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ABSTRACT

AN INVESTIGATION OF MOLYBDENUM STEELS & WlDTE IRONS FOR

ABRASIVE WEAR RESISTANCE

Dale E. Christensen

Supervising Professor: Dr. Paul Clayton

Many commercial hardfacing alloys rely on chromium carbides for their wear

resistance. The objective of this work was to relate the abrasive wear behavior of

molybdenum steelsand white ironalloys~derivedfromthe Iron-Molybdenum-Carbonternary

system~to their microstructure. The focus is on alternativesto conventionalchromium alloys

using molybdenum carbides instead of chromium carbides for abrasion resistance.

Very little work has been publishedexamininghigh-carbo~ high-molybdenumalloys

of the Fe-Mo-C system. Most of the work was done prior to 1967 and the Fe-Mo-C phase

diagram is still not well established. The major interest over the years has been in the

carbides and intermetallicphases of iron and molybdenumwhich are developed in common

tool steels.

For this investigatio~ a seriesof commercialhigh-chromiumand experimental high-

molybdenum alloys were investigated and compared. The chromium materials included

samples sectioned from commercial sand castings and a wrought tool steel. The

molybdenum alloys were produced from blended powders which were sintered and then

melted in a small laboratory arc melt furnace. The melting was performed in a water cooled

copper crucible which producedvery fine microstructuralconstituents in the alloy. The hard

phase materials contained in the alloys includedmolybdenumcarbides and molybdenum-iron

intermetallic compounds. Dry Sand Rubber Wheel tests were performed and the wear rates

were related to bulk hardness~carbon content~the type of hard phases and carbide volume

Xl



fraction. Failure analysis was performed on the wear surfaces utilizing a scanning electron

microscope to determine the predominant wear mechanisms. A combination of

metallographic techniques and X-ray diffractionwere used to identify the microconstituents

of the experimental materials.

The commercial chromium alloys obtained a similar level of wear resistance with a

lower carbide volume fraction than the experimental molybdenum materials. A sample of

one cast commercial white iron was remelted in the arc melt furnace to produce fine

microstructural constituents similar to that of the experimental molybdenum alloys. This

change in the microstructureproduced a substantialreduction in wear resistance in this case.

The differences in wear resistancebetween the various alloys examined is explained by the

relative size and spacing of the hard phases in the chromium and molybdenum materials and

the relative wear characteristics of the intermetallic and carbidic hard phases.
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CHAPTER 1.

INTRODUCTION

Strategic materials are those which are vital to economic and military interests and

must be obtained through importation [1]. Scholl [2] studied the viability of wear resistant

alloys with intermetallic compounds substituted for the typical carbidic hard phases found

in most alloys of this type. The primary purpose of his work was to develop alternative

hardfacing materials without using strategicelements for alloy additions. This project is an

extension of some aspects of that work.

Some of the most common hardfacing alloys are the commercial white irons which

rely primarily on chromium carbidesof the M,C6type for their wear resistance. These alloys

provide excellent abrasive wear resistance in many differentenvironments with additions of

15 to 25 wt% chromium. However, chromium is considered to be a strategic material [1].

The objective of this work was to relate the abrasive wear behavior of molybdenum steels

and white iron alloys derived from the Iron-Molybdenum-Carbon(Fe-Mo-C)ternary system

to their microstructures. The emphasis is on alternatives to conventional chromium white

irons using molybdenum carbides instead of chromium carbides for abrasion resistance.

Very little work has been publishedexamininghigh-carbon high-molybdenum alloys

of the Fe-Mo-C system. Most of the work was done prior to 1967 and the Fe-Mo-C phase

diagram is still not well established. The major interest over the years has been in the

carbides and intermetallicsof iron and molybdenumwhich are found in common tool steels.

In these, the carbon content is rarely over 0.75 mo,loand the molybdenumranges up to 6 mo,lo.

Literature concerning the abrasive wear resistanceof molybdenumcarbide containing white

irons has not been found. This lack of data is not surprising in light of the excellent wear

resistance provided by the established chromium white irons and the relatively high cost of

molybdenum.

1
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In spite of the negative economic aspects, there are some interesting properties for

the molybdenum carbides that have been noted. Similar hardnesses are shown between the

chromium and molybdenum carbidesand the melting point of the molybdenum carbides are

significantly higher, Table 1.1. The toxicity [3] of chromium is a concern to those who are

welding, grinding, or melting alloys containingthis elementas are the environmentalaspects

of waste disposal.

Table 1.1: Properties of Carbides

Material Melting Point
0

Cr23C6 1663 [4] 1518 [4]

Cr,C3 1882 [4] 1782 [4]

Cr3C2 1800 [4] 1895 [4]

Fe3C 840 -1100 [6] 1650 [4]

WC 2200 [4] 2770 [7]

VC 2800 [6] 2648 [4]

TiC 3200 [4,6] 3140 [7]

MoC 1500 [6,8] 2700 [8]

Mo2C 1500 [6,7,8] 2690 [8]

Quartz Sand 900 -1280 [5,6]



CHAPTER 2.

LITERATURE SEARCH

2.1 Molybdenum Carbides

One of the earliest reports on the Fe-Mo-C system was written by Takei in 1932 and

discussed in Rivlin's critical review of the system [9]. Takei was working to establish the

liquidus projection and isotherms for the system. Takei's 700°C isotherm displayed an

(Fe,Mo)3C and an (Fe,Mo)6Ccarbide. At that time he determined the ~C structure to be

complex fee and also had evidence of another triple carbide which he labeled the xi phase,

~. Dyson and Andrews [10] discussedan FemMonCcarbide reported by Lashko and

Nesterova in 1951that was extracted from a molybdenum steel after tempering for 20 hours

at 600°C. Kuo [11] found a carbide in 1953,which he called Ma<;',in molybdenum steels

of similar composition to that studied by Lashko and Nesterova. He was unsure of its nature

but concluded that the M.~ compositionwas between that of the M23~ and M~C based on

when the various carbides formedin the molybdenumsteels. Using his prior experiencewith

tungsten carbides, which have the same atomic ratios, he postulated that the M.Cbcarbide

formed after the ~C but before the M23C6which was the point at which the F~C carbide

was found in his molybdenum steels.

In the 1953publication, Kuo studied the solidification and transformation behavior

of carbides on a series of chromium, molybdenum, and tungsten steels. He performed

isothermal transformationsat 700°C for various lengths of time and performed his analysis

using X-ray powder diffraction. The difference between the tungsten and molybdenum

systems was found to be the level of instability of some of the carbides after the isothermal

transformation. The M23C6and M~C carbideswere found to be unstable and degraded after

2000 hours. However, greaterstabilitywas found in the M~C with respect to the W2C. This

3
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was determined ftom carburizingmolybdenumpowder with carbon dioxide where the M02C

did not disappear after prolonged carburization. The W2Ccarbide would not form under the

same conditions.

Kuo related the type of carbidethat formedto the Mo:C atomic ratio of the alloy. He

felt that the amount of substitutionfor an elementwas based on its availability. Carbide ~C

was found to have long term stability at an atomic ratio greater than 3. At a ratio between

2 and 3 the Fe4M~C and F~MOjC carbidesbegan to appear. The intermetallic F~M06 was

found to appear after a Mo:Fe atomic ratio of 5 was reached. Kuo's M06Ccarbides contained

approximately50-60 atO.Iomolybdenum.

In another 1953publication, Kuo [12] described two general forms of the ~C type

carbide. The compositions for the two carbideswere given as A:zB4Cand as a range between

A3B3C -A4B2Cwhere the A-atoms and B-atoms are randomly substituted in the crystal

lattice. The A-atom is a transitional metal in period IV, such as iron, and the B-atom is a

metal in the V or VI period, such as molybdenum. The B-atom is larger than the A-atom

holding a position diagonally below and to the left in the periodic table. The ratio of atomic

size for A-atoms and B-atoms is in the range of 1.10 to 1.18. Kuo found that the cubic

crystal edge changed accordingto the compositionof the material. The crystal size increased

as a result of having more of the larger B-atoms. The F~M04C carbide was not found when

iron was in excess. The atomic ratios for carbides in the Fe-Mo-C system are given in Table

2.1.

