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ABSTRACT

Sliding friction experiments, X-ray photoelectron spectroscepy (XPS)
analysis, and electrom microscopy and diffraction studies were conducted
with ferrous-base metallic glasses (amorphous alloys) ia costact with slumi-
oum oxide at temperstures to 750° C in a vacuem. 8Slidiag frictiow emperi-
meats were slso comducted in argon and gir atmospberss.

The results of the investigation indicate that the coefficiest of
friction increases with increasiang temperature to 350° C in vacoum. The
increase in frictiom is due to an increase in adbesion resulting from ser-
face segregation of boric oxide and/or silicon oxide to the surface of the
foil., Above 300° C the coefficient of friction decressed rapidly. The de-
crease correlates with thbe segregation of boron nitride to tbe surface.
Countaminsnts can come from the bulk of the meterial to the surface upon
heating and impart boric oxide and/or silicon oxide at 350° C and borom
nitride above 500° C. The segregation of contaminsuts is responsible for
the friction bebavior. The amorphous alloys bave superior wear resistance
to crystalline 304 stainless steel. The relative concestratioms of the
variou: constitnents at the surfaces of the amorpbous alloys are very
different from tbe nominal bulk compositions.

INTRODUCTION

A host of different classes of materials are used in wechanical compo-
neunts where adhesion, friction, wear, and lubrication are involved. The
single most significant ciass of these materials are tbe metallic alloys.
As a result, considerable research has been conducted to determine the
effect of various properties of metallic alloys on tribological bebavior.

In 1960 it was shown that by very rapid quenching of certain alloy com-
positions from the nelt, amorphous solid pbases could be formed (ref. 1).
This discovery launched a new field of research activity. There are now
well over 200 alloy systems that have been identified as being capable of
quenching into the smorphous state (ref. 1). These alloys are referred to
as metallic glasses or amorphous alloys (refs. ? and 3).

Amorphous alloys are currently finding increased application in the
serospace industry (ref. 4). They are used for joining internal assemblies
in gas turbines. Nickel-based braze foils of the BNi class are replacing
the more expensive gold-base BAu-4 for use with engine valves and many other
components.

A combination of favorable mechanical and pbysical properties makes
amorphous alloy candidates for otber technological applications. Por exam-
ple, the combination of bigh permeability with high bardness makes these
materials suitable for use as bighly developed magnetic recording devices
(e.g. video tape recorders). In most high density devices, a magnetic head



vequived under redistisa. The mschanical sed physical propertiss of mmer-
phouws alloys ave, therefore, of basic scientific isterest.

Amorphous alloys bave several properties that make them attractive for
tribolegical spplicatione. Toese properties iscluie grest sdbesies, obesr
streagth, impact pemetration, corrosion resistesce, toughmess, and duwctil-
ity. There bas been, bowever, relatively little research dose ou the tri-
bological properties of the amorphous alloys (refs. 3 to 7).

Tbe objective of this investigation was, therefore, to determine the
surface chamistry, microstructure, and tribological properties (frictiom end
wear) of some ferrous base smotphous alloys. Sliding frictiom experimeats
were coanducted with three ferrous-base smorphous alloy compositioms ia
vacuum (3x10 uPs), laboratory air, and argon atwmosphere. A rider of slwmi-
aum oxide wvas made to slide oo the amorpbous alloy surfaces wader loads of
from 0.1 to 2.5 N snd at sliding welocities of from 0.033 to 0.17 wm/eec.
The vacuum experimests were conducted at temperatures of from 25° to
800° C. Comparative experiments were wmade vith 304 stainless steel. This
practical material was of equivalent foil tbickuess as tbhe amorphous alloys.

MATERIALS

Three amorphous alloy compositions were exsmined in this iavestige-
tion. The compositions and some of their properties are preseated ia table
I. The alloys were foils (0.030 to 0.033 wm-thick ribbon), aod were used in
the as—cast condition except for bheat treatments. The spherical riders that
were made to slide on the foil were single-crystal alumioum oxide (sapphire)
spheres and the diameter of the spheres were 3.2 and 6.4 millimetars.

