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FOREWORD

The evaluation of the sputter coating process for weapon components
was undertaken by Battelle Pacific Northwest Laboratories under MIPR
M5-4-P00L48-01-M5-W3. The results of this effort was published in Tech-
nical Report R-TR-75-042.

This report covers a segment of that effort involving wear charac-
teristics of sputtered chromium as compared to electrodeposited chromium.
This evaluation was performed by Rock Island Arsenal. This work was
authorized as part of the Manufacturing Methods and Technology Program
of the U.S. Army Materiel Development and Readiness Command and was adminis-
tered by the U.S. Army Industrial Base Engineering Activity.
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INTRODUCT I ON

Chromium is the most extensively used wear coating applied to gun
tubes. Its properties of high hardness, low coefficient of friction,
and wear, corrosion and heat resistance make electrodeposited chromium
an attractive material for the protection of internal bore surface of
gun tubes. Electrodeposited chromium is also used extensively in other
applications where sliding contact occurs between weapon components.
However, with the impedus provided by the space exploration effort,
newer methods to deposit improved coatings have been developed. Among
the new coating methods, sputter coatings have been applied for elec-
trical contacts, bearing and wear surfaces and for high reflectivity
purposes. This report covers the evaluation of sputtered chromium as
compared to its electrodeposited counterpart. This work was part of a
project involving the evaluation of sputter coating techniques for pro-
cessing weapon components.’ .

Electroplating of industrial or 'hard' chromium resulted principally
from the work of C. G. Fink and C. H. Eldridge.?*?® Currently, hard
chromium deposits are obtained by the electrolysis of standard solutions
of chromic acid (Cr03) and sulfuric acid (H,S0,) in self-regulating,
high speed (SRHS) baths. Controlling factors of current density, solu-
tion temperature, chromic acid concentration, sulfuric acid concentration,
and trivalent chromium affect the final properties of the deposit. In
the electrodeposited condition the structure is much finer than in the
cast or wrought form, and the crystal structure contains many faults and
built-in oxide or hyride complexes." Because of this complex structure
and built-in stress pattern, a high hardness is developed. The resist-
ance to wear of plated chromium is based on this hardness and on the fact
that the deposited metal has a low surface energy.® The maximum hardness
of a chromium coating is obtained only when applied to a thickness of
several mils (0.003 to 0.015 in.) on a sufficiently hard base.®

1 Jones, R. H., Moss, R. W., McClanahan, E.D. and Butts, H. L., 'The
Sputter Deposition and Evaluation of Tungsten and Chromium Coatings
for Use in Weapon Components,' Technical Report R-TR-75-042, October
1975.

2 Dubperneli, G., Plating, 47, 35 (1960).
3 Fink, C.G., U.S. patents 1,581, 188 (1926); 1,802, 463 (1931).
v+ Gologen, V. and Eyre, T.S., Wear, 28, 49 (1974).

5 Greenwood, J.D., Hard Chromium Plating, Second Edition, Robert Draper
Ltd., Teddington, Middlesex, England, 1971. ‘

6 Morisset, P., Oswalt, J. W., Draper,'C.R., and Pinner, R., Chromium
Plating, Robert Draper Ltd., Teddington, Middlesex, England, 19554,




Sputtering of chromium is carried out in an inert atmosphere at a
low gas pressure. The atmosphere generally used is either argon or
krypton. In this operation, the chromium metal is made cathodic and
is bombarded by positive ions (formed by applying a high potential to
the inert gas). As a result, chromium atoms are driven off into an
adjacent gas phase towards the confining solid surfaces. A strate-
gically placed substrate will collect expelled chromium atoms, which
will eventually build up to form a thin coating. Conditions which in-
fluence the deposition rate are pressure and temperature of discharge
gas; cathode fall and current density; cathode and collector geome try;
and the nature of cathode material and residual gas.’ Successful de-
posits of sputtered chromium up to 0.6 mils at deposition rates at
0.3 to 0.7 mil/hr. have been obtained.®

In this investigation, the wear characteristics of sputter versus
electroplated chromium will be compared. Evaluations will be made to
see if structural differences of the chromium deposited by these two
processes play an important role in the wear phenomenon.