Campbell et al [13] assembled a phase diagram of the Fe-Mo-C system in 1959

showing M3C,M23C6'~C, and M~C in steels with up to 6 wt% molybdenum. They found

nothing like the anonymouscarbidesdescribedby Kuo or Lashko and Nesterova. Dyson and

Andrews [10] in 1964 determined that Kuo's MaCbcarbide and Lashko and Nesterova's

FemMonC were actually the F~oC carbide. They determined its structure to be

orthorhombic and isomorphous to cementite. It is also stable in certain composition ranges,

but generally appears as a transitional phase between the F~C and ~C carbides. The

reaction sequence starts with the F~C initially,then the F~MoC forms, and finally the ~C.



5

In 1962, Sato et al [14], removed carbides electrolytically from molybdenum steels

that were austenitized at 1200°C and subsequentlytempered at 700°C for 24 and 500 hours.

More specimens were quenched after austenizationat 900°C for 5 and 50 hours. Five types

of stable carbides were found in the materials, Table 2.2.

Table 2.1: Atomic Ratios for Fe-Mo Carbides, Kuo [11]

The authors constructed isothermal diagrams above and below the eutectoid, at

700°C and 900°C. They found the carbides that formed after 24 hours at 700°C had a

different composition from those formed at 500 hours and in some instances were different

carbides altogether. After 500 hours some alloys still had extra phases, with respect to

equilibrium, which indicated that some of the reactions were still incomplete. This was

attributed to the overall sluggishness of the molybdenum alloy steels.

The stable carbides after 24 hours at 700°C included M3C,Fe:zMoC,and ~C. The

Mo2C carbide was considered to be an intermediate phase. After 500 hours at 700°C, the

same carbides were stable. The M23C6carbide was confirmed to be metastable. The

specimens quenched from 900°C revealed the same group of stable carbides after five hours

at temperature. The Mo2Ccarbide disappeared after 50 hours. The Mo2Cis a transitional

phase in molybdenum steels, replaced by FtiMoC or ~C after tempering, but, is known to

be stable in the high carbon and molybdenum alloys. The carbide morphology is given in

Table 2.3.

Rati!..(Mo:C) I Phase

<1 MoC & FC

1 MoC

1 < ratio < 2-3 MoC & C

2-3 < ratio < 4-5 C

<4-5 M6C& Fe,Mo6
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Fraker and Stadelmaier [15] arc melted sintered powders and annealed them at

1250°C for 20 hours and then again at 1000°C for 150 hours followed by a water quench.

The compositional matrix of the specimenswere between approximately 3 to 25 a~~ carbon

and 20 to 80 a~~ molybdenum. They variedthe compositionof the alloys and paid particular

attention to the partitioning of iron and molybdenum. As the composition changed from the

iron-rich to the molybdenum-rich end of the alloy range the lattice parameters of the ~C

phase also changed, Table 2.4. This was also the only ternary phase identified.

Table 2.3: Fe-Mo Carbide Morphology, Sato et al [14]

Carbide DescriDtion

M3C & M23C6

Mo2C

~C

F~MoC

Plate-like or dendritic.

Stringy or rod-like.

Globular.

Not remarkable; May be a result of reactions:

M23C6 F~MoC or Mo2C F~MoC.

Table 2.2: Stable Fe-Mo Carbides (wt%), Sato et al [14]

Formula Structure Carbon I Molvbdenum

M3C orthorhombic 6.67% 2%

M23C6 face centered cubic 5.0-6.0% 6-13%

FMoC orthorhombic 5.5-6.0% 25-37%

C face centered cubic 2.5-2.8% 45-62%

Mo2C hexagonal I 6.0% I 70%
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The M23C6carbide was not found and it was suggested that it decomposed during

annealing. Contrary to Kuo's work, they did not find the Mo4F~C for which he reported a

1.126A lattice parameter.

Table 2.4: ~C Lattice Parameters, Frakeret al [15]

Lattice Parameter (A Composition (at«'/O)

1.1095

1.1122

1.1140

42% Mo 44% Fe 14% C

43% Mo 43% Fe 14% C

44% Mo 42% Fe 14% C

2.1.1 Fe-Mo Binary System

Rivlin's extensive review of the Fe-Mo-C system began with some of the earliest

published work on the system. He also covered the Fe-Mo binary system in the same

publication, Figure 2.1. The hexagonal intermetallic R-phase, FesMo3, is 50 wt%

molybdenum and forms peritecticallyat 1488°C. It decomposes eutectoidally at 1200°C to

a-Fe and Fe,Mo6. Sinha et al [17] established the Fe63Mo37structure for the R-phase in

1967. His X-ray diffractionand dilatometrywork was performedon a 37.4 at«'/Omolybdenum

alloy. The phase was described as havingonly high temperaturestability although it required

prolonged tempering to decompose entirely. The R-phase was discussed in the work of

Komura et al [18] in 1959 and Heijwegen and Rieck [19] in 1974. Heijwegen and Rieck

found that it formed only above 1200°C, but once formed, it was stable to room temperature

and did not easily decompose.
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Figure2.1 Binary phase diagram for the Fe -Mo system [16].
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Sinha determined the Fe,M06 structure designation for the ,u-phase which had

previously been referred to as F~M02. The Fe,M06forms peritectoidally at 1370°C at 55

wt",10molybdenum and is stable to room temperature. There is also an F~Mo Laves phase

which forms at a 927°C peritectoid at approximately47 wt",10molybdenum, and is stable to

room temperature as well. Sinha described all of the Fe-Mo intermetallics as related

structures and considered them to be variations of the tetrahedral stacking. The a-Fe field

is shown to have a minima at 30% Mo and Rivlin gave the maximum solid solubility of

molybdenum in iron for the binary system and corresponding reactions as follows:

35.7 wt",10Mo at 1449°C Peritectic: L + FesM03 a-Fe

21.0 wt",10Mo at1200°C Eutectoid: FesM03 a-Fe + Fe,M06

9.7 wt",10Mo at 927°C Peritectoid: a-Fe + Fe,M06 F~Mo

2.1.2 Fe-Mo-C Ternary System

Takei provided a constructionof the isothermal liquidus contours in the iron comer

of the terruuy diagram includingup to 3.5 wt% carbon and 50 wt% molybdenum [9]. Rivlin

mentioned unexplained inconsistencies in the location of certain reactions in Takei's work.

However, Takei's constructionof the phase relationshipshave only recently been challenged

experimentally. The binary phase diagrams that Takei used for Mo-C and Fe-Mo are now

outdated, but the basic featureshave not changed. Rivlin [9] reproduced a modified version

of the liquidus Jellinghaus constructed in 1968 and the reaction sequence from this work,

Table 2.5, which is still commonlyused. The ~C phase is shown forming from a peritectic

at 1470°C and going through five reactions.

Nishizawa [20] held specimens at 1000°C for 100 hours to equilibrate alloys using

a carburizing method. Among other phases, he found a-Fe, y-Fe, F~C, M02C, ~C,

Fe2MoC, and F~M02 which is assumed to be the Fe,M06 intermetallic. Nishizawa

recognized that the
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Table 2.5: Jellinghaus Solidification Sequence, Rivlin [9]

V4: 1270°C

L + R-phase o-Fe+ ~C

V3: 121OCoC

L + o-Fe y-Fe+ ~C

V2: 1150°C

L + ~C y-Fe+ Mo2C

VI: 1120°C

L + C M~C + ~

EI: 1085°C

L y-Fe + M~C + ~

NOTE: Ui = Transitional, Ej= Eutectic
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diffi'actionpatterns for his ternaI)' carbidewere similar to that ofKuo's M.<; and Dyson and

Andrew's Fe:zMoC. He also associated them with Takei's unknown carbide and denoted it

as the xi-phase (~). Four three-phase combinations and four two-phase combinations were

identified by Nishizawa using microprobe analysis:

a-Fe + y-Fe+ ~C

y-Fe + Fe:zMoC+ Mo2C

y-Fe + ~C + Mo2C

y-Fe + Fe:zMoC+ M3C

y-Fe + Mo2C

y-Fe + M3C

y-Fe+ ~C

y-Fe + Fe:zMoC

Wada's liquidus surface [23],Figure 2.2, shows a eutectic reaction with L M3C+

C + y-Fe. Jellinghaus showed the eutectic L M3C+ Mo2C+ y-Fe in an equilibrium

version and the additional reaction L + C M3C+ M~C in a metastable version. Wada and

Jellinghaus both show very similar ~C phase fields.

