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This paper is a metallurgical study of the microstructure of a 

cobalt base hard facing alloy to determine the cause for inconsistant 

wear properties. Wear tests on a Stellite 6 alloy, deposited using 

oxyacetylene welding techniques, resulted in a wide range of weight 

losses. 

Microscopic examination has revealed the probable cause to be 

variations in carbon content after welding. Cooling rates may also be 

a contributing factor. 

The "as received" structure of the Stellite alloy is a matrix of 

fine carbides surrounding large dendrites of cobalt rich material. 

The use of a reducing flame during welding causes an increase in car- 

bon resulting in a structure of massive, hard, and brittle primary 

carbides in a soft but tough cobalt matrix containing eutectic micro- 

constituents and free graphite. This structure appears to be the most 
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desirable one for a superior wearing material when subjected to dry 

grinding abrasion. 
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STRUCTURAL FACTORS AFFECTING WEAR 
OF COBALT BASE HARD FACING ALLOYS 

INTRODUCTION 

Wear is a costly phenomena. It represents an economic loss to 

industry. The most expensive and carefully designed piece of equip- 

ment will not function properly if wear is allowed to change critical 

dimensions beyond a tolerable limit. It is not the material lost in the 

wear process that is costly, but rather the effect that this loss of 

material has on the functional ability of a part. 

Wear is not an elementary phenomena. Table 1 is given to alert 

the individual who has developed _a narrow and specialized concept of 

wear. It is obvious from the table that there are numerous factors that 

may result in wear. To include all possible cases, a definition for 

wear must be broad and general. With this in mind, wear may be de- 

fined as a loss of material due to mechanical, thermal, or chemical 

action. While these may be the basic factors in wear, they usually 

operate in combination to make a wear analysis extremely complex. A 

heat resistant material may be used to prevent deterioration by ther- 

mal action, a stainless or other corrosion resistant material may be 

employed to resist chemical attack, and similar examples may be 

cited for the prevention of wear by the various mechanical means. 

There is no single material that is a panacea for all types of wear. 

Each problem must be defined as distinctly as possible before any 



Basic factors: 
Nominal cause of wear: 

TABLE 1. WEAR CLASSIFICATION (8, p. 428) 

MECHANICAL 
FRICTION ABRASION 

Smoothing Erosion 

Varieties of wear 
illustrating the 
interaction of 
various basic 
factors 

IMPACT 
Battering 

Stress 
Deformation 

Rupture 
Stress 

Deformation 
Brittleness 

Cavitation 
Stress 

(corrosion) 

Stress 
Shear 

Seizing 
Stress 
Deformation 
Welding 

Galling 
Stress 
Deformation 
Welding 
Shear 

Velocity 
Impact 
Stress 
Shear 

Scratching 
Low stress 
Shear 

Grinding 
High stress 
Shear 
Deformation 

Gouging 
High stress 
Shear 
(Impact) 
Deformation 

VIBRATION 
Fatigue 

Stress 
reversals 

Time 
(deformation) 

Cracking 
Reduced Area 

Corrosion 
Fat igue 

Stress 
Time 
Corrosion 
Concentration 

Cracking 
Stress 

THERMAL 
HEAT 

CHEMICAL 
CORROSION 

Creep 
Stress 

Softening 
Time 
De formation 
Reduced area 

Scaling 
Oxidation 
Corrosion 
Reduced area 

Crazing 
Expansion 
Stress 
Deformation 
Stress reversal 
Reversed 

deformation 
Time 
Cracking 
Fatigue 

Growth 
Graphitization 
Phase changes 
Oxidation 

Transformations 
Expansion and 

contraction 
induced 

Stresses 
Development of 

weak or brittle 
phases 

Solution 
Heat 
Time 
Chemical action 

Erosion 
Solution 
Velocity 
Stress 

Intergranular 
Time 
Chemical action 

Electrolytic action 
(Heat) 
Dissimilar 

phases 
Scaling 
Heat 
Time 
Chemical action 
Diffusion 

Galvanic 
Ele ctrolytic 

action 
Dissimilar 

phases 
Pitting 

Electrolytic 
action 

Dissimilar 
media 

N 
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preventative measures may be taken. Certainly no one material would 

constitute a solution for a mechanical type of wear and a thermal type 

also. Therefore the type of wear of particular concern and the im- 

portant variables must be defined for each case. 

This paper is concerned primarily with metal -to -metal wear by 

abrasion which comes under the general heading of mechanical wear 

in Table 1. This type of wear is generally thought of as the mechani- 

cal interference of microscopic particles, or asperities, projecting 

from one or more contacting surfaces in relative motion. A scrubbing 

or cutting action results in the removal of metallic particles from two 

such surfaces in intimate contact. 

This conception of abrasive wear leads to the belief that tough- 

ness, hardness, and smoothness are necessary criteria for wear re- 

sistance; toughness to resist the tendency to dislodge and tear small 

particles out, hardness to resist the projections from the other sur- 

face, and smoothness to preclude the possiblity of any asperities. The 

severity of the abrasive grinding and the high surface stresses in this 

study, eliminates smoothness as an important factor. That is, the 

abrasive wear will take place regardless of the initial surface smooth- 

ness of the sample. 