PROCEDURE

Wear measurements were determined with the LFW-1 friction and wear
testing machine equipped with an oscillating drive. In this test, a
stationary block is loaded against a ring, as shown in Figure 1. With
an oscillating drive, the variable high-speed model of the machine is
capable of oscillating the ring through a fixed arc, which may range
from 0 to 90 degrees, at frequencies from 0 to 600 cycles per minute.
An arc of 90 degrees at 200 cycles per minute was used in this investi-
gation.

Standard size aluminum rings were either sputtered or electroplated
with chromium. Sputtered chromium coatings on 1.375-inch diameter
hollow cylinders of 7075-T6 aluminum alloy were provided by Battelle
Pacific Northwest Laboratories (see Figure 2). The coatings were pro-
duced by a high-rate sputter deposition in a dc-triode system. Electro-
plated chromium coatings on 1.375-inch diameter aluminum rings were
deposited following the conventional zinc immersion-copper strike sur-
face preparation for aluminum metal.

Tests on the sputtered and electroplated chromium coatings were con-
ducted at 10- and 20-pound loads against a standard tungsten carbide
block. These loads were applied under dymamic conditions in incremental
steps from zero to the desired test load to avoid abrupt load application.
The total weight loss and wear scar length were measured after 3000, 6000,
and 12,000 cycles.

7 Holland, L., Vacuum Deposition of Thin Films, John Wiley & Sons, New
York, 1960. :

g See Reference 1.
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‘Test Configuration for LFW~1 Wear Tester.
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The chromium deposits were structurally evaluated by optical and
scanning electron microscopy (SEM). Optical metallography of trans-
verse and longitudinal sections was performed on the chrome-plated sur-
face before and after wear to examine grain size and shape, deposit
thickness, structural defects, and topography. SEM examinations were
made on cross section areas using an eleven degree-taper through the
wear surface with respect to the surface to be polished. This proce-
dure facilitated simultaneous focusing on the wear and polished sur-
face during SEM observation.

RESULTS AND DISCUSSION

Typical surface finishes of the sputtered and electroplated deposits
used in this investigation are shown in Figure 3. The physical appear-
ance of the sputtered chromium deposits (1-6) depended on the sputtering
conditions used during deposition. A variety of surface finishes were
obtained for the sputter deposits; ranging from a dull appearance to a
bright finish with pitting noted in some of the samples. The hardness
values of the plating were found to vary with the surface finish (see
Table 1). Two different electroplated chromium finishes were used.
Deposit Number 7 in Figure 3 shows a coarse grainy appearance whereas
Number 8 shows a smooth bright finish. Diamond pyramid hardness values
for these two coatings were approximately the same (v 900).

SEM photomicrographs of the electroplated and sputtered chromium
surfaces are shown in Figures 4 and 5. The chromium surface shown in
Figure 4 has the characteristic dome-like projections prevalent for
electroplated deposits. An inherent network of cracks is exhibited in
the deposit. The pattern consists of crack-free areas ('plateaus')
with fine grains. The basic cause of the cracks in the deposit was
shown by Snavely to be related to the formation of unstable chromium
hydrides of variable composition during the plating operation.? Figure
5 shows the characteristic surface of a typical sputtered chromium
deposit. Unlike the uneven-crack surface of the electroplated deposits,
a relatively smooth, powdery surface is exhibited by the sputtered de-
posits. Small crater-like defects are noticeable throughout the sur-
face. The presence of particulates or perturbations on the substrate
surface can cause the formation of such defects. Careful cleaning and
handling of the substrates and target materials before sputtering
deposition, however, help to minimize the number of these structural
defects.??

