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ABSTRACT 

'rhe sical and mechanical properties of iron powder blended 

with a hard intermetallic , Ni , were studied in the 

as~sintered condition. 

The influence of the on the wear tests was investigated 

us a isk ,vear test machi.ne, 'l'he var iables affecting the 

of this have been exper determined. 
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The need to control the wear of materials is important now more 

than ever before because of the importance of greater conservation 

in energy and materials, with the advent of new energy systems, such 

as coal liquefaction and gasification, there is a need for materials 

that will withstand their extreme operating conditions, These materials 

need to functIon at temperatures, in corrosive and erosive environments. 

The study of wear was initially restricted to minimizing friction 

by lubricants. this constitutes only part of the field of research, 

referred to as tr 1 

Dur the forties and fifties, inc interest was devoted 

to the microevents dur wear, Theoretical models were developed 

for the wear of surfaces under relative sliding, Some of these models 

still form the basis of current theories and are summarized in a stand~ 

ard work 
? 

BOI"den and Tabor. ~ In the 1960 i s the is of wear 

search was on experimental verifications of suggested hypotheses. 

Materials such as cemented carbides and sed oxides have 

been used in wear resistant for years. Cemented carbides, 

sed oxides and supera have been tried and tend to wear 

excess in the new energy 
3 

Cemented carbides and dispersed oxides are products of powder 

metallurgy. consist of hard particles in a softer binder matrix. 

bide~cobalt, the maximum ing temperature is 

, the limitation is the cobalt matrix. For Steel~Bonded Titanium 

Carbide, the maximum operating ture is 420oC. At this temperature 
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the steel matrix softens rapidly. Dispersed oxides are also limited 

by the temperature effects on the matrix. 4 

With carbides and oxides, there is no metallurgical bond with 

the surrounding matrix. Without this bond these particles tend to 

dislodge from the matrix and act as abrasive particles. These particles 

can be dislodged by softening or structural change of the matrix at high 

temperatures, by the matrix around the particles being worn away, 

or by cyclic stresses on the surface thereby loosening the particles 

in the matrix. S 

Another addition to the list of wear resistant materials in recent 

years, is the use of hard intermetallic compounds. The commercially 

available, hard intermetallic compounds can be dispersed in various 

matrices, giving a variety of properties. Intermetallic compounds 

have the advantage of being able to metallurgically bond to compatible 

matrices, therefore improving the composite's wear properties. 

At a hardness of approximately 1100 VHN (Vickers Hardness Number) , 

the intermetallic dispersed phase is softer than the common wear~resistant 

additives of carbides and oxides, of approximately 2000 VHN. Therefore, 

under selective operating conditions the carbides and oxides would 

perform better than hard intermetallics. 

The first stage of the investigation involved the selection of 

materials with desirable characteristics, to be adaptable to a wide 

range of service requirements. The materials selected were in the 

ternary Nickel-Titanium~Silicon system and they provide hard phases 

with desirable properties to be dispersed in appropriate metallic 

matrices. This alloy system contains seveval ternary intermetallic 
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, 
compounds, of which the G, G , V, E and F phases all have desirable 

properties. 6 

For this investigation, the compound studied was the GO Laves phase 

with a composition corresponding to Ni3Ti2Si, This compound was selected 

because: 

1, It is a hard phase ~ 1000 Vickers hardness, 

2, The component elements impart good corrosion resistance, 

3, It has good high temperature stability, 

4, It interacts with selected matrices, to form a broad diffusion 

layer, thus providing good metallurgical bonding, 

For this investigation, the composites consisted of G' particles 

d sed in an iron matr ix, This matr ix was chosen for the initial 

study because friction and wear studies of sintered iron, and composites 

of the commercial intermetallic additive dispersed in an iron matrix, 

have been previously documented,7,8,9,lO This commercial product 

! 
has the same structure as the G phase, and became the standard, against 

ltlhich the new mater ial was judged, 

The composition studied was iron plus 20% by weight G' phase, 

The influence of the morphology on the wear resistance of this com~ 

posite was observed. The variables used in controlling the morphology 

of the G' sed in the iron matrix were the sintering time 

and 

To measure the wear rates of this material, a wear test machine 

was red, The first part of this project involved the design 

and construction of a pin~on~disk friction and wear test machine, 
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II. WEAR MECHANISMS 

Wear can be defined as the progessive loss of substance resulting 

from mechanical interaction between two contacting surfaces. In general, 

these surfaces will be in relative motion, either sliding or rolling, 

and under load. Wear occurs because of the local mechanical failure 

of highly stressed interfacial zones, and the failure mode often will 

be influenced by environmental factors. Surface deterioration can 

lead to the production of wear particles by a series of events, charac~ 

terised by adhesion and particle transfer mechanisms, or by a process 

of direct particle production: similar to machining, or a surface 

fatigue form of failure; or by chemical reaction with the surface. 

The four mechanisms are referred to as adhesive, abrasive, fatigue 

and corrosive wear, and are the four most important. 