APPARATUSES

Twe apparatuses were used in this investigacion (fig. 1). They both
use a pin on flat configuration. Ove consists of an ultra-bigh vacuum sys-
tem capable of measuring adbesion, load, snd friction and contains an XPS
spectrometer. Pigure 1(a) indicates the major components, including the
electron energy analyzer, the X-ray source, and the ion gun used for
ion sputter etching. The X-ray source contained a magnesium anode., A
manipulator-mounted beam was projected into a vacuum chamber. The beam
contained two flats machined normal to each other with strain gages mounted
thereon. The load was applied by woving the beam normel to the flat and was
sengsed by strain gages. The wertical sliding motion of the pin along the
flat surface vas accomplished through a motorized manipulator assembly. The
friction force under an applied load was measured during wvertical trensla-
tion by a strain gage mounted normal to that used to measure load.

The second apparatus used in this investigation is shown schematically
in figure 1(b). The pin was made to traverse a distance of 10 mm on the
surface of the foil. Motion was veciprocal. The pin was loaded against the
foil with dead weights. The arm retaining thz rider contained strain gages
to measure the tangential and normal forces. The entire apparatus was
housed in a plastic box. The atmosphere in the box was controlled.



EXPRRINENTAL FROCEDURE
Specimen Preparation sand Usating

The foil specimen was attached to aa imsulator flat with tastalwm
supporting sheets (fig. 1). The specimen was divectly ia costest with the
sheets. The flat and pin surfaces were rimsed with 200-proof ethyl aluohel
just before they were placed in the vacuum chamber. After the specimses
were placed in the vacuum chamber, the system was ¢ aad then babked
out at 250° C to obtain a pressure of 3x10 wPa (2x10"'Y torr) or lewer.

Both flat and pia specimens were argon ios sputter cleaned. Trestmeat
vas next couducted im eitu, and this included beating to & maximwm tempers-
ture of 750° C at a pressure of 3x10 uPa for 20 win to 30 mia. The foil wes
resistance beated. The tempersture was measured with a type K (Wi-Cr ws.
Ni-Al) thermocouple in comtact with the specimen.

Chemical Analysis of Surfece

The foil surfaces were sualysed by X-ray photoslectron spectroecepy
(XPS). The depth analysis with XP3 is of the order of 2 to 3 um, and the
ultimate sensitivity is sufficiert to sllow fractions of a momolayer to be
detected and identified. A magnesium K, X-ray source was used with an
X-ray source power of 400 W. All XPS analyses were couducted at voom
temperataure.

Friction Experimeats

In the ultra-high-vacuum system, in situ friction experimeats were con-
ducted with the surface-treated foil specimens over a temperature range of
from room to 750° C. A load of 0.2 N was applied to the pin-flat coatact by
deflecting the beas, as shown in figure 1. To obtain counsistent experi-
mental conditions, contact before sliding was meaintained for 20 sec. Both
the load and friction force were continuously monitored during a friction
experiment. Sliding velocity was 3 mm/min with a total sliding distamce of
2 to 3 mm. All single-pass friction axperiments were conducted in a 3x10
nPa vecuum. The coefficients of friction reported berein were obtaivned by
averaging three to five measurements. In argon or a laboratory air atmoe-
phere the foils of the amorphous alloys and the pin specimen surfaces were
scrubbed with levigated alumina, rinsed with tap water and them with die-
tilled water, and finally rinsed with ethyl alcohol. After the surface was
dried with argon gas, the specimens were placed into the experimental .
apparatus. The specimen surfaces were then brought into contact and loaded,
and the friction experiment was begun.

RESULTS AND DISCUSSION

Surface Chemistry

1.%018 B14 8i) alloy. - The XPS opcctn of the Fe and
8ij —;gnncd from narrow scans on the Peg 8 B4 8i; %oi.l ougflcc ave

prountod in figure 2. The as-received fozl aftu- bakeout was argon iom
bombarded and then heated at various temperatures in a 3x10 aPa vacuum. All



the XPS ipectra taken at roon temperature revesled carbon and oxygen pesks
ia addition to ivon, cobalt, borom and silicea.