In 1988, Andersson [21] performed a thermodYnamicevaluation of the Fe-Mo-C

system and provided a new Fe-Mo binary phase diagram. The phases and their structures

were not disputed, however, the reaction temperatures were shifted approximately 1DoC

higher. Several calculated four-phaseequilibriawere listed and an Fe:zMoCphase field was

provided on his liquidus surface, Figure 2.3. He also accepted the work of others who

claimed this carbide to be stable to room temperature. Andersson disputed some ofRivlin's

conclusions sayingthat they were thermodynamicallyinconsistent in linking various authors'

work. The work of Campbell et al [13] was discredited based on the alloys allegedly being

contam1n~tedwith unacceptably high levels of manganese and silicon. Sato had published

lower molybdenum contents for his ~C and Mo2Ccarbides and Andersson claimed that

some iron rich matrix material must have remained on Sato's isolated carbides.
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Andersson's liquidus surface is very similar to that of Jellinghaus except for a more

expansive M6C phase field. It extended to lower carbon and molybdenum levels giving

much narrower R-phaseand FeMo phase fields. The liquidus valley separating the ~C and

Mo2C carbide phase fields is less convoluted. The diagram also shows a narrower Fe G
phase field and a primary Fe.zMoCphase field.

Schuster et al [22] were looking for the solubility of iron in the Mo2Ccarbide and

found a-Fe instead of y-Fe in conjunction with the carbide at 1000°C. This was not in

accord with existing phase diagrams. This caused them to pursue a detailed examination of

the Fe-Mo-C system. Their analytical tools included differential thermal analysis, melting

point determination, X-Ray, and metallography on annealed specimens. They reported on

the work of Wayne and Nowotny who isolated a single crystal of the ~-carbide and

determined the composition to be Fel1Mo6CSwith a monoclinic structure. This also fitted

with their thermodynamic calculations.

Schuster found a new primary crystallizationfield for the ~-carbide in an area of the

liquidus surface, Figure 2.4. His reactions are given in Table 2.6. Rivlin had concluded that

the ~-phasedid not form ftom the liquid, but instead, from a ternary peritectoid, y-Fe + F~C

+ Mo2C ~. Andersson had proposed a ternary peritectic at 1086°C, L + C + Mo.zC ~,

with which Schuster did not agree and placed his peritectic, L + y-Fe + Mo.zC ~, at

1202°C. Schuster claimed the ~-carbideto be unstable and did not show the phase to exist

below 800°C. The existence of the ~-carbide at 700°C had been controversial

[11,13,10,14,19]. Wada's 1000°C and 700°C isotherms are shown in Figures 2.5 and 2.6.

Schuster [22] and Wada [23] both used the Fe3Mo2structure designation for the

intermediate intermetallic, Fe,Mo6. They were apparently not aware of some of the earlier

literature [9,17;2.1]establishingthis formula of the peritectoid phase. Schuster also lists an

FeMo2 intermetallic which is surely a typographical error. All other publications dealing

with the Fe-Mo system discuss an Fe.zMoLaves intermetallic. Hereafter, for the purposes

of this document, the primary peritectic FesMo3or Fe63Mo37and the secondary peritectoid

F~M~ or Fe,M~ intermetallicswill be referred to as the R-phaseand ,u-phaserespectively.

The F~MoC ternary carbide will be referred to as the ~-phase.
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Table 2.6: Schuster's Solidification Sequence [22]

us: 1370°C

L + R-phase a-Fe + ~C

U4: 1340°C

L + a-Fe y-Fe+ ~C

U3: 1300°C

L + ~C y-Fe+ Mo2C

Pt: 1202°C

L + y-Fe+ M~C ~

Ut: 1183°C

L + Mo2C F~C + ~
or

Et: 1123°C

L y-Fe + F~C + ~

NOTE: Uj = Transitional, Pj = Peritectic, Ej = Eutectic
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2.1.3 The Hardness of Carbides

Leckie-Ewing [24]took hardnessreadings of carbides in an Ml tool which contained

8.5% Mo. The alloy was quenched and tempered to HRc 65 and contained MC and ~C

carbides. The majority of the carbides found were the ~C type consisting of primarily

Fe4W2C and some Fe,.M02Cwhich Kuo had found. The M6C carbides containing

molybdenum were reported to be in the same hardness range as that of the chromium

carbides, Table 1.1.

Leckie-Ewing used a 4% aqueous solution of NaOH saturated with potassium

permanganate (KMn04) and a 1% solution of chromicacid etched electrolytically at 3 volts

for 3 to 5 seconds to identify the carbides for his study. The ~C stained brown in the

NaOH/potassium pennanganate solution.

2.2 Abrasive Wear

2.2.1 Definition

Wear, as defined by the Organization for Economic Cooperation and Development

(OECD) [25], is "The progressive loss of substance from the operating surfaces of a body

occurring as a result of relative motion at the surface." This general description includes

wear as a result of particles trapped betweenthe surfaces,embedded particles in one surface

running against another surface,or particlesrolling and/or sliding over a surface. These are

examples of abrasive wear.

2.2.2 Description

An abrasive wear condition is often described as a two-body or three-body system.

The two-body abrasive wear system consists of a rough surface moving relative to another

surface while they are in contact and under a load. Individual abrasive particles or asperities

are held rigid relative to the abradedsurface. The three-body abrasive wear system consists

of two surfaces moving relative to one another under a load with a third body, the abrasive,
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trapped in between. The abrasive in this case is free to move relative to the surfaces in

motion and with respect to other abrasives.

From observations of worn surfaces, Blickensderfer [26] found that two-body

abrasion tended to produce plowing and cutting of the surfaceby the abrasive material. The

three-body abrasion tended to produce deformation in the component surfaces. These are

often referred to as high stress or low stress conditions, respectively. The high stress

condition occurs in the two-body system as a result of the abrasive being held in place and

supported in a rigid fashion. The low stress condition, as found in a three-body system, is

the result of the abrasives ability to move and roll and reduce the stress intensity.

Blickensderfer points out, however, that the high and low stress terms do not define a wear

condition, but relate to whether or not the abrasive is primarilybeing crushed duringthe wear

process.

Avery [27] define these terms as follows:

High Stress Abrasion -
Fragmentation of abrasive, work hardening, and impact loading.

Low Stress Abrasion -

No work hardening, particles do not fracture, and no impact.

Abrasive wear has been categorizedusing a variety of different terms but often with

similar definitions. Avery [28] defined two general categories of abrasive wear that relate

to the level of impact, the physical changesin the abradedsurface, and the break-down of the

abrasive:

Gouging -
Impact loading,usually grinding or high stress abrasion, cutting and

deformation, fragmentation of abrasive, strain hardening of surface,

and particles are broken down.

Scratching -

Low stress abrasion, relatively light rubbing, low material removal,

no appreciable work hardening, particles do not fracture.
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2.3 Models

2.3.1 Moore

One of the first attempts at developinga simple abrasivewear model was developed

by Moore [29]. The model was based on an irregular abrasive particle that penetrates a

surface and slides parallel to it under a normal load. The equation gives wear in volume per

unit area, V, using sliding distance, L, hardness, H, and the load per unit area, o.

v = k.K.C.L.o
H

The constants k, K, and C, provide an abrasive particle shape factor, the number of

abrasives in contact and causing material to be removed, and a proportionality constant for

the amount of the groove volume removed as wear debris. This equation is independent of

particle size. Particle shape,criticalattack angle,and depth of penetrationare accommodated

through the proportionality constants.

2.3.2 Archard

Archard's model [30] is based on an inverted right cone with a normal load, N,

sliding parallel to a surface where the point of the cone can penetrate the surface. The

hardness is given as load over a projectedarea where the area term relates to the ftontal area

of the cone that has penetrated the surface. This also accounts for the depth of penetration

and conversely, the volume of the groove.

The volume loss, V, over sliding distance, L, is given as:

v = K.2.cota.N
1t.H
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where the trigonometric tenn relates to the groovevolume and accounts for particle size and

depth of penetration. The constant,K, gives the portion of asperitycontacts making grooves.

The K - constant has been estimated to be 5xl0-3for three-body wear and 5xl0-2 for two-

body wear.

2.3.3 Rabinowicz

The Rabinowicz [31] model will be considered in greater detail. Rabinowicz

developed a model regarding a single hard asperity in the fonn of an inverted cone under a

normal load, P, Figure 2.7. The load is sufficient to cause the asperity to penetrate the

surface to a given depth. Therefore,the load is directlyrelated to the cross-sectional area of

the cone at the surface,and by definition,the hardnessof the surfacematerial,H. The radius,

r, of the cone is taken at the surface.