The terms cohesion and adhesion, refer to the ability of atomic 

structures to hold themselves together and form surface bonds with 

other atoms or surfaces with which they are in contact. Two clean 

surfaces of similar crystal structure will adhere strongly to one 

another simply by placing them in contact. In practice, this gen

erally does not occur because of surface contamination. Measurable 

adhesion is only shown when the surfaces are loaded and translated 

with respect to each other r causing the surface films to break up. 

Plastic deformation frequently occurs at the contacting areas under 

high loading; this greatly assists with the disruption of the oxide 

films .11 

The actual establishment of a bond is only the first stage of 

this wear mechanism. The bonded region may be strengthened by work 
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hardening, shear may occur within the body of one of the two surfaces, 

thus allowing a fragment of material to be transferred from one surface 

to another. 12 See Figure 1 for a simplified picture of adhesive wear. 

Quantitative laws for adhesive wear have been developed, and are 

used by designers to predict adhesive wear rates. 13 The simplest 

and oldest adhesion model for wear was advanced by Archard. 14 

Abrasive wear can be caused either by hard abrasive particles 

entrapped between two Sliding surfaces, or by the asperities of a 

hard surface sliding on a soft surface, The mechanism of abrasive 

wear consists of material removal, by cutting of the surface by hard 

loose particles or asperties on the mating surface as shown in Figure 2. 

The abrasive wear volume is, to a first approximation, proportional 

to the normal load and the distance slid, and inversely proportional 

to the hardness, This approximation was developed by Rabinowicz. 15 

Many wear processes change into abrasive wear when loose wear particles 

are generated. 

The wear mechanism can operate under sliding wear conditions, 

tend to occur more predominantly in rolling contact where the 

strE~sses are and is small. The fatigue wear mechanism gives 

rise to p or spalling of bearing surfaces. 16 The mechanism 

is closely related to the failure mechanism of fracture and fatigue 

in bulk materials. Stress in the material builds up as a result of 

the contact stresses until the material suddenly fractures, starting 

from an initiat crack near the surface, a sizeable wear fragment 

is formed as a result of this process. 
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Corrosion wear is not a material removal process: that is in 

the same sense as adhesion, abrasion, and fatigue are, because corrosion 

is the degradation of a surface by chemical means. 

Many wear processes start with adhesive and fatigue mechanisms, 

but the fact that wear processes lead to the generation of debris, 

inevitably means that there is always a possibility that it may change 

to one of abrasion. The corrosion mechanism may enhance the other 

mechanisms during the wear process. 
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III • MATERIALS AND EXPERIMENTAL METHODS 

Characteristic of the elemental iron powder used in this 

study, are shown as manufacturer's data in the following table. 

The characteristics of the commercial intermetallic compound used 

in some specimens are shown in Table 1, page 32. 

Chemical Analysis ~ Cu 
C 
S 
P 
Mn 
Si 
Fe 

H2 loss 

Screen analysis 

Flow time 

-80 + 100 
~lOO + 150 
~150 + 200 
~200 + 250 
-250 + 325 
--325. 

Density 

Fe* 

0.0 
0.01 
0.01 
0.005 
0.2 
0.02 
Balance 
0.12 

2.0 
14.0 
22.0 
10.0 
22.0 
30.0 

2.95 g/cm3 

25 sec/50g 

*EMP atomized, grade 300 m, Lot #1455, A. O. Smith Company 
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The Nickel - Titanium - Silicon alloy was cast into an ingot, 

which was crushed and then ball-milled in hexane to a mesh size 

of -400. An x-ray examination showed the alloy to be an intermetal-

I lic compound wih a structure of Ni3Ti2Si: the G phase of this 

ternary system. The composition of this phase, in atomic percent, 

is 58.70% Nickel, 31.90% Titanium, and 9.36% Silicon. The measured 

density was 5.71 g/cm3 • The compound had a silvery luster and 

was very brittle. 

The powders were weighed to the desired composition, and then 

tumble blended together with alumina pellets for 24 hours. The alu-

mina pellets sufficiently broke up agglomerated powders and aided in 

producing a uniform powder mixture. After blending, the mixture of 

powders was pressed in a single acting steel die, using a hydraulic 

press to obtain the desired specimen shape. The powders were 

compacted to a pressure of 6.90 x 108 Nt/m2 (100,000 psi) , and 

held under pressure for over one minute to allow for outgassing. 

All die surfaces were lubricated before each compacting process. 

The lubricant used was a mixture of 100 gm. of zinc stearate 

in one liter of methylchloroform (1.1.1 - trichloroethane). 

After the die-compacting process, the compacts were then isostati-

cally pressed to a pressure of 6.9 x 108 Nt/m2. The second compact-

ing process was done to obtain a more uniform green density. 

For the isostatic compaction, the specimens were sealed in a 

flexible container and held under pressure for over one minute. 
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c. Sinter 

All samples, after the compacting processes, were sintered in 

a vacuum furnace (Brew Company). The samples were sintered in alu~ 

minum oxide crucibles and were set at the middle of the furnace 

hot zone. 