The Pey, photoslectron pesks of the ss-received specimen clearly indi-~
cate that ¢ were iron oxides on the foil eurface (ref. 8). The spactra
taken after the foil surface had been argon sputter clesned for 30 min and
60 mnin clearly indicated the "3= pesks associated with iron, and these
typical peaks are showe in figureé 2. The spectra for the fo{lo bheated to
350; and 750° C are almost the same as that tor the argon-sputter-clesned
surface.

The Coyp, pbotoelectron peaks of the as-received specimen indicate
cobalt ouide at 780 eV. The spectra for the surfaces that had been argon
sputter cleaned and heated to 350° and 750° C reveal cobalt and its alloy
peaks. The cobalt oxide peak is negligible.

The B}. photoelectron peaks of the as-received specimen indicate tbhe
presence of boric oxide as well as Pe,B, CoB, and B. The spectrum of the
surface that had been argon sputter cleaned for 30 min snd 60 min reveals
large peaks for boron and its alloys as well as very small boric oxide
peaks. The spectra for tbe foils that bad been heated to 350° and 750° C
clearly indicate that thc £5.1 surfaces were sgain contamivnated with boric
oxide and boron nitride that had migrated from the bulk of the foil
specimens.

Contaminants such as oxygen, nitrogen, and carbon may be introduced
from the environment to the bulk of an amorphous alloy during the direct
casting process. To refine the metallic atomic structure, an amorphous
alloy must be cast at speeds to a few thousand meters per minute and at fre-
quency rates as bigh as a million degrees centigrade per second.

The Sij, photoelectron peaks of the as-received surface rewveal sili-
cides. Ever the spectrum of the surface that had been argon sputter cleaned
for 30 min and 60 min reveals silicides as well as silicon oxide on the sur-
face. The foils that had been beated to 350° and 750° C were contaminated
with silicon oxide that had migrated from the bulk of tbe foil specimens.

Photoelectron lines for the C), of the foil showed that an adsorbed
carbon contaminant peak was evident in the spectrum for the as-received
spccimen. Generally, the surface of the argon ion sputter cleaned foi! for
30 min contained carbon contamination as well as carbides suchb as silicon
carbide. The spectra of the surface that had been sputter cleaned for 60
min and with the surface heated to 350° and 750° C indicated a small carbide
peak. Although the Fegy Cojg By4 Sij foil was not supposed to include
carbon, carbides were present in the foil.

The composition of the surficial layer of the foil analyzed by XPS is
summarized in table II. Generally, the XPS results indicate that surfaces
that had been cleaned by argon ion sputtering or heated to 350° or 750° C
consisted of iron, cobalt, borom, silicon, carbon and ixygen. The relative
concentrations of the constituents on the surface were very different from
the nominal bulk compositions. The surface contained less Loron and more
silicon, carbon, and nxygen than the bulk.

Feg) B 8i w9 and Pesq Nijg Mos Big alloys. - Generally, the
nurfa?igISYIEﬁ2'3724223%353:‘:?#£%'T£3'35ﬁ??%r cleaned, and hcate:’rcsl B13.5
8ij g Cy and "b? Niqag Mo, B)g foils coniained carbon &nd oxygen in addition
to the various alloying constituents of the nominal bulk composition. The

surface conditions of these foils were basically the same ss that for Fegy
Cojg Byy Siy. The argon ion sputter clezned surface conditions of the three



different foile analysed by XPS are summarised in table III. The relative
concentrations of the various constituents were very differeant from the
asominal compositions. The surfaces contained less boron and more silicon,
carbon, and oxygen than the bdulk,

Table IV summarises the surface conditions of the foils analyzed by
XP3. Generally, the XPS results indicate that the surfaces of the as-
received foils consisted of a layer of oxides of alloying elements as well
as a simple, adsorbed film of oxygen and carbon. The argon sputter cleaned
surface consisted of the alloy and small amounts of oxides and carbides. In
addition to nominal element constituents, the surface heated to 350° C con-
tained boris and silicon oxides on F Cojg Bjs Siy and Pegy B 8i
C, alloys, and boric oxides on Feg) :2; H%: Bl; alioyl as 3%111335.-.115
amounts of carbides. The surface beated to 758 C contained boron nitride

that bad migrated from the bulk of the foil specimens, as well as small
amounts of oxides.

