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the Initial cycle but eventuall y failed catastrophically by flaking and shearing
of the deposi ts owing to Its residua l stress and cracked microstru cture . The
sputtered coatings, on the other hand , were found to be devoid of the residua l
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and lower overall wear of the sputtered coating was attributed to this micro—
structure and absence of gross defects. Evidence of abrasion and localized
plastic flow on the sputtered wear surface was noted. (ii) (Crowson , A.)
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FOREWORD

The evaluat i on of the sputter coating process for weapon components
was undertaken by Batte lle Pacific Northwest Laborato ries unde r MI PR
M5- Le-P0048-Ol-M5-W3. The results of this effort was published in Tech-
nical Report R-TR-75-042.

This report covers a segmen t of that effort involving wear charac-
teristics of sputtered chromi um as compared to electrodepos i ted chrom i um .
This evaluation was pe rformed by Rock Islan d Arsenal. This work was
authorized as part of the Manufacturing Methods and Technology Program
of the U.S. Army Materiel Deve l opmen t and Readiness Command and was admin is-
tered by the U.S. Army Industrial Base Eng ineering Activity.
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INTRODUCTION

Chromium is the mos t extensive l y used wear coating app lied to gun
tubes. Its p roperties of hi gh hardness , low coefficient of friction ,
and wear , cor ros i on and heat resistance make electrodepos i ted chrom i um
an attract i ve material for the protection of internal bore surface of
gun tubes. Elect rodeposited chromium is also used extensive l y in other
app licat i ons where sliding contact occurs between weapon components.
Howeve r , wi th the i mpedus prov i ded by the space explorat i on effort ,
newe r methods to deposit imp roved coatings have been deve l oped. Amon g
the new coating methods , sputter coatings have been app lied for elec-
trical contacts , bearing and wear surfaces and for hi gh reflectivity
purposes. This report covers the eva l uat i on of sputtered ch romium as
compared to its electrodepos i ted coun terpart . This work was part of a
project involving the evaluat i on of sputter coating technique s for p ro-
cessing weapon components. ’

Elect rop lating of industrial or ‘hard’ chromi um resulted principall y
from the work of C. G. Fink and C. H . E l drid ge.2 ’3 Currentl y, hard
ch romium depos i ts are obtained by the electrol ysis of standard solut i ons
of chromic acid (Cr03) and sulfuric acid (H 2 S04) in self—regulating,
hi gh speed (SRHS) baths. Con t rolli ng factors of current density, solu-
tion temperature , chronic acid concentration , sulfuric acid concentration ,
and trivalent chromi um affect the fina l properties of the depo sit. in
the electrodeposited condition the structure is much finer than In the
cas t or wrought form , and the crystal structure contains many faults and
built-in ox i de or hyr ide comp lexes .4 Because of this comp lex structure
and bul It-in stress patt ern , a hi gh hardness is developed. The resist-
ance to wear of p lated chromium is based on this hardness and on the fact
that the depos i ted metal has a low surface energy .5 The maximum hardness
of a ch romium coating is obtained onl y when app lied to a thickness of 

- -several mi l s (0.003 to 0.015 in.) on a sufficientl y hard base .6

1 Jones , R. H., Moss , R. W ., McC l anahan , E .D. and Butts , H. L., “The
Sputte r Deposition and Evaluation of Tungsten and Chromium Coatings
for Use in Weapon Components ,” Techn i ca l Report R-TR-75-O42 , Octobe r
1975 .

2 Dubperne li , G., P l ating , 147, 35 (1960).

3 Fink , C.G., U.S. patents 1 ,581 , 188 ( 1926 ) ;  1 ,802 , 463 ( 193 1) .

“ Go l ogen , V. and Eyre , T.S., Wear , 28, 49 (1974) .

S Greenwood , J.D., Hard Chromi um Pl ati n ~g, Secon d Edition , Robert Drape r
Ltd., Teddington , Midd lesex , Eng lan d , 197 1.