In very general terms, hardness and abrasion resistance seem to 

be related, i. e. , an increase in hardness appears to give increased 

abrasion resistance in most cases (10, p. 363). Table 2 . is given to 
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illustrate the dilemma with which we are faced in modifying the two 

variables, toughness and hardness. We see that the two are not com- 

patible and the very best that may be done is to optimize the wear re- 

sistance by making a compromise. 

Table- 2. A Graded Series of Some Wear Resistant Alloys (3) 

1.. Tungsten Carbide 
Composites 

2. High Chromium Irons 

3. Martensitic Irons 

4. Cobalt -Base Alloys 

5. Nickel -Base Alloys 

6. Martensitic Steels 

7. Pearlitic Steels 

8, Austenitic Steels 
Stainless Steels 
Manganese Steels 

Max abrasion resistance 
Worn surfaces become rough 

Excellent erosion resistance 
High compressive strength 

Excellent abrasion - resistance 
High compressive - strength 

Oxidation resistance 
Corrosion resistance 
Hot strength and creep 

resistance 

Corrosion resistance 
May have - oxidation and 
creep resistance 

Good combinations of abrasion 
and impact resistance 
Good compressive - strength 

Inexpensive, Fair abrasion 
and impact resistance 

Work hardening 
Corrosion resistance 
Maximum toughness - with 

fair abrasion resistance 
Good metal to metal wear 
resistance under impact 

ÿ 
Ú 

m 

ÿ. 
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It is well to point out here that the popular concept, . "the harder 

the better" for wear resistant materials, is not fully accepted by 

metallurgists and materials engineers. The science of metallography 

and physical metallurgy has been built around the premise that the 

properties of metals are determined by their constitution and struc- 

ture. That is to say that wear resistance does not increase directly 

with an increase in hardness, as important as it may be. Therefore 

the metallurgist extends the important wear factors to include hard- 

ness, toughness, constitution and structure, and chemical composition 

(17, p. 218) (25, p. 218). The effect of temperature must also be con- 

sidered since hardness decreases as the temperature of a material 

increases. In addition, elevated temperatures tend to cause adjacent 

surfaces to weld together which increases abrasive action by gouging. 

These parameters are sufficiently inter- related to preclude the 

possibility of eliminating any of them from this analysis. 

The problem - The purpose of this study is to investigate the results 

of an accelerated wear test performed to simulate the severe condi- 

tions imposed on a chain saw bar. 

A chain saw is a small portable machine, usually powered by a 

gasoline engine, that has replaced the cross -cut saw used for many 

years in the logging industry for felling and bucking timber. The 

cutting action is supplied by a chain, containing cutter links, which 

- 



travels around a thin grooved bar at high velocity. The guide bars 

are normally about 3/16 of an inch thick and range from about 12 

inches to over six feet in length in the very large saws. The outer end, 

or nose of the bar, is subject to much punishment in routine- use. 

Radial stresses are present as a result of the tension required to 

keep the chain on the guide bar. Lubrication may not be relied upon 

with any degree of confidence, resulting in temperatures high enough 

to turn the steel a brilliant blue, Conversely, lubrication is essential- 

ly impossible at these temperatures. 

The severity of these conditions is emphasized by the fact ,. that 

they occur in a relatively small area where the chain travel must be 

reversed 180 degrees over a radius of less than two inches at velo- 

cities up to 3,200 feet per minute. 

A material to satisfy the requirements of these conditions must 

certainly be versatile. It must have :a low coefficient of friction, . a 

high yield strength, must not temper and soften at the extreme temper- 

atures generated, must be adaptable to the situation, and above all, it 

must be wear resistant. But what is wear resistance and how is it 

measured? This is the problem that confronted the engineers at 

Omark Industries in Portland, , Oregon. A suitable material had to be 

found that was extremely wear resistant for hard facing the nose of the 

chain saw bars they manufacture. 

6 



W
et

 Q
ua

rt
z 

Sa
nd

 A
br

as
io

n 
Fa

ct
or

 

M
ar

te
ns

iti
c 

Ir
on

 
G

as
 w

el
d 

M
ar

te
ns

iti
c 

Ir
on

 
A

rc
 w

el
d 

C
r -

C
o 

-W
 #

1 
G

as
 w

el
d 

M
ar

te
ns

iti
c 

Ir
on

 G
as

 

A
us

te
ni

tic
 I

ro
n 

G
as

 w
el

d 

A
us

te
ni

tic
 M

n 
St

ee
l 

E
le

c 
w

el
d 

Pe
ar

lit
ic

 S
te

el
 G

as
 

w
el

d 

T
es

t 
St

an
da

rd
 S

A
E

 
10

20
 S

te
el

 

#6
 

G
as

 w
el

d 

SA
E

 

w
el

d 

Theory of Wear Resistance - In deference to Table 2, it is generally 

conceded that ordinary methods of hardness determination show very 

little correlation with the abrasive resistance of a material. The 

structures of these materials do not lend themselves to macrohard- 

ness tests, as the hard particles will simply be pushed down into the 

soft matrix as a large indenter is impressed into the surface. This 

will result in a hardness reading which is essentially that of the soft 

phase and is not indicative of the wear properties. Figure 1 is given 

to support this theory. 