Microstructure

To establish the exact crystalline state of the foils examined by XPS
as previously described, grain boundary structures were examined by trans-
mission electron microscopy and diffraction in a microscope operating at
100 kV. Final thioning of the foils was accomplished by electropolishing.
These analysis were donme after the friction experiwents.

A typical example of the structure of the as-received amorphous foil is
shown in figure 3. No dislocations tud grain boundaries are evident in fig-
ure 3. However, black spots, which ure believed to be crystallites with a
size range from 1.5 to 4 nm, are apparent in the micrograph. The trans-
mission electron diffraction pattern for the as-received foil is also pre-
sented in figure 3. The pattern indicates that the amorphous foil was not
completely amorphous, but contained extremely small grains of approximately
a few ranometers in size.

Typical examples of the crystallized structure of the foil heated to
500° and 750° C are shown in figures 4 and 5. The foil was subjected to
heat treatment above the crysttillization temperature in a vacuum of
3x10 nPa. Complete crystallization occur-.ed after heating to 506° C. The
crystallized grain size was about 0.12 to 0.70 ym. At a higher crystaili-
zation temperature of 750° C, the crystallized grain size was 0.3 to 1.4 um.

A typical microstructure of the foils that had been heated to 500° and
750° C contained two kinds of grains: a dark grain, and a light grain.
Single-crystal diffraction patterns were obtained from the dark grain as
well as from the light grain after annealing at 750° C, as shown in figure
5. The grains in the foil that had been annealed at 500° C were too small
to yield a diffraction pattern. Single-crystal patterns teken from both the
dark and light grains included diffraction spots and Kikuchi lines.

Energy-dispersive X-ray analysis was conducted on both light and dark
grains. Figure 6 presents a typical energy-dispersive X-ray profile of tbhe
light and dark grains shown in figure 5. The profile taken from the dark
grain shows iron, cobalt, and copper peaks but a negligible silicon peak.
The copper peaks in the spectrum are asssociated with the specimen mesh-
holder. On the other hand, the spectrum taken from “he light grain clearly
shows & silicon peak as well as iron, cobalt, and copper peaks. Thus, the
segregation of silicon occurt in amorpbhous alloys when they are heated to



the recrystallisation temperature. No information cam de obtained for boron
by energy-dispersive X-ray analysis.

Quantitative analysis was done by using X-ray profiles, as shown in
figure 6. The relative concentrations of the cobalt and silicon to irom are
shown in table V. Tab.e V indicates that the light grains contained about
twenty times mcre gilicon than the dark grains.

Adhesion and Friction in Vacuum

Sliding friction experiments were conducted with aluminum oxide in
contact with amorphous allovs in vacuum. Friction-force traces resulting
from such sliding were generally characterized by fluctuating behavior with
evidence of stick-slip (ref. 7). The coefficient of friction as a function
of the sliding temperature of the foil specimen is indicated in figure 7.
The aluminum oxide rider was sputter cleaned with argon ions at room tem—
perature. The foil specimen was also sputter cleaned with argon ions in the
vacuum system and then beated from room temperature to 750° C. The coeffi-
cient of friction increased with increasing temperature from room to
350° C. The increase in friction is due to an increase in the adhesion
resulting from segregation of boric oxides and silicon oxides to the foil
surface as described earlier. Generally, the prsence of oxygen does
strengthen the metal-ceramic material (such as Al703, Mr~Zn and Ni-Zn
ferrite, and SiC) contacts and increase the friction {(vefs. 9 to 1)).