¢ Snavely, C. A., Trans. EIectfochem. Soc., 71, 313 (1949)

19 ¢.M, Jackson, J.G. Kura, J.F. Shea, V,D. Barth, A.G. Imgram, C.E. Sims
and C.B., Voldrich, 'Physical Vapor Deposition,' Technical Report
RS1C-574, March 1966. :




FIGURE 3 Surface Finishes of Sputtered (1-6) and
Electroplated (7-8) Chromium Deposits
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Standard optical metallographs of electropiated and sputtered chromium
coating cross sections are shown in Figure 6. The texture of the electro-
plated chromium deposit exhibits a characteristic small grain size. The
grains formed by the sputtered chromium were conical- or columnar-shaped
with a fiber texture perpendicular to the deposit plane. Inclusions and
defects can be seen at the coating-surface interface for the sputtered
deposit. :

LFW-1 wear tests on the sputtered and electroplated chromium deposits
are shown in Table 1. Wear may be defined as the removal of material from
solid surfaces as a result of mechanical action. 1In general, it is a
characteristic feature of the wear process that the amount of material re-
moval is quite small!! In the case of the wear test data for the sputter
and electroplated deposits this was found to be yalid. Wear rates for the
sputtered deposits ranged from 1.23 to 6.71 X10~ cm3/cm kg. No relation
between the hardness of the deposit and the wear rate could be ascertained.
The cause for the difference in the wear rates for the various samples
probably relates to the surface defects present in the deposit. Electro-
plated wear rates were found to range from 4.32 to 5.71 X10-8 cm3/cm/kg.

A summary of the wear rates for the respective deposits is shown in Table
2 for comparison. In general, the electroplated chromium deposits had a
higher wear rate than the sputtered deposits. :

Explanation of the differences noted in the wear rates between electro-
plated and sputtered chromium deposits can be best understood after exam-
ination of the wear surfaces. |In Figure 7, typical wear scars formed on
electroplated and sputtered chromium deposits are shown. The sputtered
chromium wore evenly throughout the wear cycle, i.e., layer by layer,
whereas the electroplated chromium was susceptible to catastrophic fail-
ure by shearing and flaking. Closer examination of a typical section in.
the electroplated deposit where flaking occurred, reveals underlying,
exposed aluminum (see Figure 8). SEM micrographs of a tapered section
through the wear cross section are shown in Figure 9. Again, shearing
and flaking of chromium plates are evident during the wear process.

Upon examination of a tapered cross section of sputtered chromium
deposits, an absence of shearing and flaking during the wear process is
revealed (see Figure 10). Evidence of abrasion and localized plastic
flow on the wear surface is shown in Figure 11. This type of wear mech-
anism is consistent with the uniform rates measured.

CONCLUS | ONS

Normal electroplated chromium deposits contain a network of cracks
with resultant residual tensile stresses in the as-plated condition.
Because of the complex structure and built-in stress pattern, cracks are

11 Rabinowicz, E., Friction and Wear of Materials, John Wiley & Sons,
New York, 1965.




Crp, Etch 500X
’ Electroplated Chromium

Cr0, Etch 500X
Sputtered Chromium

FIGURE 6 Etched Cross Sections of Electroplated and

Sputtered Chromium Deposits

The arrows indicate areas of particulate
defects in the sputtered chromium deposits.
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TABLE 1

LFW-1 WEAR TESTS FOR CHROMIUM PLATED 7075 ALUMINUM RINGS

Deposit Hardness Wt. Loss Wear Scar Loadb Wear Rate
Deposit® (DPH) (mg) (mm) (psi) Cycles (10~%cm?®/cm-kg)
1A 677-732 96 26.3 37.7 6018 1.78
1A e 120 26.5 35.8 6021 2.19
18 emeee- 110 26.5 37.9 6600 1.90
2A 572/677 84 26.1 37.5 6330 1.54
26 m=-ee- ‘ 144 27.5 33.9 6420 1.23
3A 775/836 316 27.2 35.5  12,5L0 2.79
3 meeee- 200 27.0 34,1 6480 3.45
3B -—---- 229 27.0 37;9 6420 4.00
hA 513/545 74 25.7 39.8 6660 1.30
T 140 27.4 35.6 12,180 1.26
5A 710/774 | 342 26.5 36.2 6360 6.10
5A.  ==m=-- 374 27.4 35.6 6120 6.71
6A 753/777 235 27.7 Lo.8 6420 3.99
Y S 256 27.7 39.7 6300 b 42
68 —-m-e- 2149 27.1 39.7 6480 L.27
7 871/958 473 25.8 34.7 12,780 4.32
8 =-ee-- 246 25.3 38.6 6240 4.7
R 310 25.5 37.2 6420 5.71