Eqn 1

Rabinowicz calculatedthe groovevolume, V,as a function of the cross-sectionalarea

of the asperity in the vertical plane, again using the radius, r, and the depth of penetration,

h. The cone sweeps out volume OV in distance 0/.

i)V = r.h.i)Z Eqn2

The angle, e, between the leading edge of the asperity and the abraded surface is described

by Equation 3.

h = r-tan8 Eqn3

This can be substituted into Equation 2, as shown in Equation 4. Then solving Equation 1

for r, substituting into Equation 4, and integrating, gives Equation 5.
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Eqn4

P.tan8.J .HV=
1t

Eqn5

Considering multiple asperities, a weighted average can be taken for tan e. Further

assumptions include this and the percentage of the groove removed, the percentage of

contacting particles, their shape, orientation and dispersion, and the number of particles in

contact through a constant, K, giving equation 6. For three-body wear, the K-value ranges

between 2.10-3and 6.1003.

K.P.J.tan8V = .H
1t

Eqn6

The models described here are all linearly dependent on load, sliding distance, and

are proportional to particle shape and depth of penetration at least indirectly. They are only

capable of predicting linear volume loss, assuming all of the constants were known for a

given material. At best; they could be used to determine an approximation of applied load

versus wear rate for a given wear system.

2.3 InOuences on Abrasive Wear

The characteristicsof abrasivewear depend on a multitude of variables for both the

abrasive and the abradedmaterials. There is an abundanceof literature available describing

every imaginable combinationand a wide variety of test methods. Two of the most common

abrasive wear tests are the Pin-on-Disk test for a two-body abrasion system, and the Dry

Sand Rubber Wheel test for a three-bodyabrasion system.
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The Pin-on-Disk machine consists of a pin specimenthat is loaded against a rotating

cylinder, or disk, covered with abrasive paper. The pin is translated across the abrasive

surface during the test such that it is always in contact with fresh abrasive. With the Dry

Sand Rubber Wheel machine, the abrasive particles are fed at a constant rate between a

rubber wheel and the test specimen, which is pressed against the wheel at a constant load.

Both tests can be run continuously,or, for a set number of revolutions, or distance traveled.

When the rotating component is periodicallystopped,the specimencan be removed from the

machine and weighed. The weight, or mass, loss of the specimen is plotted against the

number of revolutionsor slidingdistance for each interval. This sequence is repeated several

times until a constant wear rate is achieved. The wear rate is calculated from a regression

of the slope of the linear portion of the weight loss versus sliding distance line.

Misra and Finnie [32] looked at the variables affecting two-body and three-body

abrasion on pure metals. The parametersexaminedwere materialhardness, work hardening,

applied load, distance traveled, abrasive particle size, and the abrasive hardness. They

concluded that the effects were the same for both wear types but that the difference in wear

was greater than one order of magnitude for the two-body Pin-on-Disk test.

Rabinowicz [31] states that there is no differencein geometry between two and three

body wear systems. Therefore,the differencehas to be abrasiveparticle rolling in three body

wear. He estimates that rolling occurs approximately 90% of the time and points to low

friction coefficients measured in three body systems as evidence.

2.4.1 Effect of Matrix Phase

Fiore et al [35] lookedat the effecton wear behavior of varying amounts of austenite

in the matrix of some Ni-Hard-IV alloys. The materials were produced with austenite

volume fractions of5, 20, 40, and 85%,with hardnessofM, 63, 61, and 47 HRc. Wear tests

were performed using silica and alumina in a Dry Sand Rubber Wheel test and bonded

alumina in a Block on Ring test. The data are compared with Pin-on-Disk data with garnet

and alumina from Climax MolybdenumLaboratories. The Dry Sand Rubber Wheel test was

defined as low stress abrasion; the block on ring test as gouging, or high stress abrasion.
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The Pin-on-Disk test and the Dry Sand Rubber Wheel test with the softer abrasives

produced a maximum weight loss at a specimen hardness which correlated with

approximately 40% retained austenite. The Block on Ring tests using alumina abrasives

showed a minimum at approximatelythe same level. The Dry Sand Rubber Wheel test with

alumina showedmuch differentbehaviorwith monotonicallyincreasingwear with increasing

hardness. The weight losses produced by the harder and more angular alumina abrasive in

these tests was significantlygreater. Under no conditions with any of the tests did the wear

rates decrease with increasing hardness.

No single wear mechanism could explain the variations in weight loss shown with

the various testing devices. There was some evidence of fracture in the carbides in the

specimens which experiencedthe greatestweight loss, however, the major differences were

related to the work hardenability and impact resistance of the retained austenite. The

mechanism was primarily a result of micromachining in both the matrix and the carbides.

Fiore also discussed work by Zum Gahr with low alloy tool steels heat treated to

varying levels of retained austenite. The materials were tested using a pin-on-disk test with

alumina. The weight lossdata showeda minimum at intermediateretained austenite contents

which was opposite ftom the findings of Fiore et al. It was postulated that stress induced

martensite generated compressiveresidual stresses in the surfaces ofZum Gahr's materials

which retarded the formation of cracks in the matrix. This also provided a material with

greater strength on the surface and a tougher more ductile material below the surface.

Zum Gahr [34] studied the abrasion resistance as a function of matrix phase in a

series of white irons with carbide volume ftaction ranging ftom 7% to 39%. Two sets of

alloys were developed with matrix phases of predominately austenite or martensite. Dry

Sand Rubber Wheel tests were carried out using silica sand as the abrasive. Both the

austenitic and martensiticmaterialsexperienceda minimum wear rate at approximately30%

carbide volume :&action.The austenitic alloys experienced a slightly higher wear rate.

Gundlach and Parks [5] performed Pin-on-Disk testing using alumina, garnet, and

silicon carbide abrasives. They found retainedaustenite superior to martensite for the harder
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alumina and silicon carbide abrasives. The martensitic matrix was found to be equal to, or

better than the austenite with the softer gamet abrasive. A martensitic matrix showed

superior performance in Zum Gahr's [34] Wet Sand Rubber Wheel test and pin test with

gamet abrasive. The austeniticmaterialhad a lower wear rate with the harder silica abrasive

which was attributed to the greater work hardenability and ductility of the phase.

2.4.2 Effect of Carbide Volume Fraction

Fulcher et al [33] performed Dry Sand Rubber Wheel testing on a series of high

chromium white irons obtained from Zum Gahr. Carbide volume fractions for these alloys

ranged from 9% to 39%. The abrasivematerialwas 200 to 300 IJ.mquartz sand. A minimum

wear rate was found at the eutecticcomposition. Quartz sand tests on a hypoeutecticmaterial

showed increasing wear resistancewith increasingcarbidevolume fraction. As the eutectic

composition was approached,more and more matrix material was protected due to the close

spacing of the eutectic carbide particles. The wear rate increased in the hypereutectic

composition range when the massive carbides protruded above the matrix and became

unsupported and vulnerable to fracture, Figure 2.8.

These results were supported by Zum-Gahr who [34] performed Wet Sand Rubber

Wheel tests and pin-on-drum tests on the same series of chromium irons. The Wet Sand

Rubber Wheel test was run with 200 to 300IJ.mquartz sand. The pin test was run with both

100IJ.mgamet and 80IJ.mSiC. The carbide volume fraction for the microstructures ranged

from 7% to 45%.

The results showed a minimum wear rate for the quartz Wet Sand Rubber Wheel test

at approximately 30% carbide volume fraction. The increasing wear was attributed to the

spalling of the massive carbides that were present in the materials having greater than 30%

carbide volume fraction. The gamet was far softer than the carbides, which enabled the

carbides to protect the matrix material. The silica was able to penetrate the carbides thus

producing the greater wear loss at higher carbide volume fraction.
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2.4.3 Effect of Carbide Size

The effect of carbide size was examined by Desai et al [39], who produced several

cobalt-based alloys with varying carbide size and with constant carbide volume fraction.

They performed DIy Sand Rubber Wheel tests with alumina and silica. Very small carbides,

found in the highest and lowest carbide volume fraction alloys, were removed with the chips

formed during the abrasion process. This caused the wear rates at the high and low carbide

volume fraction levels to be greater and createda parabolic curve, Figure 2.9, or what Desai

called the reversal of the wear curve. The larger carbides tended to protrude above the

matrix when silica abrasivewas used because the abrasivescould not cut the harder carbides.