A platinum ~ rhodium "Type Sn thermocouple ,vas used to measure 

the sinter ture. This thermocouple was also set at the 

middle of the furnace hot zone in the crucible containing the 

sample, but not in direct contact with it. 

D. Dens 
~~~~~~~~~~~~~M~~ 

All of the had the ir density measured by a volume dis~ 

method. Before immersing the samples in the distilled 

were first vacuum impregnated with epoxy resin, which 

filled up the pores to the penetration of water into 

the 

Our ng imme.rsion, the samples were held in a wire cage with 

the cage 

influenced the we 

by a thin wire. The interaction of surface 

wire and the water's surface, 

measurment of the immersed samples. To 

reduce this surface tension, a few drops of Kodak 200 Photo flow 

solution were added to 100 ml of distilled water .17 

All for metallographic examination 

mounted in Bake1.ite. After the samples were mounted, they 

were abraded on silicon carbide papers down to 325 grit, then 

abraded on emery paper to 4/0, and at that time carefully polished 
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on a l~ diamond wheel. They were then finally micropolished 

with 0.05 micron, Leco Finish~Pol, to remove any pieces of diamond 

impregnated in the surface. 

This technique gave satisfactory resolution of the polished 

surface at lOOOX under the optical microscope. Before examination, 

the samples were etched with a solution of one part Marble's 

solution to twenty parts distilled water. with this solution, 

the etching time was usually about 10 - 20 seconds, depending 

on the sample. 

Scanning electron microscopy (SEM) and EDAX (Energy Disper

sive Analysis of X-Rays) were used to distinguish the phases 

present. 
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IV. FRICTION AND TEST MACHINE 

A. Test 
~--"~~~~~~~~ 

'rhe fr iction and wear test machine designed and constructed 

at the Materials and Molecular Research Division, was of the 

pin~on~~disk type. 

The active components of the machine are a straight pin, 

being the test material of circular cross~section and flat at 

ends, a rotating disk. Figure 3 shows the pin 

and disk wear surfaces. The pin is supported parallel to the 

axis of the disk, with the aid of a holder. The holder is sup

the load arm, which can rotate in two directions around 

one , using a gimbal system. This arrangement allows a 

load to be transmitted to the pin, and the frictional force to 

be transferred to a measuring device. At one end of the load 

arm is the counterbalance weight, this can be adjusted to balance 

the load arm with the specimen attached. At the other end of 

the load arm is mounted the applied weight. The friction force 

tween the and disk is measured with the aid of strain gages 

mounted on a beam, which also prevents the load arm from swinging 

off of the disl,: during a test. Figure 4 shows the component 

parts to the test apparatus. 

isk of friction and wear test machine offers 

the most convenient way of controlling the important test parameters 

for a friction and wear test, namely: 
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1. sliding speed 

2. normal force 

3. sliding distance 

The relative sliding speed between the pin and disk is con

trolled by the angular velocity of the disk, which is directly 

driven by an electric motor. The motor is a DC variable speed 

unit with a feedback speed control system, to compensate for 

fluctuating loads. With this motor, the test apparatus can run 

tests at various sliding speeds from 0.1 m/sec to 50 m/sec. 

The normal force on the specimen is controlled by the mass 

of the applied weight mounted on the load arm. With the motor's 

torque and power rating, the machine can make tests of up to 

18 kg load on the specimen. Since there is a counterbalance 

on the load arm, very small loads can be applied to the specimen 

accurately. 

The sliding distance for a test can be controlled by selecting 

the duration of a test, at a specific sliding speed. 

Several views of the friction and wear test machine are 

shown in Figures 5 through 7. 

B. tation 

To measure the sliding speed, fr ictional force v and specimen 

equilibrium temperature, various instruments were used. The 

sliding speed is a function of the motor rpm; the motor rpm is 

monitored by measuring the output from the tach~generator that 

is connected to the motor. To monitor the frictional force, 

the strain gage assembly is connected to a Tektronix Q~Plug unit 
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amplifier; the output is continuously recorded with the aid of 

a Clevite~Brush Mark 220 pen recorder. The specimen equilibrium 

is measured by means of a thermocouple pressed into 

a hole in the pin, 2.5 rom from the wear surface, at the beginning 

of a test. These instruments, and the test machine, are shown 