Deposits 1A, 2A, 3A, LA, 5A, 6A - Center sections of sputtered aluminum tubing
Deposits 1B, 2B, 3B, LB, 5B, 6B - Off-center sections of sputtered aluminum tubing

Deposits 7, 8, 9 - Electroplated chromium deposits

b Tungsten Carbide block used - Rc75




TABLE 2

SUMMARY OF WEAR TEST RESULTS

Déposit Wear Rate
No. (10~ %em®/cm-kg)
1 1.96 £ 0.16
2 1.39 £ 0.16
3 _ 3.41 = 0.42
4 1.28 + 0.02
5 6.41 + 0.30
6 4.23 + 0.16
Electroplated L.91 = 0.53




FIGURE 7 Wear Scars on Electroplated (A) and
Sputtered (B) Chromium Deposits

20X

FIGURE 8 Electroplated Chromium Flaking Observed During Wear
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Substrate (A), Chrome Layer (B), and Wear Surface (C).




propagated early during wear with eventual crack branching and removal
of chromium plates. As the plates gradually become detached from the
surface, wear debris is formed and further enhances the wear rate of
the chromium plating. Wear eventually accurs predominately by an ab-
rasive wear mechanism.

Sputtered chromium deposits do not contain the residual tensile
stresses nor the crack network found in electroplated chromium. Conical-
or columnar-shaped grains with a fiber texture perpendicular to the de-
posit plane is exhibited. The wear mechanism which follows is based on
abrasion and localized plastic flow. The wear is generally uniform,
and a slower overall rate of wear occurs.

17




10

LITERATURE CITED

Jones, R.H., Mcss, R.W., McClanahan, E.D., and Butts, H.L., ''The
Sputter Deposition and Evaluation of Tungsten and Chromium Coatings
for Use in Weapon Components,'' Technical Report R-TR-75-042, October
1975.

Dubpernell, G., Plating, 47, 35 (1960).
Fink, C. G., U.S. patents 1,581,188 (1926); 1,802,463 (1931).

Gologen, V. and Eyre, T.S., Wear, g§} 4o (1974).

Greenwood, J.D., Hard Chromium Plating, Second Edition, Robert Draper

Ltd., Teddington, Middlesex, England, 1971.

Morisset, P., Oswald, J.W,, Draper, C.R., and Pinner, R., Chromium
Plating, Robert Draper Ltd., Teddington, Middlesex, England, 1955.

Holland, L., Vacuum Deposition of Thin Films, John Wiley & Sons, New
York, 1960.

Snavely, C.A., Trans. Electrochem. Soc., 71, 313 (1949).

Rabinowicz, E., Friction and Wear of Materials, John Wiley & Sons,
New York, 1965.

C.M. Jackson, J.G. Kura, J.F. Shea, V.D. Barth, A.G. Imgram, C.E. Sims
and C.B. Voldrich, '"Physical Vapor Deposition,' Technical Report
RSIC~574, March 1966.

18




A.

B.

DISTRIBUTION

Department of Defense

pefense Documentation Center
ATTN: TIPDR

Cameron Station

Alexandria, VA 2231k

Departmenf of the Army

Commander
U. S. Army Materiel Development and Readiness Command
ATTN: DRCRD-E
DRCRP-1
DRCQA-E
5001 Eisenhower Avenue
Alexandria, VA 22333

.Commander

U. S. Army Materiel Development and Readiness Command
Scientific and Technical Information Team - Europe
ATTN: DRXST-STL Dr. Richard B. Griffin

APO New York 09710 :

