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ABSTRACT

Friction and wear studies, in which Springfield Armory friction
and wear machine was used, were continued. Information relating
to the frictional and wear properties of coatings was obtained
under simulated weapon conditions. Various coatiuis such as
rhosphate, chromium plate, and hard-anodized aluminum were evalu-
ated. The rouzh porous coatings such as phosphated steel and
hard-anodized aluminum generally had hi:h coefficlients of friction
when unlubricated, but exhibited good wear resistance when lubri-
cated. Chromium plate, when unlubricated, had a lower coefficient
ot friction than steel of equal surface roughness. Metallic sur-
faces such as chromium plate and hardened steel had limited
antigalling properties Procedure is given, and results are dis-
cussed.
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SURJECT

Investication ot Frictional and Wear Characterigtics oi various Coatings
Used on Small Caliber Weapon Components.

'YBJECTIVE

T obtain data on the frictional and wear properties nf various coatings
used in snall caliber weapon systems.

SUMMARY OF CONCLUSIONS

l. Chromium pl-ate slidinj on chromium plate, with no lubrication, has
a lower Coefficient of friction when compared to dry steel on steel of equal
surface rouchness.

2. Hard anodic coatings, with no lubrication, have a relatively hi :h
coefficient of friction (.55), probably because of the rough nature of the
surface.

3. Phosphate coatings appear tc be beneficial in reducing the coefficient
of friction when they are dry and in contact with a smooth surface.

4. Unprotected steel surfaces have poor wear resistance, especially
in the prevention of zalling.

5. The coefficient of friction for well-lubricated surfaces is primaril
dependent upon the nature of the lubricant.

6. Rough porous surfaces, such as those produced by phosphating and
hard anodizing, have better oil-retaining capabilities than smooth metallic
surfaces and, consequently, exhibit better wear resistance, when lubricated,
under hizh loads.

RECOMMENDATIONS
1. The use of phosphate coatings should be continued on small caliber
weapon components since the coatings, when properly lubricated, zive adequate

coefficients of friction and excellent wear resistance.

2. Chromium plate, when in contact with itself at high loads, exhibits
some zalling tendencies and its use should be avoided.

3. Endurance tests should be conducted on the various combinations of
coatings to determine the best coating for contact with chromium plate and
other coatings at high losds for increased wear resistance.

4. 1In instances where very low coefficients of friction are required in
weapon systems (<.1), a lubricant better than MIL-L-644 o0il should be used.

5. Friction tests should be conducted on other oils, greases, and dry




e

REPORT
SA-TR18~1089

RECOMMENDATIONS - Continued

film lubricants to determine lubricants that will provide lower coeff
of friction than MIL-L-644 oil,

6. Hard-anodized aluminum usually galls or seizes after the coa

completely worn away; thus, the use of thick, hard-anodized aluminum .
should be continued,
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l. INTRODUCTION

Friction and wear studies were continued at the Sprin;field Armory.
Previous work reported in SA-TR18-1084! was expanded to include various
coatin's used on small caliber weapons today. The purpose of this investigation
was to obtain intormation relating to the frictional and wear properties of
coatinys under simulated weapon conditions.

A triction and wear machine designed and built at Springfield Armory was
employed in the investization. The machine is unique in that it offers a
reciprocating type of motion while providing a plaae-to-plane type of contact
between spoecimens durin: the sliding action. The machine is designed to
operate at spceds from 600 to 2000 rpm, under loads from 32.1 pounds to
417.1 pounds, and strokes up to approximately 2.5 inches.

The previous study involved the factors influencing the friction of
phosphate coatin:;s. This report includes the study of the frictirnal and

wear properties of various coatings such as chromium plate and hard-anodized
aluminum.

2. PROCEDURE

a. Preparation of Test Specimens

(1) Machining.