To a limited extent, the alumina abrasive would leave the carbides in relief where

micromachining was the predominant material removal mechanism. Earlier work by this

group implied that there was a maximumwear resistanceassociatedwith carbide size relative

to the abrasive size. The present work suggestedthat size was also a major factor in the wear

behavior.

Kulik and Kosel [40] found that there was a direct correlationbetween the total edge

length of second phase particles and wear for model alloys. The alloys were prepared from

sintered copper powder with alumina or tungsten carbide hard phase particles sieved to

separate them for size. Tests were performed using a pin-on-disk machine with garnet,

alumina, and silicon carbide abrasives. The abrasion rate was established as a function of

the second phase particle size. The wear rate showed a linear relationship with the sum of

the edge lengths of the second phase particles. Their hypothesis was that larger lengths of

exposed edges provided a greateramountof unsupportededge that could potentially fracture.

Silence [37] performed DIy Sand Rubber Wheel tests on cast two-phase materials.

The materials consisted of irons cast in sand and graphitemolds. A distinctly finer structure

was obtained with the graphitemold cast materials. The carbideswere typically in the range

of 2 -10 pm in diameter for the entire group of alloys. Greater wear, by a factor of 2.5 to 10

times, was found with the finer structureeven when the coarser sand molded materials were

several Rockwell hardness points softer.
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2.4.4 Effect of Abrasive Size

Kosel et al [41] looked at the effectof abrasive size on a 1020steel and Stellite alloy

# 19 with Dry Sand Rubber Wheel testing using alumina and quartz. They found a

monotonically increasing wear rate with increasing abrasive size for the steel with alumina

and quartz, and Stellite with alumina. A decreasingwear rate was found for the Stellite with

increasing quartz abrasive size. The weight loss of Stellite by the quartz abrasive was

dependent on fracture occurring at the carbide edges. However, at higher carbide volume
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2.4.4 Effect of Abrasive Size

Kosel et al [41] looked at the effectof abrasive size on a 1020 steel and Stellite alloy

# 19 with Dry Sand Rubber Wheel testing using alumina and quartz. They found a

monotonically increasing wear rate with increasing abrasive size for the steel with alumina

and quartz, and Stellitewith alumina. A decreasingwear rate was found for the Stellite with

increasing quartz abrasive size. The weight loss of Stellite by the quartz abrasive was

dependent on fracture occurring at the carbide edges. However, at higher carbide volume

fraction, the larger quartz abrasive could not penetrate between the carbides. Using the

alumina abrasive, the Stellite alloy did not follow this trend. Instead, a micromachining

mechanism was found with the harder alumina cutting through the carbides.

The abrasive size effects were also tested by Kulik and Kosel [40] on their model

alloys. They showed a significant increase in wear rate with a larger abrasive size. Their

examination of wear surfaces showed a greater frequency of fracture in the hard phase with

larger abrasive size.

Huard et al [42] looked at the effect of particle size and shape on Dry Sand Rubber

Wheel wear rates on 1020steels. They analyzedthe sand size and shape quantitativelyusing

image analysis techniques. The testing was carried out using two different sands described

as an Ottawa standard200 -300pm diametersandanda non-standardrounded200- 300pm

foundry sand. The Ottawa sand was much more angular,and after sieving, the foundry sand

was found to have a greater percentage of larger particles.

Huard found a decreasingwear rate with increasing grit size when plotted against the

mean diameter of the abrasive as measured by image analysis methods. The spherical

abrasive increased wear to a point and then quickly experienced diminishing returns. The

abrasive particles needed to be very large before size no longer had an influence. Non-

spherical abrasive increased wear with increasing size, however, angular abrasives also

increased in roundness with increasing size resulting in a decreasingwear rate. The smaller

grit tended to have a higher angularity and was less likely to roll providing a more efficient

wearing action.
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In the work of Kosel et al [41],the smallerabrasivewas thought to penetrate between

the carbides to produce a greater wear rate. This is in opposition to the findings of other

workers. Kosel's work was questioned by Huard, as the angularity of the grit was not

measured. Test results on 1020steel were more conventional,showing increasing wear with

increasing grit size.

Misra and Finnie [43]reviewed the literatureto examine the theories relating to why

abrasive particles below 100pm became less efficient in two and three body abrasive wear

and erosion. They concluded that all but one theory could be discounted by assuming that

the abrasion and erosion wear types shared similar mechanisms and making direct

comparisons between the wear types to detennine if the theories fit both situations. It was

postulated that the particle size detennined the depth of the hardened surface layers and

alternatively the strength of the material at the surface. The layers were significantly harder

than the bulk material. They found that the sub-l 00 pm particles could not generate a work

hardened layer to the extent that the larger particles could.

2.4.5 Effect of Hardness

Gundlach and Parks [5]used three differentabrasivesof varying hardness in pin-on-

drum testing. A greater separation in wear resistance was found between the various white

irons and steels tested with a softer gamet abrasive. This is similar to the results of Leech

[38] who used a pin-on-drumtest with 120pm gamet and 80 pm alumina abrasive cloth on

hardfacing alloys. Leech found the pin test with gamet to have greater sensitivity to various

microstructures than the Dry Sand Rubber Wheel test.

Kulik and Kosel [40]demonstratedthat the wear behaviorof two phase materials was

dependent on the abrasive particle hardness. They showed decreasing wear for silicon

carbide, alumina, and gamet respectively. Austenitic white irons did better with abrasives

that were as hard or harder than the carbides. When the abrasives were softer than the

carbides, the martensitic irons did better.
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Fulcher's Dry Sand Rubber Wheel investigation of chromium white irons also

included testing with 200 -300 pm alumina and quartz. The results were found to be

dependent on the type of abrasive. The harder alumina particles produced a continuous

decrease in wear rate with increasingcarbide volume fraction. This was quite different from

the quartz material results which showed a decrease in wear resistance when massive

primary carbides were present in the microstructure The quartz abrasive ultimately caused

the large carbides to fracture,producingan increase in wear. The alumina was found to cut

through both soft and hard phases such that carbide fracture did not occur in any case.

Leech [38] used a pin-on-drumtest with 120pm garnet and 80 pm alumina abrasive

cloth on hardfacing alloys. He based his work on that of Watson and Mutton who looked at

the relationship of the hardness of the metal, <Hm)the abrasive, (HJ and carbide, (Hc) on

wear resistance. Watson found large increases in wear resistance for ~/Ha > 0.5-0.6

and H~a > 0.8. Leech found that the phenomenon of increasing wear resistance with

respect to hardness is actuallya combinedresult of carbidevolume fraction,matrix hardness,

and decreased mean free path between the hard phases. The affect of matrix hardness was

also greater with softer abrasives.

2.4.6 Dry Sand Rubber Wheel Testing

Several authors related their experiences with the idiosyncrasies of the Dry Sand

Rubber Wheel test. Huard [42] found an 8% decrease in wear rate when the rubber wheel

was brushed to remove embedded sand. The authors felt that the larger particles of sand

tended to become embedded in the wheel because they accepted a greater portion of the

applied load, as a result of their height. The smaller particles had more freedom to roll, or,

the larger particles created greater damage due to sliding. They also found rounding of the

grit and a general breakdown of the abrasive giving a greater number of smaller abrasive

particles after a test. The sand did not always embed in the wheel and this was accredited

to either the humidity, condition of the rubber wheel, or the abrasive shape. It was also

hypothesized that an abrasive particle could be pushed into the rubber wheel during the
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course of a Dry Sand Rubber Wheel test thereby causing a decrease in the depth of cut. This

effect was not observed with the higher stress pin tests.

Kosel et al [41] found some difficultymaintaininga constant flow rate of sand during

the Dry Sand Rubber Wheel tests. Some tests were run to determiriethe effect of a variable

flow rate. The results showed that there was only a weak correlation between wear rate and

the flow rate of the sand. The indications were that the sand curtain falling in between the

wheel and the specimen were relatively uniform and that there was a certain amount of

overflow to the sides of the contact area.



CHAPTER 3.