o 
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Figure 1. Relative Abrasion Resistance of Hard Surfacing Deposits 
(9) 
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The determining factors appear to be the hardness of the micro - 

constituents relative to the abrading material, the quantity, distribu- 

tion, and size of the hard particles in the structure, according to 

Sharp (22) and Haworth (14, p. 842). Others such as Norman and Loeb 

(19, p. 499) claim the microstructure of the matrix is the most im- 

portant and that the hard particles will crumble under impact or high 

local stresses if the matrix will not support them. - 

This is how the theory of wear resistance stands today. In gen- 

eral, the factors determining the wear resistance of a material are 

complex and provide interactions that are not fully understood by any- 

one at the present time. 

Testing for Wear Resistance - In view of the differing opinions, the 

numerous variables, and the varied causes of wear, it is evident that 

there is no universal test for wear as there is for other physical or 

mechanical phenomena. 

The usual method for testing is to develop laboratory conditions 

that approximate the actual field conditions and run a series of tests 

on the material. This is the approach used by Omark Industries in - 

their quest for a suitable material to satisfy their needs. 

A testing machine was designed using a hardened steel wheel 

approximately six inches in diameter as the abrading material. 

Specimens approximately 3/16 inch square were cut from the guide 

. - 

.. 
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bars and mounted in a jig on the testing machine. A force of suffi- 

cient magnitude to accelerate wear was applied to the specimen. The 

steel wheel was caused to rotate with the test specimen held against 

the wheel. Each specimen was run for one to two minutes to "wear 

in" the surface and assure complete contact over the entire area. The 

specimen was then removed, weighed, and replaced in the jig for the 

actual test. After running for a known length of time, the specimen 

was removed and weighed again to determine the amount of material 

worn away. The weight loss represented the relative wear resistance 

of the material to the abrasive action of the steel wheel. 

Figure 2. Wear testing machine used for this study. The seg- 
mented steel wheel is the wear surface used for the specimens. The 
abrasive wheel is used for dressing the steel after each test. 

. 

. 

. 

. 
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MATERIALS 

Hard Facing - Surface protection may be accomplished by a carburiz- 

ing or nitriding process, a hard chromium plating, or perhaps a dip 

coating or metal spraying process if only superficial protection is 

required. If a heavy armor is needed, a hard facing is essential. 

Hard facings are available in the form of welding rods for either oxy- 

acetylene or electric arc deposition. They are versatile and have the 

advantage of giving deep protection at the exact area of concentrated 

wear, 

The list of different types of alloys available is almost as lengthy 

as the different types of wear. Each of the alloys must be tested to 

determine suitability for a given wear problem. 

A series of various tests performed by. Omark Industries indi- 

cated that one of the cobalt base alloys was consistantly better than 

any of the others. On this basis, Stellite 6 was chosen to hard face 

the nose of their chain saw bars. 

A typical analysis of the material used is as follows: 

C. . . . . 0, 93 - 1.98% 
Si. . . . . 1.01 - 1.37% 
Cr . . . 26, 97 -29. 15% 
W 3 90-4.8b% 
Mn. . . . 0. 5% 
Ni . . . . 3. 0% 
Mo. . . . 1. 0% 
Fe . . . . 3. 0% 
Co . . . , Remainder - approximately 66 % 

, 
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Wissler (24) points out that the cobalt base hard facing alloys 

owe their excellent wear properties to the fact that they do not temper, 

have no transformation points, and retain their inherent hardness al- 

most to their melting point, which is about 2300 degrees Fahrenheit. 

He further states that it is impossible to pass from one of the micro- 

structures to another unless the alloy is heated to a pasty stage - 

within a few degrees of its melting point - or completely remelted. 

More recent work on the Stellite -type alloys has shown that 

there is some structural instability when heated between 1300 and 

1500 degrees F, resulting in the precipitation of carbides among other 

reactions (10, p. 377). 

Structure - The microstructure of the cobalt base alloys has been 

described as complex, containing cobalt, carbon, chromium, tungsten, 

and /or molybdenum, forming primary and complex carbides in a 

relatively ductile Co -Cr matrix (17, p. 63). 

The complex carbides have been studied with x -ray diffraction 

techniques and are believed to be intermetallic compounds of the 

Cr4C, M7C3, M23C6, and M6C types (16, p. 117), where M refers 

to the number of metallic atoms. Further work with polarized light 

in conjunction with the x -ray methods have revealed an orthorhombic 

Cr3C2 and p. fine W3C precipitate in this type of alloy (20). 

While most of the phases present in the cobalt base alloys have 
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been tentatively identified, there is a dearth of material describing 

the reasons for the various microstructures. There is a noticeable 

lack of information on the quaternary system Co- Cr -W -C which en- 

velopes the important Stellite alloys. To date there has been no ex- 

tensive work in this area and most of the material in this field has 

been inferred from the cobalt- chromium system (10, p. 198). An 

alloy system as useful as the Stellites warrants a more comprehen- 

sive study for further development. Other authors have also ex- 

pressed a desire for more conclusive phase diagrams in this quater- 

nary system (10, p. 218). 