Above 500° C the coefficient of friction decreased dramatically. The
rapid decrease in friction abocve 500° C correlated with the segregtion of
boron nitride on the foil surface, as already discussed and shown in figure
2(¢c). 1t is also interesting in figure 7 that there is a considerable
differec:2 in the friction measured for the variations in alloy chemistry,

Friction and Wear in Argon and Air

Sliding friction experiments were conducted in argon and in air with
normal residual surface oxides present on the Fegy Cog B4 si{. To compare
the friction and wear characteristics to conventionally used alloys, fric-
tion experiments were conducted with 304 stainless steel foils under condi-
tions identical to those with the amorphcus alloy.

When the amorphous alloy and 304 stainless steel slid against aluminum
oxide spherical pin (6.4-mm-dia.) at a load of 2.5 N for 30 min, very little
difference in the friction behavior resulted between the two alloys. The
coefficient of friction for both alloy. was approximately 0.2 The wear
results were, however, markedly different. There was a complete absence of
any visibls wear track on the amorphous alloy foil, bit a wear track was
visille on “he 304 stainless steel foil. No detectabl: wear on the surface
of the amorphous alloy was found by optical and scanning electron micro-
scopic examinations. Consideratle wear, however, to the 304 stainless steel
surface was indicated by the scanning electron micrograph in figure 8. Con-
gidersgble plastic flow occurred, and a copious amount of wear debris was
g :nerated on the 304 stainless steel, and clumps of metal appeared in the
wear track. The surface oxide layers present on the amorphous alloy, which
were discussed previously, provide a protective film against wear. The
amorphous alloys have, therefore, superior wear resistance to the crys-
talline stainless steel alloy.



Varistions in mechanical parsmeters such as sliding velocity and normal
load do not appear to exert an effect on the frictiom debavior of the amor-
phous alloy uver the range of normal loads from 0.05 N to 2.5 N and at
sliding velocities ot from 0.03 to 1.6 mm/sec. There was essentially no
change in the coefficient of friction.

Since no visible wear was observed on the amorphous alloy, sliding
friction experiments were conducted with a smaller spherical pin (3.2-smm-
dia.), to provide a bigh contact pressure with sliding time extended to
5 hours to provide more severe experimental conditions.

With 3.2 millimeter diameter aluminum oxide pin, there were marked
differences aot only in friction, but also in wear behavior.

Friction was initially low, but increased with increasing sliding
time, as indicated in the data of figure 9. After some period of time,
an equalibrium condition was reached with the anorphous alloy and the 304
stainless steel, and then the friction did not change with sliding time.

The coeffxcxento of friction obtained with Fegy Cojg 312 Si) alloy
shown in figure 9 were generally the same as those obtn1ned rom experiments
conducted wi*% 5.4 millimeter diameter aluminum oxide pin in contact with
the alloy. The friction results with the 304 stainless steel are, however,
markedly different when examined with 3.2 millimeter diameter aluminum oxide
pin. The coefficient of friction at an equilibrium condition was nearly
three times that with 6.4 millimeter diameter aluminum oxide pin.

Pigure 10 presents scanning electron micrographs of typical wear tracks
of the amorphous alloy and the 304 stainless steel. The experiments were
conducted at a load of 2.5 newtons with a 3.2 millimeter diameter aluminum
oxide pin and at a total sliding time of 5 hours. Oxide wear debris parti-
cles were generated on the amorphous alloy surface, while metal wear debris
particles were primarily generated on the 304 stainless steel surface. With
the amorphous alloy microscopis brittle frscture and breaking up of oxide
layers took place, and fine oxide wear debris particles were mainly produced.

Figure 11 illustrates a detailed examination of the oxide wear debris
(submicrons to microns in size) produced on the amorphous alloy as a result
of sliding of the 3.2 millimeter diameter aluminum oxide pin for a distance
of 27 m. The scanning electron micrographs clearly reveal powdery and
whiskery oxide wear deoris particles on and near the wear track after slid-
ing rontact with the aluminum oxide pin.