in 8. A schematic of the instrumentation is shown in 

9. The details of the test are shown in Figure 10. 
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V. WEAR TEST APPROACH 

A. Test Procedure and Conditions 

All tests were conducted in air, under unlubricated conditions. 

The pins (specimens) were ground to a surface finish of 1.00 

micron center line average (c.I.a.) and were ultrasonically cleaned 

in acetone. The wear disk, which the wear specimens 

were rubbed, was made of AISI 52100 bearing steel. The disks 

were hardened to a Rockwell "c" hardness of 55~60, depending 

on the particular disk used. The disks were ground to a surface 

finish of c.I.a. O.405~O.611 microns, and then ultrasonically 

cleaned in acetone to remove any traces of lubricant. 

The ambient temperature dur ing the tests was 22~27oC, with 

a relative humidity of 55 ~ 70%. The tests were conducted at 

a relative sliding speed of 2 ms~l, and a contact pressure of 

19.8 kgf cm-2 . The test durations were usually 2 hours in length. 

The dimensions and weight of the specimen and disk were 

measured before, half~wayv and after each test. Wherever possible, 

the standard res at the international cooperative 

wear test program were followed. IS For a step-by-step procedure 

of a test, see the Operation Manual in the Appendix. 

B. Basis for Test Conditions 

The basis for selecting the test conditions, namely the 

applied load and sliding speed, was that of using similar conditions 

from other wear studies of similar materials,19,20 The applied 

load was higher than that used by others, but to emphasize the 

wear of the materials being studied, an excessive load was applied. 
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This excessive load imulated conditions 

for this of mater: 
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VI. RESULTS AND DISCUSSION 

A. Process 

For the composite of G
U 

phase dispersed in an iron matrix, 

the desired microstructure would be the hard G' particles with 

a broad diffusion band around them, with these particles being 

dispersed evenly throughout the matrix. Along with these desired 

features, a density close to theoretical would be important. 

It has been found that sintering time and sintering tempera-

ture are of great importance in the morphological control of 

u 
the G phase dispersed in the iron matrix. Not only are the effects 

of these two variables visible in obtaining the amount of diffusion 

between the particles and matrix, but also in the porosity of 

the final product. Both of these effects influence the wear 

properties of this material. 

For the composition studied, three different sintering times 

and temperatures were tr The sintering temperatures used 

were lOOOoC, 1l50oC, and 12500 C. The sintering times at these 

temperatures were 15, 30, and 60 minutes. Also a set of samples 

were stUdied that had been arc-melted in a vacuum arc-furnace 

and then homogenized at l1500 C, under vacuum, for one hour, 

See Table II for the sintering s used on the wear samples 

tested. 

B. Particle and Matrix raction 

The green compact (no sintering) of the material shown in 

Figure 11, shows fair distribution of the G' particles with the 

coarse iron particles, 
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itz miniload hardness tester, with 100 gram 

compacts 

i 

material were measured. After sintering, 

hardness oE 80VHN, vi/hieh is had 

a much h hardness 

the G
U 

icles and 

and 

the formation of the ical 

the matrix. The 

in size of the G' icles 

The iron matrix was solution 

i1:tcon from the G i 

tion is shown with composi~ 

the sinter 

also shows that at the sintering 

around 

'('he efE,,:ct is also 

for one hour and arc~ 

, the structure contained no more 

almost diffusion of the 

sinter 

tb_at~ no te G' ticles exist, but 

UC1:U is formed. For the arc~melted 

uct:ure is similar to that 

~['he ions given the EDl"'){ x~ray 
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analyses, are also very similar. The microhardness of both of 

these materials was 490 VHN. 

These structures, without the hard particles present, are 

undesirable because of their wear properties. 

See Table III for the general hardness of all the samples 

tested. 

c. Densification 

For the composition studied in this project, the green densi~ 

ties were approximately 90% of the theoretical density. They 

were this high because of the double compacting process. The 

sintered densities varied with sintering time and temperature, 

and are shown in figure 17. See Table III for a list of densities 

of all the samples. 

A swelling of the compacts occurred when sintered at l150oC~ 

this explains the reduction in density when sintering at this 

temperature. A small amount of liquid phase occurs at this temperature, 

and may have penetrated into the grain boundaries causing them 