Further work has been done on the Co -Cr -W system but the 

results are currently undergoing serious revision and are felt to be 

too inconclusive to include at this time. 

Welding Procedure - The first step in preparation of a bar for hard 

facing is to remove about 3/16 of an inch of material from the area of 

concentrated wear. The steel is sandwiched between two copper 

plates to act as thermal conductors in preventing localized heating 

during the welding operation. The weld is deposited by hand with a 

standardized 3X flame. The 3X designation describes a flame with a 

blue mantel about three times the length of the orange spike in the 

oxyacetylene process. This flame is stated to be neither oxidizing 

nor reducing but is neutral, to avoid contamination of the deposit with 

oxides or carbon. 
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The bars are then post heated at 950 degrees F for about one 

hour and allowed to cool in expanded vermiculite. This is :a stress 

relieving operation to .. preclude cracking of the deposit at the inter- 

face with the parent metal. Figure 3 shows a portion of a test bar 

with the hard facing applied and three test specimens removed, one 

from each of three weld deposits. 

Figure 3. A portion of a chain saw bar used for obtaining 
specimens of three weld deposits. The weld is continuous of course, 
on the production bars. Photo about one half size. 
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PROCEDURE 

Preliminary Work - Omark Industries tested many types of alloys 

before determining that the Stellite 6 alloy was suited to their needs. 

While this alloy appeared to be the most satisfactory of any tested, 

there was a degree of inconsistancy in the results of wear tests on 

this particular type. 

Various torch settings were used to determine the effect of an 

oxidizing or reducing flame on the wear characteristics of the deposit. 

Other variables such as post heating temperatures and cooling rates 

were also studied. Many times a superior facing was deposited, and 

other times the protection afforded was not much better than the 

original material. 

A series of wear tests using the standard 3X flame were run 

with a wide range of results. The samples lost from a low of about 

100 milligrams to a high of over 900 when the facing material wore 

completely away and exposed the parent metal. A limited analysis 

showed that there was a great deal of variation in the microstructure 

obtained and it was thought that this was the cause of the inconsistant 

results. 

On the basis of the unpredictable results and the inconclusive 

opinions about them, a series of the test specimens and the related 

wear data was made available to the author for further investigation. 
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Metallurgical Procedure - A series of 20 samples, representing a 

range of wear from 105 to 860 milligrams, were used in this study. 

All specimens were welded with the 3X flame using a Stellite 6 bare 

welding rod. A list of the samples and related data appears in the 

appendix. 

The samples were cut to a suitable size, mounted, and polished 

according to standard metallographic procedure for viewing and photo- 

graphing. An alkaline potassium ferrocyanide solution referred to as 

Murakami's reagent was used for etching (15, p. 417). Etching was 

accomplished in approximately five minutes using a cold solution in 

all cases. This etchant is used to turn chromium and tungsten car- 

bides dark, leaving the cobalt rich primary phase a yellowish color. 

The specimens were then examined with a metallurgical micro- 

scope at 100X and 400X and checked for obvious characteristics. The 

results and notations made during this viewing are included as cap- 

tions under the appropriate photomicrographs later in the paper. 

After careful study of each specimen, they were ranked in 

order of their wear resistance, grouped arbitrarily, and a photograph 

was taken of a representative specimen from each group. 

Polarized light was used to scan the specimens for further 

identification of phases not readily distinguishable with - bright field 

illumination. 

A series of Diamond Pyramid Hardness tests were made on the 

. 

- 
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specimens to verify the values found in the reference material. In 

keeping with the work of Haworth (14, p. 838), a minimum load of 100 

grams was used for these tests, since the results obtained with less 

than this load are inconsistant. Some difficulty was encountered in 

locating areas of a single phase -large enough to be tested with the 

indenter, but the values obtained were in close accord with those 

found by other investigators. 
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RESULTS 

Microstructures - The following are photomicrographs of the speci- 

mens representing each of the six groups studied. 

(b) 500X 

Figure 4. Group 1 samples, which lost 105 -150 milligrams 

during the wear test. The structure is composed of large brittle 

carbides, identified by Avery and Chapin (4, p. 919) in a steel alloy 

as hexagonal spines of chromium carbides. These large carbides 

etched to a gray mottled appearance whereas the smaller ones scat- 

tered thoughout the cobalt rich light colored phase etched to various 

shades between blue and orange. Most of the smaller ones were 

multi - colored, represented in the above photos as gray shadings. The 

dark cobweb appearing phase in (b) is similar to a eutectic identified 

by Rautala and Norton (21) in a WC -Co alloy. The small dark regions 

- 
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(a) , 100X 
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are tentatively identified as free graphite flakes. 
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(b) 500X 

Figure 5. This group of samples lost 200 -250 mg. during the 

wear test. All samples in this group displayed the columnar dendrites 

of cobalt rich material surrounded by a granular matrix of fine car- 

bides. The orientation of the dendrites was perpendicular to the wear 

surface in all specimens of this group. A limited amount of the 

eutectic was detectable with polarized light. The fine carbides were 

again multi- colored as in Group 1 and displayed the hole in the center, 

characteristic of the large pseudo -hexagonal carbides in that group. 