The 4340 steel blocks used in the testing of chromium plate

and phosphate coating were heat-treated and quenched to a

final hardness of Rockwell C 45-50. The 6061-T6 aluminum
blocks used in the testing of the hard-anodized coating had
hardnesses of Brinell 83 to 86, Final surface grinding produced
surfaces that were parallel within .0002 inch and gave

surface roughness values of approximately six microinches
(rms) as messured on a profilometer.,

(2) Surface Preparation and Metal Finishing
(a) Chromiur Specimens.

Prior to plating, the steel specimens were alkaline-
cleaned and given a 15-second reverse etch. The plating
was done in a stardard chromium bath of 250 zrams per
liter at a temperature of 130°F. An average :thickness
of .0005 inch was obtained in 30 minutes. The throwing
pover of chromium plating was considered in that an
anode of the same size as the wearing area of the large
block was used. Some buildup at the edges occurred;

1. Appendix B - Bibliography, Listing No. 1

-3-
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2. PROCEDURE - Continued

however, {t was not impoartant since it was not in

with the smaller block., The platin: ot rthe smalle
required use of robbers around the rderg. Prolimi
iriction testin revealed that the chrorinm- plat-4
were not devoid of butldup in some arcas.  For thi
the specimens were polished atter platine, produc
surtaces with roushness readings ol three to tour

inches (rms).

(b) Steel Specimens.

Preliminary testing ol the dtecl sjecimens revealod
galling tendencies at the minimum load of tne macr.
This problem was corrected to some de:ree by polist
gsamples. The surface roughness vaiucs prior to tes
were three to tour microinches (rms).

(¢) Phosphat»d Specimens

Prior to phosphating, the stecl specimens were abra
blasted with steel zrit (Number 120). The bilocks w
then phosphated for 30 minutes at 2u5?F. in a stand
manganese phosphate solution with the following con
total acid 55-65 points, free acid 10-1l points, an
.1 to .3 points. Prior to phosphatiny, the surface
ness was 63 microinches (rms); it was not siznifica
changed after the phosphating.

(d) Hard-Anodized Specimens.

The aluminum specimens were hard-anodized according
MHC process. The surface preparation consisted of i
blllt. The 15 per cent gulfuric acid electrolyte wa
at 28°F. and the process was accomplished at a curre
of .2 amps per square inch. An average thickness of
inch was obtained after one hoare The surface rough
of the hard-anodi{zed specimens was 45 to 55 microinc
(rms).

b. PFriction Testing

(1) Static Testing.

A simulated static coefficient was obtained by hand-opera
of the mcvable block at a very slow rate. The maximum de
on the recorder was considered to be the static friction

The load was increased by adding weights to the weight tr

4=
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2. PROCEDURE - Continued

in one-pound increments, up to 10 pounds. The friction force
obtained for each load was taken when the recorder deflection
had reached a constant value for each cycle of movement. This
was considered the break-in point for the coating.

A dry and a lubricated trial were conducted for each coating.
All oile” coatings were lubricated with MIL-L-644 oil. The
coatings had a slight excess of oil since the blocks were
aligned in the dry state and lubrication followed correct
alignment. Hydrodynamic iubrication was probably approached
during the static testiag.

(2) Dynamic Testing.

Dynamic testing of the dry coatings was not possible. The
high friction forces and vibrations from the motor tended to
tilt the blocks out of position and galling occurred. Dynamic
tests were run on the lubricated coatings. Loads were increase
by applying weights in one-pound increments to the weight tray.
The break-in point for each load usually occurred within 10 or
15 seconds. The maximum deflection, representing the maximum
friction force for one cycle of movement, was taken at the
break-in point, where the maximum deflections had resched a
steady value.

Dynamic endurance tests were conducted for the following
specimens: steel-on-steel, chromium-on-chromium, hard-anodized
aluminum on hard-anodized aluminum, and phosphate-on-phosphate.
The blocks were well-lubricated prior to testing and a constant
loa2 was applied. 1Initial testing under a loed of 87.1 pounds
disclosed that only the steel-on-steel blocks would fail within
a period of one hour. It was decided to increase the load to
307.1 pounds to get au earlier indication of the relative wear
resistance of the various materials.

c. Calculation_of the Crefficient of Friction

The coefficient of friction is determined by dividing the friction
force by the normal force. The normal force equals the load applied to the
blocks. The load consists of two parts: the minimum load with no weights
attached, and the additional load developed by the attachment of weights.