Commander
U. S. Army Armament Command
ATTN: DRSAR-PPI-K
DRSAR-PPI~WW
DRSAR-RDP
DRSAR-SC
DRSAR-QAE
Rock Island, IL 61201

Director ‘

U. S. Army Materials and Mechanics Research Center
ATTN: DRXMR-M

Watertown, MA 02172

Director

U. S. Army Maintenance Management Center
ATTN: DRXMD-A

Lexington, KY 40507

Copies

12




DISTRIBUTION

Commander

U. S. Army Electronics Command
ATTN: DRSEL-PP/I/IM

Fort Monmouth, NJ 07703

Commander
U. S. Army Missile Command
ATTN: DRSMI-11E
DRSMI-PRT
Redstone Arsenal, AL 35809

Commander
U. S. Army Tank-Automotive Command
ATTN: DRSTA-RK
DRSTA-RCM. 1
Warren, M1 48090

Commander

U. S. Army Aviation Systems Command
ATTN: DRSAV-ERE

P. 0. Box 209

st. Louis, MO 63166

Commander

U. S. Army Troop Support Command
ATTN: DRSTS-PLC

4300 Goodfellow Blvd.

St. Louis, MO 63120

Commander

Ballistic Missile Defense Systems
ATTN: BNDSC-TS

f. 0. Box 1500

Huntsville, AL 35804

"Project Manager

Munition Production Base Mod
Picatinny Arsenal

Dover, NJ 07801

Commander

Harry Diamond Laboratories
ATTN: DRXDO-RCD

2800 Powder Mill Road
Adelphi, MD 20783

20

‘CoEies




DISTRIBUTION

Copies

Commander

US Army Natick Research and Development Command

ATTN: DRXNM-EM 1
Kansas Street

Natick, MA 01760

Commander

US Army Air Mobility R&D Labs

ATTN: SAVDL-ST 1
Fort Eustis, VA 23604

Commander

Rock Island Arsenal

ATTN: SARRI-ACE 1
SARRI-APP Mr. V. Long ' 1

Rock Island, IL 61201

Commander

Watervliet Arsenal

ATTN: SARWV-PPP-WP
SARWV-PPI-LAJ
SARWV-QA

Watervliet, NY 12189

o

Commander

Picatinny Arsenal

ATTN: SARPA-MT-C
SARPA-QA-T-T
SARPA-C-C

Dover, NJ 07801

e

Commander

Frankford Arsenal

ATTN: SARFA-T1000
SARFA-QA
SARFA-N5400

Bridge & Tacony Streets

Philadelphia, PA 19137

(SN

Commander

Edgewood Arsenal

ATTN: SAREA-QA 1
Aberdeen Proving Ground, MD 21010

21




DISTRIBUTION

CoEies

Director :

U. S. Army Industrial Base Engineering Activity

ATTN: DRXIB-MT

Rock lIsland Arsenal

Rock Island, IL 61201 2

Director

USDARCOM Intern Training Center

ATTN: DRXMC~-ITC-PPE

Red River Army Depot

Texarkana, TX 75501 1

Commander

U. S. Army Tropic Test Center

ATTN: STETC-MO-A (Technical Library) .
AP0 New York 09827 1

Commander

Anniston Army Depot

ATTH: DRXAN-DM

Anniston, AL 36201 1

Commander

Cotrpus Christi Army Depot

ATTH: DRXAD-EFT

Corpus Christi, TX 78419 1

Commander

Fort Wingate Depct Activity

ATTN: DRXFW-M

Gallup, NM 87301 1

Commander

Letterkenny Army Depot

ATTN: DRXLE-M 1
DRXLE~MM » 1

Chambersturg, PA 17201

Commarnder

Lexington-Biue Grass Army Depot

ATTR: DRXLX-SE-~] ,

Lexington, Ky 40507 ]

22




DISTRIBUTION

CoEies

Commander _

New Cumberland Army Depot

ATTN: DRXNC-SM

New Cumberland, PA 17070 ; ~ ]