None of the gray carbides appeared in this group. Many of the small 

carbides were very sharp and columnar in areas where there was 

sufficient room to develop. 
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Group 3 

(a) 100X (b) 500X 

Figure 6. Samples in this group lost approximately 250-350 mg. 

The cobalt rich dendrites are noticeably shorter and definitely not 

oriented as in the previous group. They have become discontinuous 

and more random. The fine carbides are again multi - colored and 

contain the hole in the center as before. A very limited number of 

eutectic patches were detected with polarized light. 

Extensive smearing was noted at the wear face of these samples 

and the cobalt phase formed small islands surrounded completely by 

the fine carbide network. There was some indication that the sharp 

carbides attempted to form near the interface with the parent metal, 

however none were detected elsewhere. 

. 
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Group 4 

(a) 100X (b) 500X 
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Figure 7. Included in this group are those samples which lost 

approximately 400 -500 mg. The dendrites of cobalt rich material 

have become much finer and very few of them are continuous. 

Randomness has increased since the previous group and the multi- 

colored carbides persist. Notice the characteristic hexagonal car- 

bides with the hole in the center, visible in (b). 

- 



Group 5 

(a) 100X (b) 500X 
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Figure 8. This is representative of those samples which lost 

approximately 500 -600 mg. The dendritic cobalt rich phase is slight- 

ly smaller than in the previous group and there appears to be a great- 

er percentage of the carbide network. Although there is a tendency 

for long dendrites to form they are, in general, discontinuous through- 

out the sample. The eutectic phase . is no longer discernable with the 

polarized light. 

It is interesting that there is no visible difference in (b) and a 

structure described by Rautala and Norton as primary r surrounded 

by a fine structure of and WC in a 9 %W - 8l %Co - 10%C sintered 

tungsten carbide alloy (21). 

. 

. 
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Group 6 

on 

(a) 100X (b) 500X 

Figure 9. Samples in this group lost weight in excess of 650 mg 

during the wear test. Two of these specimens were worn completely 

through to the steel parent metal and duplicate samples were obtained 

immediately adjacent to the original. Notice the extremely fine cobalt 

rich dendrites and the small number of them that are of any great 

length. The fine carbide network remains much the same as in the 

last three groups with the multi - colored effect not as pronounced as in 

the first three groups. 
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Figure 10. This sample was one of those in Group 2, losing 

220 mg in the wear test. The photo was taken near one edge where 

the dendrites were not as clearly oriented as in the center of the spec- 

imen. The direction of wear in this photo is in the plane of the paper 

whereas all the others were mounted to show the wear direction into 

or out of the paper. 

Discoloration is noticeable in what appears to be a heat affected 

zone. Within the discolored portion, cracks are visible, showing that 

wear probably occurs by breaking small particles out of the material 

irrespective of phase boundaries. The sample was probably heated 

during the wear test, which was a severe dry abrasion, causing the 

particles to glow much as in a grinding operation. 

There was no appreciable difference in hardness from the center 

of the specimen into the heated zone. All regions had a DPH value of 

approximately 760. Photo at 500X. 

_ 
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Figure 11. This sample was the only one that did not .. have a 

microstructure that fit the pattern of wear characteristics displayed 

by the others. The very large carbides should be indicative of super- 

ior wear resistance but this specimen lost 360 mg. 

Note the abundance of very fine carbides scattered throughout 

the cobalt rich phase and the lack of free graphite and the eutectic 

appearing phase in this specimen. 

This photo is an example of the type of wear described by Nor- 

man and Loeb who advanced the theory that massive carbides crumble 

under high unit pressures and leave the matrix unprotected from 

wear (19, p. 524). Photo at 500X. 
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Figure 12. Photograph at 100X of the Stellite 6 welding rod as 

received. Comparison of this structure with that of the specimens 

in Group 6 show that there is very little difference. This is essen- 

tially the structure presented by Stellite, Ltd. as being that 

of oxy- acetylene deposited Stellite 6 (10, p. 374). Wissler agrees 

that this is the microstructure to be expected from this particular 

alloy in the as- welded condition (24). 

No patches of eutectic show up under the polarized light, but 

the characteristic white appearance of this microconstituent seems 

to be evenly scattered throughout the sample. 
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DISCUSSION 

Phase Analysis - Perhaps the only questionable structure in these 

specimens is the dark eutectic type microconstituent with the free 

graphite flakes in Group 1. Rautala and Norton describe this struc- 

ture in a WC -C alloy resulting from a near equilibrium cooling, 

giving a combination of Co -l- graphite as a stable phase (21). The 

appearance of the free graphite may also be explained by the tendency 

for WC and Fe3C to graphitize at elevated temperatures during the 

post heating these specimens were subjected to (21). This is depen- 

dent upon the formation of WC, which is probable as pointed out 

earlier, 

The orientation of the dendrites in Group 2 is thought to be the 

result of cooling rates. The copper plates used for dissipating the 

heat from the weld zone may explain this. If the plates were cool 

enough initially, the cobalt phase would nucleate near the weld inter- 

face and grow perpendicular to this colder surface. The heat flow 

through the metal must be small enough to allow growth and large 

enough to simultaneously prevent nucleation in other areas due to air 

cooling. If nucleation is allowed to take place elsewhere, random 

orientation is probable. 