6 Morisset , P., Oswalt , J. W., Drape r , C .R. , and Pinner , R., Chromium
Plating , Robert Drape r Ltd., Teddington , Middlesex , Eng land , l~ 54.
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Sputtering of chromium is carried out in an inert a tmosp he re at a
low gas pressure . The atmosphe re generall y used is either argon or
krypton . In this operat i on , the chromium metal is made cathodic and
is bombarde d by positive ions (formed by app ly ing a hi gh 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-
g icall y p laced substrate w i l l  collect expelled ch romium atoms , which
w i l l  eventually b u i l d  up to form a thin coating. Conditions wh i ch in-
fluen ce the deposition rate are pressure and temperatur e of discharge
gas ; cathode fall and current density; cathode and collector geometry;
and the nature of cathode materia l and residua l gas .7 Successful de-
pos i ts of sputte red ch rom i um up to 0.6 mils at deposition rates at
0.3 to 0.7 mu /hr. have been obtained . 8

In this investigation , the wear characteristics of sputter versus
electrop lated ch romium w i l l  be compared. Evaluations w i l l  be made to
see if structural differences of the chromium deposited by these two
processes p lay an i mportan t role in the wear phenomenon .

PROCEDURE

Wear measurements we re determined with the LFW- i friction and wear
testing machine equipped with an oscillating drive . In this test , a
stationary block is loaded again st a ring, as shown in Figure 1 . With
an oscillating drive , the variable hi gh-speed mode l of the machine is
capable of oscillating the ring throug h a fixe d arc , wh i ch 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 minut e was used in this invest i-
gation.

Standard size alu m inu m rin gs we re either sputtered or elect roplated
w ith ch rom um . Sputtere d chromium coatings on 1.375-inch diame te r
hol low cy linders of 7075-T6 alum i nu m al loy were provided by Battelle
Pacific Northwest Laborator ies (see Fi gure 2). The coatings we re pro-
duced by a h i gh-rate sputt er - 1~ p o sit ion in a dc-triode system. Electro-
p lated chromium coatings on 3/5-inch diameter aluminum rings we re
depos i ted following the con ventional zinc immersion -coppe r strike sur-
face prepara tion for aluminum me tal.

Tests on the sputtered and electrop lated ch romium coatings we re con-
ducted at 10- and 20-pound loads against a standard tungsten carb i de
block . These loads were app lied un derd ym amic conditions in incrementa l
steps f rom zero to the desired test load to avoid abrup t load app lication .
The total we i ght loss and wear scar length were measured after 3000, 6000 ,
and 12 1 000 cycles.

~ Ho l l a nd , L., Vacuum Deposition of Thin Films, John Wil ey & Sons, New
York , 1960. 

-

8 See Ref erence 1

2

—

~

—---  ~~~~~ - - ~~~~~~~~~~~~~~---~~   -- - - —



LOAD

.

~~~~~~ 
-*~

F I G U R E  I Test Confi gurat ion for LF’~-i Wear Teste r .

3

_ __ __ _



~~~~~~~~~~~~~~~~~~~~~~~~~~

J

1T~~~~~~~~~~~~~~~~~~~~~

__  

I

_  

I

I

_ _



_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

The chromium deposits were structurally evaluated by optica l and
scanning ectron microscopy (SEM) . Optical metal lograph y of trans-
ve rse an ongitud inal Section s was per formed on the ch rome-p lated sur-
face be fore and afte r wear to examine grain size and shape , deposit
thickness , structural de fects , and topograp hy. SEM examinations we re
made or cross sect i on areas using an eleven degree-tape r throug h 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 .

RE SULTS AND D I S C U S S I O~4

Typ ical surface finishes of the sputtered and electrop lated depos i ts
used in this investi gation are shown in Fi gure 3. The physical appear- 

—

ance of the sput te red chrom i um deposits (1-6) depende d on the sputtering —

condition s used during deposition . A variety of surface finishes were
obtained for the sputter deposits; ranging from a dull appearance to a
bri ght finish with p i t t i n g  noted in some of the samples. The hardness
va l ues of the p lating were found to vary with the surface finish (see
Table 1). Two different elect rop lated chrom i um finishes we re used.
Deposit N umber 7 in Figure 3 show s a coarse grainy appearance whereas
Number 8 shows a smooth bri ght finish. Diamon d pyramid hardness values
for these two coatings we re approximatel y the same (

~ 900).