FPigure 12 presents scanning electron micrographs taken in the wear
track on the 304 stainless steel surface. Adhesion of aluminum oxide to
stainless steel occurs across the interface, With tangential motion, sepa-
ration takes place in the 304 stainles; steel and rupturing the bonds of
cohesively weaker 304 stainless steel occurs. And then cavities form in the
material, as shown in figure 12(a). Small platelet-type metallic wear
debris particles are subsequently produced, as shown in figure 12(b).

CONCLUS IONS

The following conclisions are drawn from the presented data:

1, The coefficient of friction increases with increasing temperature to
350° C in vacuum. The increase in friction is due to an increase in adhe-
sion resulting from surface segregatiry of boric oxide and/or silicon oxide
to the surface of the foil,



Above 500° C tbe coefficient of friction decreased rapidly. The
decrease correlates vith the segregation of boron nitride to the surface.

Contaminants can come from the bulk of the material to the surface
upon beating and impart to the surface boric oxide and/or silicon oxide at
350° C and boron nitride above 500° C. The segregation of contsminants is
responsible for the friction behavior.

2. The amorphous alloys have superior wear resistance to the crys-
talline 304 stainless steel.

3. The relative concentrations of the various constituents at the sur-
faces of the amorphous alloys are very different from the nominal bulk
compositions.

4, It is indicative that the amorphous alloys are not completely amor-
pbous, but contain extremely small crystallites of approximately a few
nanometers (1.5 to 4 om) ia size.

5. The microstructure of crystallized amorphous alloy contains dark and
light aingle-crystal grains as revealed by transmission electron micro-
scopy. The dark grains contain considerably less silicon than do the light
grains.
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TABLE I. - PROPERTIES OF AMORPHUUS ALLOYS

Ailoy Crystallization | Density, | Hardness, |Ultimate Bend
composition tempera:ure, g/cm GPa tensile |ductility,®
°c strength, €
Fe670018314811 430 7.56 10 1.5 1
Feg1B13,55i3.5C2 450 7.3 10.3 .7 9x10~3
Fe,oNijgMo,Byg 410 8.02 10.5 1.38 1

8 = t/(d-t), where t

bend fraccure.

is ribbon thickness and d

TABLE II. - COMPOSITION OF AMOXPHOUS
ALLOY SURFICIAL LAYER

{Nominal bulk composition,® wt percent:
Feg7Co18B145i); nominal bulk composi-

tion, at. percent:

F342C011346Si1;]

Treatment Compositinn on surface,
at. percent
Argon ion sputtering Fe,qCo4B1751¢Cq05
Heating to 357° C Fe52Co11b18514Cg05
Heating to 750° C Fes,CogB19SisCg05

8Manufacturer's analysis.

TABLE III. - COMPOSITION ON ARGON-SPUTTER-CLEANED

SURFACE LAYER OF AMORPHOUS ALLOY

is micrometer spacing at

Nominal bulk composition

wt percent?

at. percent

Composition on surface,
at. percent

FegyCo1gB 451y Fe,2C011B4651)
Feg)B13,5513.5C2 Fe,8842514Ce
Fe,oNijgMosB1g Fey3NijjmoBss

Fe,9C014B17516C905
Fe,3815818C21014

Fe)gNipgMo1B24C15014

8Manufacturer's analysis.




TABLE 1V,

- SURFACE OF AMORPHOUS ALLOYS

Adsorbed film

of oxygen
and carbon

Small amount
of oxides
and carbides

Boric oxides

migrated from
bulk

Small amount of
carbides

Alloy Surface
composition -
As received Argon sputter | Heated to 350° C | Heated to 750° C
cleaned
Fe67c°185165i1 Oxides of Fe, | Alloy Alloy Alloy
Co, B, S1,
and C
Adsorbed film | Small amount Boric oxides Boron nitride
of oxygen of oxides and silicon migrated from
and carbon and carbides oxides migrated bulk.
from bulk
Small amount of Very small
carbides amount of
boric oxides
and silicon
oxides
Fe81813.58i3.5C2 Oxides'of Fe, | Alloy Alloy Alloy
B, Si, and C
Adsorbe4 film | Small amount Boric oxides Boron nitride
of oxygen of oxides and silicon migrated from
and carbon and carbides oxide migrated bulk
from bulk
Small amourt of Very small
carbides amount of
boric oxides
and silicon
oxides
Fe‘,‘oNi”MoaB18 Oxides.of Fe, | Alloy Alloy Allny
B, Ni, Mo,
and B

Boron nitride

migrated from
bulk

Very small
amount of
boric oxides




TABLE V.