The appearance of the cobalt dendrites as the primary phase in 
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Group 2 is a reversal of the structure in Group 1 where the hexagonal 

carbides are the primary phase. This may indicate a eutectic point 

somewhere between these two specimens as one or more of the con- 

stituents is varied. 

Carbon is suspected due to the appearance of the particles in 

Group 1 identified as graphite. This is a reasonable observation since 

the carbon content could be changed considerably with the use of a re- 

ducing flame during welding. Avery cites a carbon pick -up of 0.4 per- 

cent in his observations of chromium carbide hard facing operations 

(1). This is ample to seriously affect the structure of an alloy near a 

eutectic composition. A reliable phase diagram would be helpful in 

interpreting the result of varying carbon content in the Stellite alloys 

at this point. In the absence of such a diagram, one must be satisfied 

with speculation. 

More evidence to support this theory is the similarity of the "as 

received" Stellite 6 welding rod and the samples in Group 6. See 

Figure 9 and 12. The wear resistance of the specimens increases 

with what appears to be an increase in carbon content. Recall that 

the structure in Group 6 is the one normally expected with a neutral 

flame. Polarized light reveals the absence of the eutectic microcon- 

stituent in all of the poor wearing specimens which also indicates a 

deviation from a eutectic composition. 

The structure observed in Group 5 is the same as that shown by 
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Rautala and Norton (21) resulting from a (3 precipitation followed by 

a simultaneous precipitation of WC and /9. The composition is thought 

to be such that the liquid is all consumed before the eutectic tempera- 

ture is reached in the WC -Co system. This would explain the absence 

of the eutectic microconstituent in Groups 5 and. 6, on the hypothesis 

of a similar eutectic reaction in the Stellite alloys. 

There is a striking similarity of microstructures among the 

various binary and ternary alloy systems composed of cobalt, chro- 

mium, tungsten, and carbon that indicates the possibility of more 

common ties than have been verified to this time. 

Not to be overlooked is the possibility of a difference in struc- 

ture resulting from a carbide precipitation during the post heating 

period. However the stress relieving temperature used is not high 

enough to permit the precipitation reactions described earlier. It is 

possible that some precipitation could occur during the wear test, as 

the temperatures are certainly high enough at this time, but the time 

at this temperature is very short. 

Structural Effects - The question now becomes: Why is one structure 

better for wear resistance than another? For an answer to this query, 

the microstructure must be examined one phase at a time. The con- 

tribution of the harder phases, the softer phases, and the aggregate 

contribution of the harder phases within the matrix of the soft phase 

must be studied. 
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As pointed out earlier, overall hardness is a poor measure of 

wear resistance. This has been proven repeatedly for many alloys. 

The Stellite type hard face alloys all have Rockwell hardness values 

within the range of hardness for heat - treated, plain carbon steel, yet 

many of these alloys will outwear the steel from two to twenty times. 

See Figure 1. 

The extensive life of the cobalt hard face alloys is explained 

more fully by the results of the microhardness test. The hard carbide 

phase found in Group 1 presented little difficulty in measuring and 

displayed a DPH value of 1310 as an average for eight tests. This 

value is consistant with the work of others. There is little doubt 

about the hardness of these large Cr7C3 type carbides. By extra- 

polating the DPH numbers onto a Rockwell C scale, values in excess 

of Rc80 were found, and some authors report readings to Rc88 for 

the complex chromium -tungsten carbides (22). 

Figure 11 should serve to exemplify the brittleness of these 

carbides. The same photo also typifies the method of wear experi- 

enced when the carbides are of insufficient number and /or size to 

resist the deformation of the soft matrix. The fine carbides in the 

matrix of this structure offer little or no resistance to deformation. 

The fine carbide matrix surrounding the dendritic phase in 

Groups 2 through 6 displayed a value of DPH 780. Again, this agrees 

with published data on these alloys. 
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It was difficult to obtain a series of satisfactory microhardness 

readings in the cobalt rich phase. The indenter extended into areas 

of carbide matrix on either side resulting in a reading that was es- 

sentially that of the matrix. 

In analyzing the various structures and comparing them with the 

recorded wear test data, it is obvious that the effect of the massive 

carbides is to promote long life. This must be qualified, however, 

inasmuch as it appears from Figure 11 that the matrix also influences 

the wear characteristics. The hard brittle carbides appear to be 

satisfactory if the matrix does not deform plastically at a low stress 

value. If the matrix is loaded beyond the proportional limit, the 

stress must be picked up by the carbides as the strain in the matrix 

increases with little stress increase. This increase in strain is suf- 

ficient to cause the carbides to fracture as shown in Figure 11. In 

this sense, the matrix is the determining factor in wear resistance. 

However if the carbides become so small they no longer offer any re- 

sistance to the abrasive wear of another surface, the soft matrix 

will be worn away regardless of its composition or structure. This 

has been proven through a series of lengthy tests on steel alloys re- 

ported by Norman and Loeb (19, p, 519.). Massive carbides are said 

to be harmful if the matrix is primarily pearlite whereas they are 

very helpful if the matrix is of the martensitic type. 