Commander

Pueblo Army Depot

ATTIN: DRXPU-ME 1
' DRXPU-SE , 1
Pueblo, CO 81001

Commander
Red River Army Depot
- ATTN: DRXRR-MM
- Texarkana, TX 75501 : : 1

Commander
~ Sacramento Army Depot
ATTN: DRXSA-MME-LB
. Sacramento, CA 35813 _ ' 1

Commander

Seneca Army Depot

ATTN: DRXSE-SE

Romulus, NY 14541 ]

‘Commander

Sharpe Army Depot

ATTN: DRXSH-SO ]
DRXSH-M 1

Lathrop, CA 95330

Commander
Sierra Army Depot
ATTN: DRXSI-DQ
Herlong, CA 96113 ‘ _ A |

Commander

TJobyhanna Army Depot

ATTN: DRXTO-ME-B -
Tobyhanna, PA 18466 ' : ]

23




DISTRIBUTION

Commander

Tooele Army Depot

ATTN: DRXTE-SEN
‘ DRXTE-EMD

Tooele, UT 84074

Commander
Badger Army Ammunition Plant
Baraboo, Wl 53913

Commander :
Holston Army Ammunition Plant
Kingsport, ‘TN 37660

'Commander
indiana Army Ammunition Plant
Charleston, IN 47111

Commander
fowa Army Ammunition Plant
Burlington, IA 52602

Commandef
Joliet Army Ammunition Plant
Joliet, IL 60434

Commander
Lone Star Army Ammunition Plant
Texarkana, TX 75501

Commander

Louisiana Army Ammunition Plant
P. 0. Box 30058

Shreveport, LA 71161

- Commander
Milan Army Ammunition Plant
Milan, TN 38358

Commander
Newport Army Ammunition Plant
Newport, IN 47966

24

CoEies




c.

DISTR1BUT |ON

Commander

~ Radford Army Ammunition Plant

Radford, VI 241kl

Commander )
Ravenna Army Ammunition Plant
Ravenna, OH L4266

Commander
Riverbank Army Ammunition Plant
Riverbank, CA 95367

Commander : :
Scranton Army Ammunition Plant
scranton, PA 18501

Commander
Sunflower Army Ammunition Plant
Lawrence, KS 66044

Commander
Twin Cities Army Ammunition Plant
New Brighton, MN 55112 '

Commander

Volunteer Army Ammunition Plant
ATTN: SARVO-T

p. 0. Box 6008

Chattanooga, TN 37401

pepartment of the Navy

Officer in Charge

U. S. Navy Materiel Industrial Resources Office
ATTN: Code 227 '
Philadelphia, PA 19112

Department of the Air Force

Commander
Alr Force Materials Laboratory
ATTN: LTE
' LT™
LTN
Dayton, OH 145433

25

Coples

Pl
-t et omb



DISTRIBUTION LIST UPDATE

- - - FOR YOUR CONVENIENCE - - -

Government regulations fequire the maintenancé of up-to-date
distribution lists for technical reports. This form is provided
for your convenience to indicate necessary changes or corrections.

If a change in our mailing lists should be made, please check
the appropriate boxes below. For changes or corrections, show old
address exactly as it appeared on the mailing label. Fold on dotted
lines, tape or staple the lower edge together, and mail.

Dmhmmt Dcw\qecto:rmcthddm
1d Address: [Correctad or New Address:
COMMENTS
Date: Signature:

Technical Report #

SARRI Form 900-643 (One-Time) (| Feb 75)




FOLD HERE

Return Address:

POSTAGE AND FEES PAID
DEPARTMENT OF THE ARMY
e e - DOD 314

OFFICIAL BUSINESS
Penalty for Private Use $300

Cammander
, Rock Island Arsenal
Attn: SARRI-LR
Rock Island, Illinois 61201

FOLD HERE




J0¢ wody
a|qe|jeae s3idoj)

NO1lNngidlsic

6ullsay aeam
sbuiieo) wniwoay)
Buije(doa3dei3

uo 13 1sodag 4933Inds

Q314 1SSYIINN

po%de.sd pue S$S313S (BNPySas SI| 03 buimo siisodap

ay3 4o burseays pue Buixe(y Aq Aj|ediydosyseled paj|iey
A11en3udAd Inq 21243 |e13tuy 3yl Buianp ueam 31q161