- SOLUTE-IRON CONCENTRATION RATIO
OF BULK OF AN AMORPHOUS ALLOY HEATED TO
500° OR 750° C IN VACUUM (10 nPa)

(a) Heated to 500° C

Structure
Constituent |Dark grain |Light grain |Mixed area
Solute-iron conceatration ratio
Fe 1 1 1
Co .3 A .36
Si .001 .02 .008
(b) Heated to 750° C
Fe 1 ! 1
Co .32 44 .37
Si .001 .02 .008
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Figure 2. - Representative Fegy, Cogy, Byg. Sigp. and Cj¢ XPS u3ts on FegrCoigBy4Si) surface.
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Figure 3. - Typical microstructure and electron diffraction pattern of an
amorphous alloy (Fe67C0188145i1).

Figure 4. - Typical microstructure and diffraction pattern of an amorphous
alloy (Feg;Co B, 4Si}) heated to 500" C in vacuum (10 nPa).
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Figure 5. - Microstructure and electron diffraction pattern of an amorphous
alloy (FegzCoy8B14Siy) heated to 750 C in vacuum (10 nPa).

(c) MICROSTRUCTURE.

g Oark gain

Figure 6. - Energy-dispersive X-ay profile of a metallic

glass (Feg7C01gB14Si1) heated to 750° C in vacuum
(10 nPa).
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Figure 7. - Coefficient of friction as a function of temperature for
aluminum oxide slidingon Feg7C01gB14Si;. Feg)By3 5Si3 5Co.
and FeyoNigMo,B; g in vacuum. Normal load, 0.2 N; sliding
velocity, 3 mm/min; vacuum, 10 nPa.

Figure 8. - Scanning electron micrograph -~ /04 stainless steel wear surface,
Pin, 6.4 millimeters diameter aluminum oxide sphere; load, 2.5 newtons;
dry sliding in an argon atmosphere; sliding velocity, 3.3 millimeters per
second; room temperature.
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Figure 9. - Coefficient of friction as a function of sliding
time for Feg7 Co]8 B14 Si1 amorphous alloy and 304
stainless steel in a laboratory air atmosphere. Pin,
3,2 mm diameter 2luminum oxide sphere; load, 2.5N;
sliding velocity, 1. 5 mm/sec; room temperature; rel-
ative humidity, 40%.
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(a) FegyCoygB14Sii -

(b) 304 stainless steel.

Figure 10. - Scanning electron micrographs of wear track on Fe67Coqul4Si1
amorphous alloy and wear track on 304 stainless steel. Pin, 3.2 millimeters
diameter aluminum oxide sphere; load, 2.5 newtons, sliding velocity, 1.5
millimeters per second; sliding distarce, 27 metars; room temperature;
laboratory air atmosphere; relative humidity, 40%.
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(a) Powdery debris.
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Figure 11, - Scanning electron micrographs Jf powdery and

whiskery wear debris particles produced on F%67Co}8-
B14Si amorphous alloy. Pin, 3.2 millimeters diameter
afluminum oxide sphere; sliding velocity, 1.5 millimeters
per second; load, 2.5 newtons; sliding distance, 27
meters; room temperature; laboratory air atmosphere;
relative humidity, 40%.



ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

(a) Cavity.

(b) Wear debris.

Figure 12. - Scanning electron micrographs of wear track on 304 stainless
steel. Pin, 3.2 millimeters diameter aluminum oxide sphere; load, 2.5
newtons; sliding velocity, 1.5 millimeters per second; sliding distance,
27 meters; room temperature; laboratory air atmosphere; relative
humidity, 40%.
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