to separate, thus resulting in increasing the volume of the spe~ 

cimens. An increase of 10% was measured in the dimensions after 

sintering at l150oC. Figure 14, shows a series of specimens 

sintered at 11500 C for various times; these show good bonding 

around the G' phase particles. 

For the compacts sintered at 1000oC, there was no swelling; 

in fact there was a slight reduction in dimensions. At this 

temperature, the sintered densities were a little higher than 

the green density, as shown in Figure 17. In figure 13, the 
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photomicrographs of this series may be misleading because they 

seem to show a amount of 

been locations of hard G
i 

process, they may have been 

Experimental evidence has 

These pores may have 

icles, but during the polishing 

out. 

the concept that pores 

of small size, do not act as internal crack nucleation sites, 

but can do so for external free surfaces,22 For higher porosity, 

the micromechanisms of fracture is related to the coalescence 

of pores. 23 This results in material removal, 

D. :!?r iction Wear 'rests 

Fr lction and wear tests were conducted on three different 

materials: sintered iron, iron 22 w/o*commercial additive, 

and iron 20 'l'able IV gives a summary of all 

the IIlear tests conducted in this invest ion. 

The friction and wear tests were conducted on sintered iron 

to compare the results IIlith other , and to use as a compari-

son for other materials tested. The results compared favorably 

with other studies of sintered iron,24,25 
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The tests conducted on the iron plus the commercial additive, 

were also used as a comparison for the iron plus G
fi 

phase material. 

This material was sintered using the manufacturer's recommendations, 

Figure 18 shows a photomicrograph of the iron plus the additive, 

Tests conducted elsewhere on this material, were subject to different 

test conditions. 26 

, 
For the iron plus G phase, there were three series of tests 

made, all of which used different sintering processes. They were 

sintered at 11500 C, sintered at lOOaoC, and arc-melted. For 

the samples sintered at 11500 C, the wear rate as a function of 

sintering time, is given in Figure 19, Figure 20 gives the coeffi-

cient of friction from the tests, as a function of the sintering 

time of the samples, 

An immediate observation from the friction and wear tests, 

is that the coefficient of friction changes slightly while the 

wear rates varied by orders of magnitude. 

This condition has been documented by other experimenters 

who state that for most metal combinations, the coefficient 

of friction is usually between 0,5 and 1,5, while the wear rates 

may vary by orders of magnitude,27 

The wear rates for all the materials tested in this project, 

are graphically shown in Figure 21, For the series of iron plus 

G' phase sintered at 11500 C, there was an increase in the wear 

rate by orders of magnitude between the samples sintered for 30 

minutes and 60 minutes, This was caused by the different wear 

mechanisms involved in each, The series of samples that were 
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arc~melted wore excess fast like that of samples sintered 

at for 60 minu tes, 

The type of wear debris collected during a wear test, gives 

a good indication of the wear mechanisms involved, An x~ray 

analysis of wear debris from one of the tests! showed a mixture 

of iron oxide and base material, the iron oxide was a dark gray 

to black in color, and was a fine powder. For all the tests 

conducted! those of iron G
i 

that were sintered 

at 115 for 60 minutes and those that were arc-melted, similar 

wear debris was observed, 

F'igure 22a, shows a wear pin after a wear test, The dark 

areas are a of iron oxide, 

wear debris collected from this pin, 

The wear debris collected dur 

22b shows some of the 

the tests of the samples 

that were sintered at 115 for 60 minutes and that were arc~ 

mel ted were very imilar, 'rheir debr is had a silvery luster, 

and were in size than the oxide debris, 

Under metal to metal sliding conditions, the fr ictional 

heat of the surfaces causes oxides to form, the hard stable 

oxides form a wear-resistant The formation of this hard-

ened surface is instrumental in reducing wear rates of sintered 

metals,28 

The wear mechanisms involved in all the tests are a combina~ 

tion of the four mechanisms discussed in an early section; the 

of each mechanism may be different, Since this in~ 

vest 'Vlas not an intensive study of the wear mechanisms 
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involved, only speculative conclusions on the wear mechanisms 

involved can be given. The wear mechanisms that took place on 

the samples that form oxide layers, may have been adhesive wear 