The minimum load consisted of the weight of the upper friction block attached
to its holder, and the reaction of the weight of the lever arm and weight
tray applied st the point where friction occurs. This minimum load was
determined to be 32.1 pounds.

The lever arm acts as a second-class lever with a mechanical advanta;

2Sa
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of 11 to one, Ihus, an increase of one pound on the weliyht tray resul
an increase in the load ot 1l pounds,

*he friction torce is calculated from strain measurements ohtair
the use ot strain paces attached to the reciprocating rod, whieh drive
moving trdction block, rthe strain apes were calilirated under tensile

compressive loads to vive one millimecter recorder det!lection tor a tiv
pound load,

An analvsis ol the design of the friction machine revealed that
maximum dJdeflection should he Jivided ky a tactor nf four to j;;ive the a
triction torce hetween the surfaces ot the specimen blocks., The maxim
tlection tor one cvecle of movement represents two frictional forces as
as the total of the frictional forces acting in compression and tensio
The two triction forces are developed at the upper and lower surfaces
middle block where contact is made with the two stationary blocks. Th
ditters by the weipht of the middle block at the two contact points, b
this difference was neilected since the middle block weighs only 1/4 p

The following equation represents the method of calculating the static
ticient of fricticn:

D 5/4
Us =321 11w
Ug = static coefficient of friction
D : Maximum recorder deflection
W = Load applied to weight tray

In reciprocating motion, forces due to acceleration or inertial
are present because velocity is not constant, The rotary motion of th
is changed to rectilinear motion by a crank and connecting rod mechani
The force due to acceleration was determined easily when the machine w
erated with the middle block only and the friction forces were elimina
The acceleration forces were dependent upon the length of stroke and tl
ber of revolutions per minute of the motor. A short stroke and a low:
speed were used so that the effect of acceleration could be minimized.
values selected for all dynamic tests were a one-inch stroke and 600 r
Under these conditions, the maximum recorder deflection for one cycle
ment was fownd to be only one millimeter,

The following equatioo represents the method of calculating the -
coefficient of friction:
(D-1) 5/4
32.1 + 11W

= K
v d

=« Dynamic coefficient of frictiom

o
1)

;aximum recorder deflection

L
"

Load applied to weight tray

-6
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When high friction forces were presant, it was necessary to change the
sttenuator on the amplifier from the 1 scale to the 4 scale. This, in es-
sence, cut the deflection fowrfold and increased the calibration factor to
20 pounds per millimeter.

3.  RESULTS AND DISCUSSION

a. Wear Resistance

Wear can be defined as the deterioriation caused by use and can usually
be classified into two main categories: normal wear and destructive wear.
Normal wear refers to the wear that is to be expected, i.e.,, the loss of materis
from thi working surfaces when two materials are in contact during a sliding
action, Normal wear can be beneficial at times, since the surface roughness
can be improved by the leveling of local projections on the surfaces.

Destructive wear refers to the transfer of metal from one surface to
another by welding under sliding conditions. The welding is caused by great
localized pressure in which sufficient temperature is generated to weld the
surfaces together, Terms such as galling, scuffing, scratching, Snd scoring
usually are used to express varying degrees of damage by welding.

In this investigation, wear resistance will refer to the ability to
prevent galling and other types of severe surface damage, A criterion {n
this investigation for good wear resistance is a near constant relationship
between load and the coefficient of friction. A sharp increase in the coefficies
of friction would strongly indicate that destructive wear is occurring.