SEM photomicrograp hs of the elect roplated and sputtered ch romium
surfaces are shown in Fi gures 14 and 5. The chromium surface shown in
Figure 4 has the charact eristic dome- like projection s prevalent for
elect rop lated depos i ts. An inh erent network of cracks is exhibited in
the deposit. The patte rn consists of crack-free areas (“p lateaus ”)
with fine grains. The basic cause of the cracks in the deposit was
shown by Snave l y to be related to the formation of unstable ch romium
hydrides of variable composition during the p lating ope ration .9 Figure
5 shows the characteristic surface of a typ ical sputtered chromi um
deposit. Unlike the uneven-crack surface of the electrop lated deposits ,
a relative l y smooth , powdery surface is exhibited by the sputtered de-
pos i ts . Small crater—like de fects are not i ceable throughout the sur-
face . The presence of part iculates or perturbations on the substrate
surface can cause the formation of such defects. Careful cl eaning and
handling of the substrates and target mate rials befo re sputtering
deposition , howeve r , hel p to minimize the n umber of these structura l
defects. ’°

~ 
Snave l y, C. A ., Trans. Electrochem. Soc., 71 , 313 (1949)

10 C . M . Jackson , J.G. Kura , J.F. Shea , V.D. Barth , A.G . Imgram , C.E . Sims
and C.B. Vo l dr i ch , “Physical Vapor Deposition ,” Technical Report
RSIC-574 , March 1966 .

5
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FIGURE 3 Surface Finishes of Sputtered (1—6) and

Electrop lated (7-8) Ch romium Deposits
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Standard optica l me tallographs of elect rop lated and sputtered ch romium
coating cross section s are shown in Fi gure 6. The texture of the elect ro-
plated chrom i um deposit exhibits a characteristic small grain size . The
grains formed by the sputtered chromi um we re con i cal- or co l umar shaped
with a fiber texture perpendicular to the deposit plane. Inclus i on s and
de fects can be seen at the coating-surface interface for the sputtered
deposit.

LFW-I wear tests on the sputtered and electroplated chromium deposits
are shown in Table 1 . Wear may be defined as the removal of mate rial from
solid surfaces as a result of mechanical act i on . In general , it is a
characteristic feature of the wear p rocess that the amount of materia l re-
moval is quit e smal l . In the case of the wear test data for the sputter
and electrop lated deposits this was found to be ~a l id . Wear rates for the
sputtere d deposits range d from 1.23 to 6.71 X l0 ° cm3 /cm kg. No relat i on
between the hardness of the deposit and the wear rate could be asce rtained.
The cause for the diff e rence in the wear rates for the various samp les
probab l y relates to the surface de fects presen t in the deposit. Electro-
p lated wear rates were found to range f rom 14.32 to 5.71 X1O 8 cm3/cm/kg.
A summary of the wear rates for the respective deposits is shown in Table
2 jor comparison . In general , the electrop lated chrom i um deposits had a
hig her wear rate than the sputtered depos i ts.

Exp l anation of the diffe rences noted in the wear rates between electro-
plated and sputtered ch romi um depos i ts can be best understoo d after exam-
ination of the wear surfaces. In Fi gure 7, typical wear scars formed on
electrop lated and sputte red chrom i um depos i ts are shown . The sput te red
ch romium wore evenl y throug hout the wear cycle , i.e., layer by l aye r ,
whe reas the elect rop lated ch romium was sus ceptible to catastrop hic fail-
ure by shearing and flaking. Closer examination of a typ ical sect i on in
the electrop lated deposit whe re fl aking occurred , reveals un derlying,
exposed aluminum (see Figure 8) SEM micrograp hs of a tape red sect i on
throug h the wear cros s sect i on are shown in Figure 9. Aga in , shearing
and flaking of ch romi um plates are evident during the wear process.