of the exposed pin material, and abrasive wear from the loosened 

oxides and pin material. This is similar to results obtained 

by Amsallem, Gaucher and Guilhot, on their study of sintered 

iron. 29 

The wear mechanisms that might have been involved for the 

samples that produced no oxides and wore excessively fast, are 

adhesive wear that produce the large particles, thus causing major 

abrasive wear. 

In this investigation, the important results of the wear 

tests are that the Fe + 20 wlo G' material is more wear resistant 

than the Fe + 22 wlo commercial additive under these wear test 

conditions. Figure 21, shows how the wear rates of these two 

materials compare. 
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VII, CONCLUSIONS AND RECOMMENDATIONS 

A. Conclusions 

1. At a sintering temperature of l1500 C, a large amount 

of interdiffusion between the hard G' particles and 

iron matrix occurred. This interdiffusion produced 

softening of the particles and hardening of the matrix. 

Also at this sintering temperature, complete bonding 

around the entire particle occurred. 

2. Swelling of the compacts is observed during sinter.ing 

at 11500 C. Both diffusion and boundary penetration 

contributed to the swelling of the compacts. 

3, At a sintering temperature of lOGOoC, little interdiffu-

sion occurred, but a small diffusion band around the 

hard icles was formed. This diffusion band was 

not distributed completely around the particles, With 

this limited interdiffusion, the G' particles remained 

much harder than the iron matrix. 

4. The friction and wear results of sintered iron are con-

sistent with other published data, as previously men-

tioned. This indicated the friction and wear test ma-

chine used is consistent with other existing friction 

and wear test machines. 

5, The wear resistance of Fe + 20 w/o G' is greatly de-

on the thickness of the diffusion band around 

the hard particles. When the material was arc-melted 

and no discrete hard particles remained, it wore ex-
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cessively fast, However, when the material was sintered 

at IOOOoe and llSOoe, the hard particles, with some 

bonding to the matrix existing, provided much better 

wear resistance. 

6. A definite improvement in wear resistance of sintered 

iron was observed when hard particles, either the commer-

i 
cial additive or the G phase, were dispersed in the 

iron matrix. For the same friction and wear test conditions, 

the wear rate of Fe + 20 wlo G' was one-fifth that of 

the Fe + 22 wlo commercial additive, This gives a good 

indication that using the dispersed G
i 

phase does have 

definite potential of an excellent wear resistant 

materiaL 

B. Recommendations 

L Further investigatons into the improvement of the wear 

i 
resistance of the G phase dispersed in an iron matrix, 

would include other sintering times, temperatures, and 

mixing processes. The sintering temperatures that should 

be tried next, are l050 0 e and 1l00oe at various sintering 

times. Possible changes in the mixing process could 

be to lengthen the tumble mixing duration. Another 

possibility for improving the wear resistance, would 

be the determinati.on of the optimum amount of the hard 

phase compound. 

2. A possible method to improve the microstructure, would 

be to use a diffusion retarder. This would slow the 
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diffusion process between the G
i 

particles and the iron 

matrix, and thus permit longer sintering times to improve 

the densification and bonding. If a small percentage 

i 
of the constituent elements from the G phase, that 

is, nickel, titanium and silicon, were mixed in with 

the iron , then this would act as a diffusion 

retarder. 

3, The possibilities of this hard phase being dispersed 

in other meta lHc matr ices, such as high nickel alloys, 

should also be investigated. This investigation may 

lead to a mater ial to other service conditions. 
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APPENDIX 

OPERATION PROCEDURE 

I, Specimen Preparation ~ See Figure 10 

1, Grind wear surface to specific roughness, 

2, Ultasonically clean in acetone and dry, 

3. Measure dimensions 

a. Length 

b. Diameter 

c. Depth of thermocouple hole 

4, Measure weight 

II. Disk Preparation 

1. Grind surface to specific roughness. 

2. Ultasonically clean in acetone and dry. 

3. Measure thickness 

4. Measure weight 

III, Instrumentation Hookup ~ See Figures 8 and 9 

1. Turn power on to oscilloscope, chart~recorder, Q-Plug unit~ 

power supply, and thermocouple indicator, 

2, Connect Strain-gage plug into Q-Plug unit. 

3. Balance Q~Plug by following the Tektronix Q~Plug Unit Operation 

Manual. 

4, Connect thermocouple to thermocouple indica tor. 

IV. Apparatus Set-Up - See Figure 4 

1, Mount specimen in sample~holder with grinding direction 