The mode of wear shown in Figure 1.0 is thought to be 
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representative of all the specimens in Groups 2 and 3. The appear- 

ance of the heat affected zone containing the broken particles is not to 

be thought of as indicative of a different type of wear. One of the 

prime reasons for using a cobalt base for a hard facing alloy is to 

obtain "hot hardness ", or the ability to resist deformation at high 

temperatures. An answer to the cracking of the surface might be 

overheating and therefore induced brittleness. A traverse with the 

microhardness indenter proved this assumption invalid. There was 

no detectable difference in hardness between this "heat affected zone" 

and the region outside the discoloration. Therefore it is assumed that 

this is the type of wear induced by high local stresses in a material 

that is sufficiently hard to preclude smearing but is not tough enough 

to resist cracking. There was no smearing detected in any of the 

first two groups of better wearing samples as there was in Groups 4, 

5, and 6. This may suggest another mechanism for wear in the 

poorer wearing specimens. This was not investigated since the solu- 

tion is to completely eliminate the structure characteristic of this 

type of wear. 

The smearing however is not an indication of lower microhard- 

ness in the matrix. There was no difference between the samples in 

Group 2 and those in Group 4, each having a DPH value of approxi- 

mately 490, or an equivalent Rc48. A macrohardness of three sam- 

ples in Group 2 was R 42, which is nearly the same value recorded 
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in the literature for a Stellite 6 alloy (25, p, 219). 

This leads the author to the belief that the nebulous property 

defined as toughness may very well be a function of the structure of a 

material as well as other factors. The only discernable difference 

between the better wearing dendrites and those that wore rapidly is 

the orientation of the cobalt rich phase perpendicular to the wear sur- 

face in the superior specimens. There is no difference in hardness 

and no apparent difference in the constitution of the phases present. 

Certainly there may well be other factors contributing to the 

wear characteristics. Some of these may be understood completely 

only after a dependable phase diagram is developed. For instance, 

the appearance of the eutectic phase in the better wearing samples 

and not in the others, may indicate that some of the alloying elements 

are very critical. It appears now that the effect of carbon, either 

intentionally included or as the result of welding practice, is one of 

the critical factors influencing the microstructure of these alloys. 

There is little doubt that the microstructure is the dominating 

factor in wear resistance in the cobalt base alloys. For this reason 

it is misleading to group these alloys by hardness or service use. 

It must be emphasized that the variety of microstructures in 

this study were all obtained from the same alloy and supposedly de- 

posited in the same manner. This indicates a lack of sufficient con- 

trol over the variables involved in welding technique. This is a 
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common problem in the cobalt base hard face alloys. A characteris- 

tic of this material is the difficulty in determining what can be ex- 

pected from a given welding rod (11). The metallographic structure 

is highly complicated and little understood, with binary and ternary 

eutectics containing all of the constituents. 



34 

CONCLUSIONS 

1. The optimum structure for wear resistance in the cobalt 

base hard facing alloys appears to be one which contains massive, 

needlelike, hexagonal carbides as a primary phase, a matrix which 

contains a eutectic microconstituent described as1, and free gra- 

phite flakes. 

2. Orientation of the cobalt -rich dendrites perpendicular to 

the wear surface is desirable when the primary phase is of the den- 

dritic type. This structure is probably due to cooling rates. 

3. The presence of a eutectic type microconstituent in the 

matrix appears to be desirable in the structures containing cobalt - 

rich dendrites as a primary phase. The effect is not fully understood. 

4. Failure in the carbide rich structure is by brittle fracture 

through that constituent as the matrix deforms plastically under 

stress. 

5. Failure in the dendritic type structure is by deformation and 

cracking of the dendrites near the wear surface as the fine carbides 

in the matrix do not break and are too small to resist deformation. 

6. Failure may also occur in the dendritic type structure by a 

smearing action. The mechanism is not understood and requires 

more work for verification. 

7. The microstructure of the poorest wearing samples is 

/1 
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essentially the same as the "as received" Stellite 6 welding rod. 

Therefore it appears that some carbon pick -up is desirable during 

welding. The desired amount of carbon pick -up is unknown. 

8. A combination of hardness in the primary carbide phase and 

toughness in the matrix is essential for a superior wearing material. 

9. The conclusions for wear resistance in this paper are based 

upon the conditions peculiar to the wear testing machine. Their ap- 

plicability to actual service conditions are contingent upon the ability 

of the testing machine to simulate those conditions. 
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RECOMMENDATIONS 

1. A thorough investigation of an alloy containing more carbon 

than the Stellite 6 is needed. Stellite 1 contains more carbon and 

tungsten and displays the complex carbides when deposited with a 

neutral flame (10, p. 375) . 

2. Closer control on the flame used for welding is necessary 

to control the amount of carbon pick -up when using the Stellite 6. 

Operator observation could be replaced with a type of flow meter to 

assure consistant flame adjustment. 

3. Cooling rates should be investigated to obtain the orientation 

described in the Group 2 samples as an alternative to the primary 

carbides. The copper plates used as thermal conductors should be 

maintained at constant temperature in consecutive welds. This tem- 

perature will have to be arrived at through more investigation. 