EXPERIMENTAL PROCEDURES

3.1 Measurement of Alloy Chemistries

Carbon contents were measured using a Leco Model CS 46 Carbon-Sulfur

Combustion Analyzer. The molybdenwn content for the experimental alloys was high

enough that they were out of the calibration matrix for this instrwnent. There was also a

concern about the ability of the instrwnent to reach the temperatures necessary to properly

bum the high molybdenwn samples. This left some doubt about the accuracy of the

measured carbon levels. However~this was not considered to be a major concern as the

carbide volwne fraction (CVF) containedin the steels was not great enough to be meaningful

in the wear data. Further~the relative percent error for the high carbon irons was even less

significant. The molybdenwn contentswere measured using a Kevex Energy Dispersive X-

Ray (EDX) device in combinationwith a AMR Model 1200Scanning Electron Microscope

(SEM). The capability of the Kevex to quantitatively measure the molybdenwn content of

the samples was checked using a Bureau of Standardscertified sample. As the unit was not

capable of measuring light elements~the previously measured percent carbon values were

manually entered into the Kevex computer.

3.2 Specimen Preparation

3.2.1 Molybdenum Alloys

Experimental alloy compositions were selected with two criteria in mind. First~to

generate samples with compositions characteristic of the various phase fields found on the

liquidus surface~and second~to yield microstructures containing hard phases that might
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display interesting abrasive wear results. The samples were produced using powder

metallurgy techniques as describedbelow. Nominal additions of alloy blended for melting

are recorded in Table 3.1. All alloy compositions are represented as weight percent (wt%).
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For each alloy, powders were weighedand placed in 250 ml plastic bottles along with

four 15mm stainless steel mixing balls. A rack of several bottles were then rotated in a ball

mill for approximately 12 hours. The dry blend was mixed with a binder which consisted

of a saturated solution of heptane and wax. The excess binder was decanted off and the

mixture was dried at 115°C in a furnace under vacuum for 2 hours.

The alloy mixtures were then pressed into 12x 15x 75 mm bars at a pressure of 125

MPa with a 30 ton capacity hydraulic press. The die was filled level full with the alloy

powder before pressing. Dewaxing was perfonned at 425°C for 3 hours under vacuum in

a furnace fitted with a cooled trap to collect the wax that emerged from the green bars.

Because they were very delicate, and to minimize handling between furnaces, dewaxingwas

perfonned on graphite trays that were also used for sintering.

The bars were sintered in a resistively heated, molybdenum lined, Brew vacuum

furnace at a temperature of 1000°C for 4 hours at a vacuum level of 4 jJ,m. The green bars

on the graphite trays were stacked in a cylindrical graphite can with a side hole. The

assembly was aligned such that a portion of one alloy bar could be seen through the hole.

Table 3.1: NominalAlloyAdditions for Melting

Identification C% Mo% Fe%

Alloy#2 0.5 25 balance

Alloy#3 I 0.7 I 25

Alloy#4 I 0.7 I 35

Alloy#5 I 2.0 I 20

Alloy#6 I 3.0 I 20

Alloy#7 I 3.0 I 30

Alloy#8 I 4.5 I 30
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The hole was then aligned with a glass sight in the door of the furnace, opposite an optical

pyrometer. The furnacewas manually controlledwhile the temperature was monitored with

the pyrometer.

The sintered bars were melted into solid bars using an arc melt furnace with a hand-

manipulated tungsten electrode. The melting was performed in a water cooled copper

crucible which had two 25 x 25 x 130 mm receptacles for separate melts. The device was

equipped with a bank of four constant CUlTentwelding power supplies connected in parallel

and capable of providing over 3000 amps of CUlTent.A resistively heated strip of zirconium

was used as an oxygen getter inside the chamber.

The chamber was evacuated to 10j.J,mand back filled with dry nitrogen, evacuated

again, and back filled with a 50/50 mixture of argon and helium to an absolute pressure of

500 mm of mercury. The arc was initiatedusing a high ftequency starterwith the power bank

set at 20%. After the arc was established, power was then increased until the liquid metal

pool was depressed under the force of the arc. This point was reached at approximately 80%

power. The electrode was worked back and forth until all of the material was melted and

well mixed. After the power was shut off, the chamber was purged with helium, to assist

cooling, for approximately 20 minutes, evacuated with the roughing pump to remove

metallic vapors, and then equalized to atmospheric pressure.

The Dry Sand Rubber Wheel specimenswere cut to a length of 75 mm by removing

both ends of the bars with an abrasive cut-off saw. The specimens were then ground to the

nominal dimensions of25 mm wide and 12mm thick using a surface grinderwith a magnetic

chuck. One end piece was mounted and prepared for metallographic examination and the

other was used to prepare X-ray specimens.
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3.2.2 Chromium Alloys

The chromium white iron Dry SandRubber Wheel specimenswere cut from thermo-

mechanical pulping refiner plates. These are castingsused in a pulping process for the paper

making industry. The plates were approximately 30 x 40 em and are about 3 em maximum

thickness. The pieces were cut from large reinforcementribs on the sides of the plates and

were ground to size and finish as described in section 3.1.1.

Table 3.2: Cr-Alloy Composition (%)

The commercial chromiumalloys used in this study included two 20-2-1white irons,

a 440C stainless steel derivative, and a D2 tool steel, Table 3.2. The 20-2-1 material is a

class of white irons which contain nominally 20% chromium, 2% molybdenum, and 1%

copper. They typically consist of a coarse lamellar eutectic with an austenitic matrix in the

as cast condition as shown in Figure 3.1 and a martensiticmatrix with primary and secondary

carbides when heat treated, Figure 3.2. The first chromium white iron was tested in the as

cast condition, designated Cr Iron #1, and the heat treated condition, designated Cr Iron #2.

The heat treatment consisted of an austenization above 1000°C, air quench, and a 250°C

temper. The second chromium white iron was designatedCr Iron #3 and was only tested in

the as cast condition. A sample of Cr Iron #1 was re-melted in the arc furnace to generate

a similar microstructure to that of the experimental molybdenum alloys, Figure 3.3. With

the quick chill created by the water cooled copper crucible, the microconstituents in the arc

melted alloy were very small relative to the original sand cast structures.

Chemistry C Cr Mn Si Ni Mo V Cu

Cr Iron #1 3.0 20.0 0.8 0.7 0.3 2.5 0.05 1.0

Cr Iron #3 2.8 18.0 1.2 0.7 0.4 0.5 0.05 1.0

Arc-Cr Iron 3.1 21.0 0.6 0.6 0.3 2.4 0.05 1.0

440C Steel 1.0 17.0 0.7 1.0 1.5 0.5 - -
D2 Steel 1.5 12.0 0.6 0.6 0.3 1.0 1.0 -
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The 440C steel is nominally a 1% carbon, 17% chromium wrought alloy which has

been adapted as a casting alloy by the refiner plate manufacturers. It is typically used in the

quenched and tempered condition, however, the material does not respond well to heat

treatment and often has significantamount of retained austenite. The microstructure,Figure

3.4, consists of dendrites with interdendritic eutectic carbides. The D2 steel is a standard

wrought tool steel which dependson discrete secondarycarbides and a tempered martensitic

matrix for its wear resistance, Figure 3.5.

3.3 Metallography

The metallography specimenswere mounted in epoxy filled thennoplastic mounting

compound. Metallographic grinding was perfonned in the usual manner using silicon

carbide grinding papers. Rough polishing was carried out using diamond paste on nylon

cloth and a final polish with a solution of sodium hydroxide and 0.05 pm alumina on a

neoprene pad. Each specimen was treated with various etchants for the metallographic

examination and to identify microconstituents. Stain etchants, Table 3.3, were used assist

in the identificationmicroconstituents. The microstructureswere also examined using a 2%

picric acid solution.

Table 3.3: Metallographic Etchants, [20]

Etchant Microconstituents

Picric Acid

Murakami's Etch

Delineate all carbides and intennetallics

Alkaline Sodium Picrate

Mo2C

~C,p

F~C, ~C, ~,P

Mo2C

Mo2C,~C, P

slightly stained brown

delineated but not stained

easily stained brown

slightly stained brown

not changed

colored to brownPotassium Pennanganate



Figure 3.1

Figure 3.2

41

As cast 20-2-1 chromium white iron alloy, Cr Iron #1. The white

non-etched phase is carbide and the gray phase is the austenitic

matrix. 1000X.

Heat treated 20-2-1chromium iron alloy, Cr Iron #2. The non-etched

phase is carbide and the dark etched phase is the martensitic matrix.

lOOOX.



Figure 3.3

Figure 3.4
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Re-melted as-cast 20-2-1 chromium iron alloy, Arc-Cr Iron.

Contains primary carbide dendrites surrounded by a eutectic of

austenite and carbide. 1000X.