leI to direction of motion of the disk at contact position, 

2. Adjust sample holder in load arm so that load arm is hor izonta 1. 
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3, With applied weight off and counterbalance weight on the 

load arm, ust counterbalance Itleight so that load arm 

is balanced through the pivot~point. 

4, Mount desired applied weight, making sure weight is centered 

on weight holder pin. 

5, Position shield around wear disk, 

6, 

7, 

Connect 

Place 

to load arm, 

sample holder and into specimen, 

V, Calibration of Stra 

L 

2, 

Zero force 

switch on 

on chart recorder, using vertical position 

Unit, Be sure that strain-gage assembly 

is in neutral position. 

dead we pulley asse~bly using cable, Attach 

the cable to the set~screw on load arm and thread through 

, then down 

we t. 

hole in the table top and hang 

3, Record force on chart recorder, 

VI. Star of r['(~st 

1. Start chart recorder at desired chart speed. 

Lift specimen (load off of wear disk, 

3. Turn on motor control unit and set desired speed, using 

5, 

tor voltmeter. 

Lower specimen (load 

go of load arm. 

onto moving wear disk and let 

Start tak needed test data. 
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6. Adjust dash-pot to eliminate excessive load arm lateral 

vibration. 

VII. Shut-down of test 

1. Lift specimen (load arm) off of moving wear disk. 

2. Turn off motor control unit. 

3. Remove specimen. 

4. Clean-up. 
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Tribaloy 400 

Elemental composition ~ Wt. % 

Co Mo 8i 
6z 28 2 
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TABLE I 

The Laves phase is present as a close~packed hexagonal 
compound of cobalt, molybdenum, and silicon. 

Melting temperature 2250-2900oF (1230~1590oC) 

Density 0.325 lb/in3 (9.0 x 10 3 kg m3) 

Ultimate tensile strength 

Laves Phase 

Vol. % 
~--50 

At 70 F (21 °C) 
At 1500 F (816oC) 

100,000 psi (690 MN/M2) 
90,000 psi (620 MN/M2) 

Hardness: 

Laves phase: 1000 - 1200 VHN 
Overall: Rockwell C 50 - 60 



Compaction Sinter Sintering Vacuum Wear 'fest 
Pressure Temperature Time 

Fe 60 3 X I, 2, 3 5 

Fe + 20 'iI/o G" 100 125() 60 4 X ----------

Fe + 20 G' 1150 15 6 X 12, 13, 14, 20 

Fe + 20 'ii/a G' 100 1150 30 6 X 10-'0 7.f 8 9 

Fe + 20 'ii/a 100 1150 60 5 X 10, 11, 19 

Fe + 20 'ii/a G' 100 1000 15 5 X --------- tN 
tN 

Fe + 20 'iI/o G' 100 1000 30 5 X 24, 25, 26 27 

Fe + 20 'ii/a G' 100 1000 60 4 X ---------

Fe + 20 'ii/a G' 100 Arc-melted -------- 21, 22, 23 

Fe + 11 'iI/o 
Commercial Additive 100 1150 60 3 X 10-6 4, 6 

Fe + 22 'ii/a 
Commercial Additive 100 1150 60 4 X 15, 16, 17, 18 



TABLE III 

% Theoretical Hardness Wear Test 
Sinter Density Rockwell Numbers 

Fe 7.04 89.4 RB55 1, 2, 3, 5 

Fe + 20 w/o 
(1250, 60) RB70 ---------

Fe + 20 w/o G' 
(1150, 15) 5.71 78.2 RB7 0 12, 13, 14, 20 

Fe + 20 w/o G' 
(1150, 30) 5.91 80.8 1, 8, 9 

Fe + 20 w/o 
(1150, 60) 6.21 85.8 10, 11, 19 

tN 
-"" Fe + 20 w/o 

(1000, 15) 6.85 93.7 ---------

Fe + 20 w/o G' 
(1000, 30) 6.18 93.0 RB55 24, 25, 26 27 

Fe + 20 w/o G' 
(1000, 60l 6.11 92.6 ---------

Fe + 20 w/o G' 
(Arc-melted) 7.31 100 Rc37 21, 22, 23 

Fe + 11 w/o 
Commercial 7.24 90.8 RB20 4, 6 

Fe + 22 w/o 
Commercial 6.95 85.8 15, 16, 17, 18 



Test 
No. 

1 

2 

3 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Fe 

Fe 

Fe 

Fe + 11 w/o T-400 

Fe 

Fe + 11 w/o T-400 

Fe + 20 w/o 

Fe + 20 w/o G' 

Fe + 20 w/o 

Fe + 20 w/o G' 

Fe + 20 w/o G' 

Fe + 20 w/o G' 

Fe + 20 w/o G' 

Fe + 20 w/o G' 

Fe + 22 wlo T-400 

Fe + 22 wlo T-400 

Fe + 22 wlo T-400 

Fe + 22 w/o T-400 

Fe + 20 wlo G' 

Fe + 20 wlo G' 

Sintering 
Time ,Temp. 

1150, 60 

1150, 60 

1150, 60 

1150, 60 

1150, 60 

1150, 60 

1150, 30 

1150, 30 

1150, 30 

1150, 60 

1150, 60 

1150, 15 

1150, 15 

1150 15 

1150, 60 

1150, 60 

1150, 60 

1150, 60 

1150, 60 

1150, 15 

Normal 

19.8 

19,8 

19.8 

19,,8 

19,8 

5,40 

19,8 

19.8 

19.8 

19,8 

19.8 

19.8 

19,8 

19,8 

19,8 

19,8 

19.8 

19.8 

19.8 

19.8 

SU~Y OF WEAR TESTS 

Sliding 
Speed 

2 

2 

2 

2 

:2 

2 

2 

:2 

2 

:2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Test 
Time 

1 

2 

2 

0.28 

1 

2 

2 

2 

2 

2 

2 

1 

2 

2 

:2 

:2 

0.50 

2 

2 

2 

Wear 
Rate 

28.5 

23.0 

6.34 

368.4 

15.8 

4.59 

2.00 

5.63 

1.53 

45.7 

40.1 

64.6 

1.58 

3.09 

14.9 

10.1 

204.5 

11.7 

36.5 

2.51 

Coeff. 
of 

0.518 

0.525 

0.494 

0.542 

0.541 

0.539 

0.478 

0.474 

0.459 

0.498 

0.478 

0.485 

0.486 

0.509 

0.510 

0.494 

0.447 

0.463 

Temp. 
of 

Sample 
(oC) 

HIO 

120 

115 

200 

120 

57 

110 

128 

104 

230 

160 

220 

98 

100 

120 

110 

200 

130 

185 

100 

Smearing of end 

Smearing of end 

Smearing of end 

Wore excessively 
fast 

Smearing of end 

More vibration 

Some chattering 

Disk machined 
incorrectly 