-6ou pa31gqiyxa sbuis pIleod paje(doslda|d Iy ‘panlasqO
1eam jo 3dAl ay) o3 diysuoile|as Y1ulzap e aaey sbuyieod
wn(woayd 30 3adA3 yoed 40 $D3IS1IIIdEdeyYd [esn3IonuIS Y|
*SUOI31pUOd 3IDe3Juod Buile[|19s0 adpun Ajatsea Japul|Ad-uo
~3B(} By} O Bulyoew |-m4] €& U0 pIISII 243m sBuILOD yo
sadAl yjog -sbuileod wniwotyd pale{dosira|’ yiim pased
-wod pue pajebiisaau; Iuam s23e1359ns G/ 0/ whujwn|e uo
sBu131e0d wnjwoiyd pasalinds 4o SJ13sSIi3IdDEIEYD JEIM BY)

*340d3a payyisseydun (10SL°90°L6ZE 2POT SWY)
‘so|qel *snyj) *(ouy d §7 *[[ uer ‘€0Q-/[-¥i-Y Is0day

TUOSMOL] M3JpUY AQ 'WANIWNIY NO WNIWOYH)
G31¥740d13373 *SA Q3Y3LLINdS 40 SIILSIYILIVHVHI ¥VIM

10219 1 ‘pueys) 320y
Aldojesoqe] uewpoy [ SBWOY| N3I9
|euasty pueis| 320y ‘Y43

*ON UO$592DY av

3QQ woiy
a|qe|1eae sajdo)

NOJLNAIY¥LSIa

butisa) Jeap
sbuileo) wniwouay)
Buije|doa3de(]

uo 13 isodag 49313ndg

d3141SSVIIND

paxoe.d pue ssauls |enpisal s3! 03 bBuimo sijysodap

ay3 jo Bujseays pue Bujse|y Aq Ajedjydoaiseled p3jley
Al1en3juda® Ing 9(242 |e13tur a4yl burinp Jeam 3qIb|
-6au paliqiyxa sbujs pajeod pale(dolid9|3 3y) °pAAIIsSqO
Jeam jo 9dA3 3y3 o1 diysuciie|da A 1uiyap e 3aey sbuijeod
wnjwoayd jo adAl yoead jo $3115149308JRYD |€UNIDNIIS BY)
*5U0 |} IpuUCD IoeJU0D Buile(| 1350 Jpun A3314RA J3puljAd-uo
-3} Iyl jO Jujyoew {-M4] € UO PIISII 249m sbuijeod jo
sadA3 yjog -sbuijeod wnjwouyd paie|dosid9|3 yiim pased
-wod pue pajeblisaaul da9m S3RIISQNS §/O/ wnujwn|e uo
s6uy3eod wnlwolyd> pasalinds JO SI1ISII3IDRIEYD JeIM By

*310da. payyysse(dun ((0SL°90°L6TE PO SHY)
“sayqe1 sny|1 *[2uy *d §Z *[[ uer *€00-L[-YL-Y 3I0d%Y

*UOSMOL) MALPUY AQ ‘WANIWNTY NO WNIWO¥H)
Q31V1d0¥12373 *SA 03¥311NdS 40 SIILSIYILIVEVHI ¥Y3IM

t0ZL9 11 ‘pueis) %20y

Alojesogeq uewpoy ° Sewoyj N39

leuasly pueisi 304 ‘¥ad

“ON UO1SS3DDY oy




microstructure. The sputtered coatings, on the other hand, were found to be
devoid of the residual stresses and cracked microstructure prevalent for the
electroplated coatings. A conical- or columnar-shaped microstructure was
exhibited. A uniform wear rate and lower overall wear of the sputtered coating
was attributed to this microstructure and absence of gross defects. Evidence
of abrasion and localized plastic flow on the sputtered wear surface was noted.
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