440C ferritic stainless steel. Contains large dendrites of retained

austenite and martensite with interdedritic eutectic carbide. 1000X.



Figure 3.5
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D2 tool steel. A tempered martensitic wrought alloy with discrete

secondary carbides. 1aaax.
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3.4 Hardness Measurements

Macrohardness measurementswere taken with a Rockwell hardness tester using the

C-sca1e(HRd. Standardtest blocks were used to checkthe calibration of the machine prior

to taking measurements. Test blocks were chosen accordingto the hardness range of the test

sample. Averages are reported for each alloy.

3.5 Wear Testing

A Dry Sand Rubber Wheel abrasivewear test machine, ASTM Designation G65-80,

was used for this work, Figure 3.6. The test incorporates a 230 millimeter diameter

chlorobutyl rubber wheel which is run at 200 revolutions per minute against a standard

specimen of 12x 25 x 75 mm. The specimenis held by a lever arm against the rubber wheel

with a load of 130 Newtons. A 200-300 pm rounded quartz test sand (AFS 50170)flows

through a nozzle in between the specimen and the wheel at a rate of 250 to 350 grams per

minute.

For highly abrasion resistant materials, the ASTM standard method-A is

recommended where a volume loss is to be measured after 2000 revolutions. This procedure

was modified in order to calculate steady state wear rates by taking a weight loss

measurement every 200 revolutions up to a maximum of 1000revolutions. The wear rates

were calculated for each wear test specimen based on weight loss alone as the density

differences between the materials is not sufficientto warrant a volume loss conversion. The

wear specimens were then examined in the SEM to evaluate the primary mechanisms of

material removal in the wear scars.



Figure3.6
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Load

An illustration of the ASTM Dry Sand Rubber Wheel abrasive wear test.
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3.6 X-Ray Analysis

Two different means of X-Ray analysis were utilized including two dissolution

methods and two different diffractometers. The first diffractometer was not configured

ideally for analysis of powders and did not have analytical software capabilities to identify

compounds. The second effort was performed by the Bureau of Mines, Albany, Oregon,

using equipment specifically configured for powder diffraction and identification of

compounds. An alternatedissolutionmethodwas employedas well. Only alloys #4, #5, #7,

and #8 were analyzed for phase constituents. The four alloys were selected because they

were thought to contain all of the predicted phases in the ternary system.

3.6.1 First Analysis

X-Ray analysis was performedusing a Siemens Kristalloflex, model D500, powder

diffractometer with a Cu-Kcxtarget and a nickel filter. The primary and secondary window

sizes were 0.018° and 0.10° respectivelyfor slow scans at 0.009°/step and 3 sec/step dwell

time. Faster scans were performed at 0.05°/step and 1 see/step dwell time with primary and

secondary window sizes of 0.1 and 0.1. Window sizes were selected to minimize the noise

level in the data. Specimens were first scanned quickly over a wide range of angles to

identify areas of interest. Subsequent scans were performed at the slow scan rate and over

a smaller range of angles.

The powders were producedby repeatedlysoaking small pieces of the experimental

alloys in a 10% solution of bromine and ethanol. The residue on the specimens was then

scraped onto a piece of filter paper using a chrome plated spatula. The powder specimens

were sprinkled onto a small piece of double-sided tape placed on a specimen holder which

was aligned in the goniometer. The X-Ray data were analyzed using Siemens proprietary

software package. The system identifiespeaks and calculates the 26 angles, the d-spacings

and the relative intensities for each peak. The identification of unknowns was performed

manually using the published d-spacings for various compounds [45].
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3.6.2 Second Analysis

A Phillips model PW-1700 powderdiffi'actometerwas used with a copper X-ray tube

and a graphite monochronometer. Specimens were scanned from 28 angles of 5° to 80° at

a rate of 0.020 per second.

Powders were obtainedusing an electrolyticmethod. Alloy specimens were wound

with platinum wire and placed in a beaker containing an electrolyte which was a 10%

solution of hydrochloric acid and ethanol. A platinum cathode was placed adjacent to the

specimen and a potential of 6 volts was applied to the cell. As the dissolution progressed,

a coating of reaction products would build up on the specimen. Periodically, after 5 to 10

minutes of operation, the entire cell was placed in an ultrasonic cleaner to mechanically

remove the coating from the specimen and to get the reaction products suspended in the

electrolyte. This sequence was repeated up to 4 times. The electrolyte was then filtered in

a ceramic suction funnel apparatus using a glass microfiber filter. The filtrates were dried

and analyzed in place on the filters. Indexingand phase identification was performed using

a Phillips proprietary software package.

3.7 Volume Fraction Carbides

The carbide volume ftaction was determined according to ASTM E562-83, manual

point count, and using a Leco model 2001 Image Analyzer. The image analyzer operated

from a Nikon Epiphot metallurgical microscope equipped with a digital video camera and

capable of magnificationsup to 1000Xwith an oil immersion lens. Images from the camera

were captured by the image analyzer for analysis. The specimens were etched in Villella's

reagent prior to the determination of carbide volume fraction. In many cases, the optical

microscope could not adequatelyresolve the fine eutecticcarbides. As a result, manual point

counts were done on a Ziess model 960 Scanning Electron Microscope (SEM) at

magnifications of 400X to 8000X.
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The manual point count method was performed on the SEM by overlaying a grid of

points systematically over the microstructure as viewed on the display monitor. To avoid

bias, the operator avoids looking at the image screen when moving to a new field and the

movements are gaged such that the entire specimensurface is covered. Each point that falls

within the phase of interest is counted as one, and each point that falls on the edge of the

phase is counted as one-half. The percentage of the average number of points counted per

field is calculated based on the total number of points in the grid. If the procedure is

performed in a systematic and unbiased manner, the calculated percentage represents a

volume fraction of the phase.



CHAPTER 4.

RESULTS

4.1 Molybdenum Alloy Composition

The measured compositions for the experimental molybdenum alloys are listed in

Table 4.1. The carbon contents for the experimental molybdenum steels and irons are

suspect as described in section 3.1. Segregationmay also be a possibility as indicated by the

measured molybdenum contents in Alloys #4 and #8, and the carbon content of the Arc-Cr

iron. The molybdenum compositions for alloys #4 and #8 registered higher than the

percentage of molybdenum in the original blendedpowders. The carbon content of the Arc

melted chromium iron was also greater than that of the original alloy.
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Table 4.1: Mo-Alloy Compositions

Identification I C%
I

Mo%
I

Fe%.

Alloy #2 0.1 21 balance

Alloy #3 0.1 24

Alloy #4 0.4 38

Alloy #5 1.7 18

Alloy #6 2.5 18

Alloy #7 2.7 25

Alloy #8 3.0 32
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4.2 Metallographic Examination

The alloy microstructures are described in detail relative to what is seen

metallographically using optical and SEM microscopy and with reference to the available

phase diagrams. All of the experimental molybdenum materials are strongly magnetic

indicating a significant amount of ferrite.

4.2.1 Alloy #2 Composition: 0.1% C, 21% Mo, balance iron

The microstructure, Figure 4.1 and 4.2, consists of a variegated matrix phase

surrounded by a secondaryprecipitateat the grainboundaries. The matrix appears to include

an extremely fine secondaryphase. Because Murakami'sstain reagent was used in preparing

the metallographic specimen in Figure 4.1, the grain boundary phase appears dark in the

photomicrograph. As given in Table 3.3, Murakami's etch stains the ~C and F~Mo2

phases dark. Figure 4.2 presents a much clearer image of the matrix and the grain boundary

material. Here, it can be seen that there are stained and un-stained phases in the matrix

material and an apparent chemically depleted zone adjacent to the grain boundaries. The

alkaline sodium picrate is known to did not stain the grain boundary phase in this case,

however, the stain etchants were found occasionally to be unreliable. An intermetallic

stained dark by the Murakami's would certainly be expected to be stained by the alkaline

sodium picrate. With the high molybdenumand low carbon chemistry, the bulk of the alloy

would be ferrite and intermetallic with no carbidic phase present.