Wore excessve1y 
fast 

LN 
U1 



TABLE IV (Continued) 

Normal Wear Temp. 
Sintering Test Rate Coeff. of 

Test Time ,Temp. Speed Time of Sample 
No. Material Friction (oC) Comments 

21 Fe + 20 w/o G' Arc-melted 19.8 2 1 122.0 0.534 200 

22 Fe + 20 wlo G' Arc-melted 19.8 2 1 81.2 0.531 240 

23 Fe + 20 wlo G' Arc-melted 19.8 2 1 116.0 0.526 230 

24 Fe + 20 wlo G' 1000, 30 19.8 2 2 3.25 0.510 100 
(A 

25 Fe + 20 w/o G' 1000, 30 19.8 2 0.70 190.3 220 
0-. 

Incorrect placement 
of sample 

26 Fe + 20 w/o G' 1000, 30 19.8 2 2 1.93 0.526 llO 

27 Fe + 20 w/o G' 1000, 30 19.8 2 2 3.64 0.536 llO 
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FIGURE 

Figure 1. Simplified picture of adhesive wear and a plot of the 

three degrees of adhesive wear. (M. J. Nealel ). 

Figure 2. A simplified of abrasive wear, and the relation 

between abrasive wear resistance and material hardness. 

Figure 3. Pin and disk wear surface. 

Figure 4. Assembly drawing of test section: (1) sample holder; 

(2) Strain gage assembly, (3) Load arm; (4) Gimbal assem-

bly, (5) Counterbalance weight; (6) Applied weight holder, 

(7) Wear Disk; (8) ustable air damper (dash-pot). 

Figure 5. Friction and wear test machine with speed control unit 

in foreground. 

Figure 6. Front view of test section of the machine, with applied 

we be held. 

7. Rear view of test section of the machine. 

Figure 8. Friction and ItJear test machine with instrumentation. 

9. Instrumentation schematic. 

Figure 10. Wear dimensions. 

Figure 11. Green of Fe + 20 w/o G
i

• Shows distribution of 

darker G
i 

particles with the lighter iron particles. 

Figure 12. Fe + 20 i • 0 0 G , slntered at 1000 C and 1150 C for 30 min-

Ie analysis of the three phases 

Figure 13. Fe + 20 
, 

G , sintered at lOOOoC for: a) 15 minutes, 

b) 30 minutes, and c) 6 minutes. 
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Figure 14, Fe + 20 w/o G
i

, sintered at 11500C for: a) 15 minutes, 

b) 30 minutes, and c) 60 minutes. 

Figure 15, Fe + 20 w/o G', sintered at 12500C for one hour: a) optical 

picture, and b) SEM picture. EDAX profile analysis of 

phase present, 

Figure 16. Fe + 20 w/o G', Arc~melted and homogenized: a) Optical 

picture, and b) SEM picture. EDAX profile of phases present, 

Figure 17. Sintered density VB. sintering time for Fe + 20 w/o G
i

• 

The sintering temperatures are 10000C and 1150oC. 

Figure 18. Fe + 22 w/o commercial additive, 

Figure 19, Wear rate vs. sintering time of Fe + 20 w/o G', sintered 

at 1150oC. 

Figure 20. Coefficient of friction vs, sintering time of Fe + 20 

w/o G', sintered at 1150oC. 

Figure 21, a) Wear pin after a test; the pin was Fe + 20 w/o G' sin~ 

tered at 11500C for 3 minutes, 

b} Wear debris from this pin, 
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~-- An Increase In Oxidation 
Can Reduce The Wear Rate 

Breaking Up Of Thin Surface 
Layers of Oxide Faster Than 
They Can Reform, Increases 
The Wear Rate 

Sliding Occurr tween Surface Films 

Surface Ruptured with Direct 
Interaction Between the Materials 

XBL 771l~l0509 

o 1 
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HARDNESS 

Sliding Between Two Surfaces 

XBL 7711-10508 

Fig. 2 
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Fig. 4 

8 

7 

6 

2 

X8l 7710 - 2129 
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Tektronix 
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XBL 7710-10333 
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0.254 - 0.396 em 

em 

0.266 em dia. '--- 0.635 em dia. 

XBl7710-2130 

Fig. 10 
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1.1 



(1) G' particle 

(2) 

2.1wt.% 
Ni 57.9 
Ti 20,7 
8i lUI 
VHN 440 

Fe 14.5 
Ni 
Ti 5.3 

3.3 

(3) Matrix 
Fe 97.7 
Ni 1.1 
TI 0.9 
8i 0.3 
VHN 94 

81 

50 

x 

TI 3,2 
81 1.5 
VHN 300 

Fiq. 12 

8 

10 11 7 
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o intere at IOOO°C 

o Sin re at 115 ° C 

terin tim (mi.) 
XBl7711-11056 

Fig. 17 
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40 

57 

:: Fe wlo G ,sintered at II 

60 
intering time (min.) 

7711-11055 

Fig. 19 
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0.6 

-~ 
c o 
o 0.5 

15 60 
intering time (minJ 

XBL 7711-1 

Fig. 20 
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130 
(I) Sintered at 1150 °C for 15 minutes 

(2) Sintered at 1000°C for 30 minutes -
(3) Sinten~d at 1150 °C for 30 minutes 

L(') -.. 
~ 

(4) Sinten~d at 1150°C for 60 minutes 
c::> 

(5) 
C'-J 

110 Arc-mel ted and homogenized + 
(t) - LL.. o;;;T - --CJ;;;) .. 

~ 
c::> ~ 

>< ~ 
I- 100 

:lJ;:: 

c::> (t) 
C'-J -+--

(t) + E (t) 

~ ....... > 
-+--

40 '"0 -- '"0 
C 

I-

30 

-- - -
20 

C'-J C'-J r<) 
C'-J --- -- -+ .... 

~ 

~ :lJ;:: ~ :lJ;:: 

c::> c::> 
10 C'-J C'-J 

+ + + 
(t) (t) 

LL.. I..i-. 

0 
Materials tested 

XBL7711-II054 

Fig. 21 
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