The plot of the static coefficient of friction versus load for the un-
lubricated steel specimens (Fig. 1) reveals a tendency for the coefficient to
rise with increasing load. At lower loads this increase in the coefficient
sppears to be cgused by some slight destructive wear at the surfaces. This
wear wvas probadbly caused by light scuffing or minor welding between the steel
specimens. At a higher load the wear was much more severe as definite galling
occurred and there was a sharp increase in the coefficient of frictiom,

The dry, chromium-plated specimens exhibited much better wesr resistance
than steel. The plot of the static coefficient of friction versus load (Fig. 2)
showed that there was an approximately constant relationship. At the conclusion
of the static test, the chromium-plated specimens showed no visual damage as the
galling tendency of chromium was much less than that of steel.

The static friction tests for dry, hard-anodic coatings and dry phosphat
coatings revealed that little or no destructive wear occurred. The coefficients
of friction were higher than for either the steel or chromium-plated specimens,
but the coefficients remsined reasonably constant with an increase in load (Figs.
3 and 4).

2. Appendix B - Bibliography, Listing No, 2
3. Appendix B - Bibliography, Listing No. 3
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3. RESULTS AND DISCUSSTON - Continued

Pwo saf{gnit {cant polutas arc noticeable trom the regults of the wes
fnvolving combinations of two diiterent materiala., The results nf tesqts |
dry stecl in contact with either chromium plate or hard-anodized aluminum
that some destructive wear occurs at the steel suriace,
static coetticient ot

-

In Figures 5 and
triction incrcased gradually as the load was incress
Figure 7, however, when a dry, phosphate-coated specimen iy in contact wit
steel specimen, the static coe.ficient of friction remained constant with
incrcase in load. Phosphate coatings, when in contact with a smooth steel
appesar to reduce signiticantly the possibilities of palling.

The results for the endurance tests on the various surfaces can b
in Figure ll. The endurance tests consisted of a dynamic test at A" rpm
a relatively high load (307.1 pounds)., The poor wear resistance of steel
substantiated by the fact that the specimens were severely galled after ap

2-1/2 minutes or 1500 cycles. The chromium-plated samples underwent sever:
atter approximately six minutes. The specimens were well-lcbricated prior

testing. During the dynamic test, sufficient lubricant was retained on the
surtace of the movable block, but the amount of lubricant on the upper sur:
gradually diminished as the test progressed. The failure attributed to ga’
usually occurred at the upper surface because of this lack of lubrication.

The endurance test for phosphate coatings and hard-anodized coat:
(Fig., 11) reveals that the wear resistance of both coatings is better than
of chromium., The primary factor influencing this result is believed to be
by the surface roughness of the individual coatings. The hard-anodized cos
and the phosphate costing are porous and have the ability to absorb and ret

lubricants, while the chromium-plated specimens had been polished and had 1
ability to retain oil.

It is also interesting to note from Figure 11 that the failure of
steel and chromium blocks was very sbrupt. It asppeared that the lack of lu
tion in sreas led to rapid overheating and, consequently, galling occurred
instantaneously. The coefficient of friction versus the number of cycles ¢
for the hard anodic and phosphate coatings shows, in time, a gradual increa
the coefficient caused by the simultsneous loss of lubricant and wearing aw
the coating. The sharp increase in the coefficient for hard-snodized alumi
after approximately 11,000 cycles represents the point at which the hard-an
coating was completely removed and bare aluminum was exposed. It appears t
fnorganic finishes, such as hard anodic and phosphate coatings, have better
galling characteristics, in general, as compared to metallic surfaces.

b, Coefficient of Friction

Hardness is considered to be a significant factor influencing the
resistance of a material. This {is because surfaces undergo compressive str
while wesring conditions are present, and since hardness tests are Xsually
pressive, hardness can be employed as a significant index of merit.

-8-
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3. RESULTS AND DISCUSSION - Continued

Hardness also might be expected to have some influence on the coefficient
of friction because of its c'nse associstion with wear resistance., The hardness
values for chromium plate and hard anodic coatings are generally considered to be
relatively high, although the values vary considerably and are sometimes difficuilt
to obtain. The hardness of bright chromium plate is equivalent to 950 to 1050
Vickers. Microhardness tests on hard-anodized surfaces have shown hardness values
of 530 VPN for a coating produced by the Martin hardcoat process on 6061-T6 alloy.