Upon examination of a t ape red cross sect i on of sputtered ch romi um
depos i ts , an absence of shearing and flaking during the wear process is
revealed (see Fi gure 10) . Evidence of abrasion and localized p lastic
flow on the wear surface is shown in Figure 1 1. This type of wear mech-
anism is consistent with the un i form rates measured.

CONCLUS I ONS

Norma l electrop lated chromium deposits contain a network of cracks
with resultan t re sidual tensile stresses in the as-plated condition .
Because of the complex structure and bui l t - i n  stress pattern , cracks are

11 Rabinowi cz , E., Friction and Wear of Materials , John Wiley & Sons,
New York , 1965.
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The arrow s indicate areas of particulate
de fects in the sputtered chromium deposit ’- .
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TABLE I

LFW- 1 WEAR TESTS FOR CHROM I UM PLATED 7075 ALUMINUM RINGS

Deposit Hardness Wt. Loss Wear Scar Loadb Wear Rate
Deposit a 

- -  
(DPH) (mg) 

- 
(mm) (psi) Cycles ( l0 8 cm 3 /cm-k ;)

IA 677-732 96 26.3 37.7 6018 1.78

IA 120 26.5 35.8 602 1 2.19

lB 110 26 . 5  37.9 6600 1.90

2A 572/677 84 2 6 . 1  37.5 6330 1.54

2B 1414 27.5 33.9 6420 1.23

3A 775/836 316 27.2 35.5 12 ,51+0 2.79

3A 200 27.0 34.1 61480 3.45

3B 229 27 .0  37.9 6420 4.00

5 13/5 1+5 74 25.7 39.8 6660 1.30

140 27.4 35 .6 12 ,180 1.26

5A 710/774 342 26.5 36.2 6360 6.10

5A 3714 27.4 35.6 6120 6.71

6A 753/777 235 27.7 40.8 6420 3.99

6A 256 2 7 . 7  39.7 6300 4 .42

6B 249 2 7 . 1  39 .7 6480 4 .27

7 87 1 /958 1473 25 .8  34 .7  ‘2 ,780 4 .32

8 246 2 5 .3  38.6 6240 4 .7 1

9 310 2 5 .5  37 .2 6420 5 .7 1

a 
Depos i ts lA , 2A . 3A , L+A , 5A , 6A - Center sections of sputtere d aluminum tubing

Deposi ts  1B , 2B , 3B . 148 , SB . 68 — 0ff-cente r sect i ons of sputtere d aluminum tubin g

Depos i ts  7, 8, 9 - E l e c t r o p l at e d  chrom i um de pos i t s

b 
Tungsten Carb ide  block used - R 7 5

Il
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TABLE 2

SUMMARY OF WEAR TEST RESULTS

Deposit Wear Rate
No. (l0 8cm 3/cm_k~)

1 .96 ! 0.16

2 1.39 0.16

3 3 .41  0.42

14 1 .28 t 0.02

5 6.1+ 1 • 0.30

6 4.23 0.16

Electrop lated 4.91 0.53

2
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FIGURE 7 Wear Scars on El ectroplated (A) and
Sputtered (B) Chrom i um Deposits
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propagated early during wear with eventual crack branching and removal
of chromi um plates. As the p lates gradu ally become detached from the
surface , wear debris is formed and further enhances the wear rate of
the chrom i um plating. Wear eventuall y occurs predomina te l y by an ab-
ras i ve wear mechanism.

Sputtere d ch romium depos i ts do not contain the res idual tensile
stresses nor the crack network found in electroplated chromium. Con i cal-
or columnar-shape d grains with a fib er texture perpendicular to the de-
posit p lane is exhib ited. The wear mechanism wh i ch follow s is based on
abrasion and localize d p las tic flow . The wear is generall y un i for m ,
and a slowe r overall rate of wear occurs.
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