdependenceon coating
(11)

thickness,and the optimumcoating thicknessmay be less than one micron.

Test rollerswith the same coatingthickness(0.25_m)ibut different substrate

bias voltages,scuffedat differentfailureloads. The rollerwith the higher

bias (-150V),had the lower scuffingfailureload. A plausibleexplanationfor

this behavior is that the higher bias voltagecaused the coatingtobe more

brittle and more highly stressedthan did the lower bias condition. The film

propertiessuch as hardnessand adhesionwere not measureddirectly on these

samplesbecauseof the surfaceroughnessand the thinness of the coatings.

Prior work shows that for near-stoiciometricfilms,both hardness and adhesion

(Lc)at first increasewith increasingbias, to maximum values,and then

decrease. The depositionparametersfor the observedmaxima for hardness and

adhesiondo not necessarilycoincide,and the optimalconditionsmay requirea

compromisefor both properties. Adhesion (Lc) for 5-#m coatings (on a polished

witness sample),made under the presentconditions,was typi-cally in excess

of 5 kgf, and the hardnesswas typicallygreaterthan 2000 HV.

Basically,during the sputteringprocess, an increasein applied substratebias

voltage increasesthe energy of the ion bombardmenton the growing film. While

the increase in energy acts to densifythe microstructureand to produce harder

films throughmicrostructurerefinementand productionof internal stress,in

the extremecase, the bombardmentproducesexcessivestress that reducesthe

ductilityof the films and adverselyaffectstheir adhesionto the substrate.

Correlationof Wear with Hardnessand Adhesion

Pin-on-diskwear tests were run on the HfN coated 52100, hardened-steelsamples

under dry slidingconditions.(z) We wanted to determineany correlationbetween

the measured adhesion (scratchtest) and hardnessand the wear results. Dry

slidingof coated pins against coateddisks, under fairly severe conditions(50
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rpm, 9.1 kgf) allowedus to differentiatethe variouscoatings accordingto

their wear performance. Table 4 summarizesthe wear test results and includes

the depositionconditionsand measured hardnessand adhesion (on polished

witness samplesof the same 52100 material).

Table 4. Summaryof HfN Pin-on-DiskWear and RelatedData
,,, ,,,

N2-Partial Micro- Adhe- Pin-
Pressure Bias Hardness sion Thickness Friction Time @ wt.
xE"4Torr (25g) Lc (pm) coeff, f-increase loss

(-V) (kg/mm2) (kgf) @ start (rain) (rag)

2.5 50 2400 5.5 3 0.15 18.9 0.12

2.5 75 2716 4.5 3 0.20 9.2 0.35
ii,,,

2.5 75 2970 4.0 5 0.15 5.4 1.3

2960 4.5 5 --- 4.9 2.3

2.5 100 2800 4.5 3 0.20 4.4 1.1
,,- ,n

3.0 75 2890 5.0 3 0.2 > 20 0.09

3.5 75 2890 4.0 3 0.22 5.6 0.49

uncoated .......... O. 15 2.7' 0.-

52100 .............. 0.15 2.4" 32"'

0.41

" - The uncoated samples exhibited an increase in coefficient of friction at this time during the test
beyond the gradual increase that occurred with running time. For the last half of the 20-minute test
period, the uncoated sample pairs showed a coefficient of friction of 1.0 - 1.2. The coated samples
were allowed to run for twenty minutes, but the times recorded in this column are those times where
there was a significant jump in f, indicating some failure of the coating.

** Pin weight-loss is an end-point measurement and corresponds to the weight loss after 20
minutes time, regardless of the time to cause film failure, except for this sample, which was run for

only 16.5 minutes.
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The resultsappear sensible since the films with the best adhesiongave the

best wear results. In the series of 3-#m coatingsmade at an N2 partial

pressureof 2.5 x 10.4, the hardness increasedwith substratebias voltage

(-V), but the adhesion (Lc)was best at the lowest hardness,as was the wear

resistance. Increasingthe partialpressureof N2 to 3 x 10.4Torr improvedthe

hardness and the wear resistance,with only a slightloss in Lc. A further

increasein the partialpressureof N2 reducedthe adhesionand the wear

resistance.

A 5-#m coatingmeasured harder (greaterthicknessmeans less substrateeffect

on the measured hardness,and also increasedinternalstress)than the 3-_m

film but did not improvethe wear performance. In fact, in two separatetests,

the measuredwear resistancewas worse than that obtainedfor the 3-_m coating.

The higher internalstressesmay have promotedthe early failure.

Finally,we note that when the film failed prematurely,the wear rate on the

pin was greater than it was for an uncoatedpin against an uncoateddisk. In

addition,a significantwear track was observedon the coated disk, indicating

that the coatingwas also failingon this surface.

A few wear tests were run for HfC coatingsunder the same test conditionsas

the HfN. The startingfrictionwas about 0.5 and the failureof the films

began almost at the start of the test. There was insufficienttime to explore

the carbidecoatings satisfactorily,and more work should be done to improve

the processingconditionsfor sputteredcarbidecoatings. As noted in the

discussionof the depositionof HfC, there are questionsabout the microstruc-

tural stabilityof the films.

CONCLUSIONS

While the originalaims of this study involveda generaldeterminationof the

effect of nitrideand carbide coatingson the wear behaviorof hardenedsteel,

the resultsof the work have shown more specificallythat many aspectsof the

coating-substratesystem are importantin determiningthe successof failureof

coated surfaces in tribologicalenvironments. In discoveringhow to make the

best coatingsof each compositionfor wear testing, it was necessaryto
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determinethe optimaldepositionparameters. It was also necessary,for any

wear test, to determinethe effect of coating thickness,surfaceroughness,and

substratehardness. Finally,as a practicalmatter it was desirableto

determinethe correlation,if any, betweenthe wear behaviorand the measured

propertiessuch as hardness and adhesion. This relationshipwas found to be

dependanton systemvariablessuch as substratehardnessesof the wear couples,

but within a selectedwear system,the relative importanceof adhesion and

hardnesswere demonstrated.

We have more experiencewith the processingof the nitridematerialsand were

able to obtain better resultswith them in general. However,both the nitrides

and carbideswere found to improvethe wear performanceof the steel by

significant(oftenorder of magnitude)factors. Differentcompositionsand

differentdepositionconditionswill be best suited to differentapplications,

but in general, these coatings have proven to be beneficialfor dry sliding,

lubricatedsliding,rolling, and mixed rolling/slidingwear environments.

Among the importantfindingsare the resultsof the rollingcontact fatigue

studiesthat showed the remarkableimprovementsof lifetimethat could be

achievedwith very thin coatings (less than one micron). Thickercoatings were

not found to be useful. This is an area where more study and correlationof

experimentaland theoreticalmodelingwould be valuable. With a proper

understandingof the mechanismof this effect,we could better predict the

effectsof hard coatingsfor such applications.

The findingthat the coating and substrateproperties(hardness)should be

matched for the best performancealso opens new researchpossibilities. The

protectionof substratematerialsthat are softer than fully-hardenedtool

steel is a goal for many applications. While the resultsmay not be spectacu-

lar yet for hard coatings on soft substrates,it appearsthat there is much we

can do to improvethe situationby applyingcoatings of "appropriatehardness"

for a given substrate.

Finally,we have demonstratedthat the propertiesand performanceof the hard

coatings are controlledby theprocess parametersettingsand that these
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