4. Chemical analysis for carbon content to determine the 

amount of carbon pick -up is necessary. This analysis may be very 

revealing and contribute considerably to a better understanding of the 

various microstructures shown in this paper. 



37 

BIBLIOGRAPHY 

1. Avery, Howard S. Chromium carbide hard facing. In: 
American Society for Metals' Surface Protection Against Wear 
and Corrosion. Cleveland, 1954. p. 191 -201. 

2. Avery, Howard& Cobalt -base alloys. In: American Society 
for Metals' Surface Protection Against Wear and Corrosion. 
Cleveland, 1954. p. 215 -224. 

3. Avery, Howard S. Hard facing alloys. In: American Society 
for Metals' Surface Protection Against Wear and Corrosion. 
Cleveland, 1954. p. 174 -179. 

4. Avery, Howard S. and H. J. Chapin. Hard facing alloys of 
the chromium carbide type. The Welding Journal 31:917 -930. 
1952. 

5. Avery, Howard S. Hot hardness of hard -facing alloys. The 
Welding Journal 29:552 -578. 1950. 

6. Avery, Howard S. Selecting materials for wear resistance. 
In: American Society for Metals' Surface Protection Against 
Wear and Corrosion. Cleveland, 1954. p. 10 -40. 

7. Avery, Howard S. Some characteristics of composite tungsten 
carbide weld deposits. The Welding Journal 30:144 -160. 1951. 

8. Avery, Howard S. The measurement of wear resistance. 
Wear 4 :427 -449. 1961. 

9. Avery, Howard S. Tungsten carbide hard facing. In: Ameri- 
can Society for Metals' Surface Protection Against Wear and 
Corrosion. Cleveland, 1954. p. 180 -190, 

10. Centre D' Information Du Cobalt (ed.) Cobalt monograph. 
Brussels, Belgium, M. Weissenbruch, Ltd. , 1960. 515 p. 

11. Clauser, H. R. (ed.) Hard facing alloys. Materials in Design 
Engineering 56 :368. Mid -Oct 1962. 

12. Culbertson, R. P. High alloys for top temperature service. 
The Welding Journal 41 :441 -452. 1962. 



38 

13. Haworth, R. D. Jr. Effect of welding practice on abrasion 
resistance of hard facings. The Iron Age 162 :83 -87. Oct 
7, 1948. 

14. Haworth, R. D. Jr. The abrasion resistance of metals. Trans- 
actions of American Society for Metals 41 :819 -869. 1949. 

15. Kehl, George L. The principles of metallographic laboratory 
practice. 3d ed. New York, McGraw -Hill, 1949. 520 p. 

16. Lane, J. R. and N. J. Grant. Carbide reactions in high tem- 
perature alloys. Transactions of American Society of Metals 
44:113 -137. 1952. 

17. Lyman, Taylor (ed.) Metals handbook. Novelty, Ohio, Ameri- 
can Society for Metals, 1948. 1332 p. 

18. Nishimatsu, C. and J. Gurland. Experimental survey of the 
deformation of the hard -ductile two -phase alloy system of 
WC -Co. Transactions of American Society for Metals 
52:469 -484. 1960. 

19. Norman, T. E. and C. M. Loeb Jr. Wear tests on grinding 
balls. Transactions of the American Institute of Mining and 
Metallurgical Engineers 176:490- 526. 1948. 

20. Pomey, Gillis. Carbide precipitation and evolution and deple- 
tion of matrix in heat resisting steels and alloys treated in car- 
burizing atmospheres. Transactions of the Metallurgical 
Society of AIME 218:310 -314. 1961. . . 

21. Rautala, Pekka and John T. Norton. Tungsten -cobalt- carbon 
system. Transactions of the American Institute of Mining and 
Metallurgical Engineers 194:1045 -1050. 1953. 

22. Sharp, H. W. Microstructure of hard- facing alloys. The 
Welding Journal 25:936 -941. 1946. 

23. Whuton, J. W. and R. A. Signorelli. Effect of heat treatment 
upon microstructures, microconstituents, and hardness of a 
wrought cobalt base alloy. Transactions of American Society 
for Metals 47:815 -852. 1955. 



39 

24. Wissler, William A. Alloys of cobalt, chromium and tungsten. 
Metals Progress 36 :131 -137. Sep 1939. 

25. Young, Roland S. (ed.) Cobalt, its chemistry, metallurgy, and 
uses. New York, Reinhold, 1960. 424 p. 



40 

APPENDIX 

Identification of Samples: 

Wear, mg Lot number and welder 

105 5879 RS 6 

115 5879 LS 4 

152 5858 LS 

220 5311 MK 3 

220 5898 MK 3 

240 5307 MK 2 

245 6195 DF 3 

245 5311 MK 2 

245 6195 DF 2 

255 6195 DF 1 

260 6184 DC 1 

283 5158 DF 3 

354 5310 DF 

360 5856 LS 1 

400 5306 DF 1 

490 6197 MK 3 

580 5308 DM 3 
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Wear, mg Lot number and welder 

655 6184 DC 3 

670 6197 MK 1 

860 6197 MK 2 