A comparison of the static coefficients of friction between the dry chrom
ium plate and hard-anodized surfaces showed that the chromium on chromium plate
had a much lower coefficient of friction. The static coefficient for chromium
plate averaged .16 while the static coefficient for hard-anodized aluminum on hard
anodized aluninum averaged .55 (Figures 2 and 3). The difference in the coeffi-
cients appears to be,a function of the surface roughness rather than the hardness
of the respective samples. The surface roughness of the chromium plate was three
to four microinches while the hard anodic coatings were 45 to 55 microinches (rms).
The coefficients of friction for hard anodic coatings have been quoted to be below
15, but these values are for hard anodic surfaces which have been lapped or honed
after anodizing to improve the surface finish.

The chromium-plated and steel specimens had approximately the same surfac
finish., The static coefficient of friction for steel was always higher than that
for chromium, even at the lightest loads where no galling occurved for the steel.
The minimum coefficient for steel was .20 at a load of 32.1 pounds.

Very high static coefficients of friction were obtained when phosphate-
coated blocks were in contact with each other. The high coefficient was primarily
caused by the rough nature of the grit blast pretreatment. The dry phosphate
coating might retard galling tendencies; however, it did not improve the lubricity
between the rough surfaces.

The dry phosphate coatings in contact with smooth surfaces, such as the
chromium plate and bare steel samples, had a much lower coefficient. The static
coefficient of friction was less than .2 (Figs. 7 and 8). The phosphate coating
in contact with the smooth surface during the bresk-in period prevented metal-
to-metal contact and sppeared to have some beneficial lubricating qualities. The
dry phosphate coating in contsct with the rough haid-anodized surfsce did not
improve the static coefficient of friction (Fig. 10).

¢. Lubrication

The lubricant used throughout this investigation was MIL-L-644 oil. This
general purpose preservative and lubricating oil is suitable for use in lubricatior
and corrosion protection of small caliber weapons.
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3. RESULTS AND DISCUSSION - Continued

The cocfficients of friction of the various surfaces, when lubri
did not vary to any extent from coating to coating. The only exception to
occurrence was in the case of the steel-on-steel specimens, when the stati:
coefficient reached values as high as .18. The static coefficient for all
other coatinis was usually in the range of from .13 to .15, while the
dynamic coctficlent usually was in the range of from .12 to .15.

The results indicated that during the simulated static test, the
slight excess of oil present produced hydrodynamic lubrication in which no
metal-to-metal contact was present. In the case of steel on steel, hydro-
dynamic lubrication was probably not completely present since the smooth
surfaces had no cavities to retain oil. The lubricated chromium specimens,

althou:h they were equally as smooth, did not have a higher coefficient of
friction.

During the dynamic testing, the load was increased approximately
every 3O seconds. Hydrodynamic lubrication was not present when the hi;her
loads were applied. This was evident because the samples were polished and
scratched to some extent. The dynamic coefficient of friction, however, di
aprpear to be significantly affected by the change in type of lubrication.
The coefficient in some cases was slightly higher at the higher loads. Thi
increase in the coefficient occurred in random fashion and could not dbe
associated with any particular coating or coatings. It is believed to be
primarily caused by vibrational effects at some loads in which the weights
‘to the lever arm were not held stable.

The static and dynamic coefficients of friction for well-lubricat:
surfaces strongly indicate that the coefficients of friction are primarily
dependent upon the nature of the lubricant, while the coating has licttle or
no influence upon the coefficient. The minimum coefficient of friction
provided by MIL-L-644 oil appears to be approximately .12. Although no
systematic study involving another lubricant was made, friction tests of a

dry film lubricant on hard anodized aluminum showed that the static coeffici
was reduced to approximately .09.

«10-
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