4.2.2 Alloy #3 Composition: 0.1% C, 24% Mo, balance iron

Alloy #3 was intended to have a higher carbon content than Alloy #2, but because of

alloy losses during melting, the chemistries are very similar. The microstructures, however,

are very different. Alloy #3 consists of a fine secondaryphase that covers the grains and the

grain boundaries, Figure 4.3. The alkaline sodium picrate generated a brown stain on the

secondary material and revealed another lightlyetched phase beneath the obvious dark one,
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indicating that it is a product of a prior solid state reaction such as the secondary F~Mo2

transforming to Fe:zMo.Applications of Murakami's etchant to the specimen also stained

the secondary phase particles a more uniform shade and did not indicate the presence of

another secondaryphase The possiblephases based on the response of the etchants are again

the ~C carbide and F~Mo2 intermetallic. With the low carbon content in this alloy, the

carbide phase is doubtful.

4.2.3 Alloy #4 Composition: 0.4% C, 38% Mo, balance iron

Two primary phases are present in Alloy #4, Figure 4.4. The first is the largest of the

phases which in turn shows evidence of a secondary decomposition reaction. The initial

solidification for this alloy is in the intermetallic FesMo3(R-phase) field. The Murakami's

reagent has stained the primary phases a lighter shade and the secondary reaction products

are dark in the photomicrographin Figure 4.4. This phase change is undoubtably due to the

peritectoid decomposition of the R-phase to the F~Mo2, which can also be seen along the

interfaces of some of the large primary phase material in Figure 4.5. The remaining liquid

then begins to form a-Fe and ~C carbide which may be the finer, globular, primary phase

in the photomicrograph. This is uncertain as the 0.4% carbon would not be expected to be

enough to precipitate a significant carbide volume fraction. Nothing was found in the

literature indicating that the R-phase would be colored by any of the etchants used.

4.2.4 Alloy #5 Composition: 1.7% C, 18% Mo, balance iron

The alloy, Figure 4.6, first solidifiedas primary austenite [21,23]or delta ferrite [22].

A portion of the austenite passes through the two phase field involving y-Fe and M~C

carbide as seen on the 1000°C isotherm, Figure 2.5. Large martensitic laths were found in

many of the dendrites. The interdendritic region consisted of the ternary eutectic with a

lamellar morphology. The eutectic is too fine to determine if any of the microconstituents

were colored by the stain reagents or to determine if the ~-carbide phase is present.
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4.2.5 Alloy #6 Composition: 2.5% C, 18% Mo, balance iron

This alloy follows a solidification path similar to Alloy #5 except that the first

material to crystallize maybe austenite. The higher carbon content placed Alloy #6

significantly closer to the ternary eutectic which produced more interdendritic eutectic and

an overall greater carbide volume ftaction, Figure 4.7. This eutectic is also too fine to

resolve any staining of the microconstituents.

4.2.6 Alloy #7 Composition: 2.7% C, 25% Mo, balance iron

The first material to solidify was the primary ~C carbide and austenite. The

remaining liquid then formed austenite and M02C before the lamellar ternary eutectic

reaction with y-Fe, M02C,and M3C. All of the primary carbides have a similar tint after

etching with potassium permanganateand have a clear delineated region surrounding them,

Figure 4.8. This moat surrounding the primary phase has the appearance of a peritectic or

peritectoid type reaction. Many of the smaller discrete phases have a more rounded shape

indicating that they may be the result of a secondaryreaction product. Other smaller carbides

are too coarse to be eutectic, but appear as a non-uniform lamellar phase also indicating a

secondary reaction. In Alloy #4, the finer, globular phase was thought to be the ~C

carbide. Here, the obvious primary ~C is much more massive and angular.

Dendrites of retained austenitewith lathemartensiteare intertwinedwith the carbides

and the lamellar eutectic. In between some of the dendrite arms, a dark-staining variegated

phase is present which cannot be resolved optically at a magnification of 1000X. The

eutectic stained dark in some cases and did not stain in others. There may be some

differences between the two eutectic carbides, M02Cand M3C,but they were also difficult

to resolve at this magnification. Again it cannot be determined if any ~-carbide is present.
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4.2.7 Alloy #8 Composition: 3.0% C, 32% Mo, balance iron

The alloy is comprisedof a relatively finemicrostructure with a few blocky primary

carbides, an irregular lamellar transformation phase, and a slightly more coarse lamellar

eutectic, Figure 4.9. It begins solidificationas eitherprimary ~C [21,23]or M02C[22], and

passes through a y-Fe and M02Creaction, and finally the ternary eutectic reaction forming

y-Fe, M02C,and M3C.

Some of the primary carbides stained dark with the Murakami's and some did not.

The M02C carbide should not stain with this reagent. However, the M02C is said to be

stringy or rod-like in shape as given in Table 2.3 [14]. This descriptionmay fit the elongated

primary phase found in Alloy #8. The lamellareutectic was slightly tinted in some areas and

stained dark in others. The difference between the two eutectic carbides may be the M02C

and M3Cphases. There also appear to be occasional dendrites of retained austenite with

lathe martensite.

Figure 4.10 is an SEM micrograph of a carbide that has undergone a subsequent

transformation. This is obviously primary material, M~C or ~C, which has been

transformed to the irregular lamellar morphology described above. An EDX analysis on a

metallographic specimen generated the average results given in Table 4.3. The primary

phase indicated is a strong candidatefor the M02Ccarbide because of its high molybdenum

content.

Table 4.2: EDX Data, Alloy #8

Microconsituent Mo% Fe%

Primary Phase

Irregular Lamellar

Matrix Phase

93

73

6

7

27

94



Figure 4.1

Figure 4.2
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Alloy #2 prepared with Murakami's stain reagent. The stain etchant

darkened the grain boundary intermetallic. lOOOX.

Alloy #2, prepared with alkaline sodium picrate stain reagent. The

unetched grain boundary intermetallic can be seen with the adjacent

depleted zone. lOOOX.
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Alloy #3, prepared with alkaline sodium picrate stain reagent. The

stained intermetallic precipitate can be seen in the grains and on the

grain boundaries. 1000X.



Figure 4.4

Figure 4.5
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"j'

.~. I

#~
Alloy #4, preparedwith Murakami'sstain reagent. Contains primary

intermetallic R-phase which has experienced a peritectoid

decomposition (u-phase) and possible M6Ccarbides. 1000X.

Alloy #4, prepared with picric acid showing a peritectoid reaction

product. 1000X.



Figure 4.6

Figure 4.7
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Alloy #5, prepared with Murakami's stain reagent. Consists of

austenitic dendrites with interdendritic eutectic. 1000X.

Alloy #6, prepared with Murakami's stain reagent. Contains

austenitic dendrites with interdendritic eutectic. 1000X.



Figure 4.8

58

Alloy #7, prepared with potassium permanganate stain reagent.

Contains large hypereutectic ~C carbides and eutectic. 1000X.



Figure 4.9
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Alloy #8, prepared with Murakami's stain reagent. Shown are large

primary Mo2Ccarbides and eutectic. 1000X.

Figure 4.10 Alloy #8, An SEM micrographshowing a secondary decomposition,

5000X.
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4.3 Hardness Measurements

The macrohardness measurements follow a loose trend, increasing with carbon

content, from approximately HRc 40 to 65. Table 4.3 lists the hardnesses for the

experimental molybdenum alloys along with their carbon and molybdenum contents as a

reference. The hardnesses given are averages for multiple indentations on a single DSRW

specnnen.

Table 4.3: Hardness Measurements

Allo %C %Mo HR

#2 0.1 21 41.6

#3 0.1 24 39.4

#4 0.4 38 50.9

#5 1.7 18 63.2

#6 2.5 18 64.8

#7 2.7 25 63.6

#8 3.0 32 64.5

Alloy I %C I %Cr I HR

Cr Iron #1 3.0 20 52.5

Arc-Cr Iron 3.1 21 53.4

Cr Iron #2 3.0 20 63.5

Cr Iron #3 2.8 18 49.0

440C Steel 1.0 17 56.0

D2 Steel 1.5 12 60.0
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The bulk hardness of Alloy #2 is HRc 42 which is in the range of a tempered

martensite, but is too hard to be ferrite. This hardness level also suggests a microstructure

containing intermetallicmaterial. Alloy #3 is at the high end of the range for a eutectoid at

HRc 39 which would be conceivable if the carbon level was close to what was originally

intended for this alloy. However, this hardness level is more likely due to the presence an

intermetallic. Alloy #4 is unique amongthe experimentalalloys in that its microstructure is

mostly large amounts of intermetallic hard phase. The bulk hardness values for this alloy

support this hypothesis. The hardnessof the remainingwhite irons are in the ranges expected

for these materials in the as cast condition.

4.4 Image Analysis

The image analysis data for the experimentalalloys and several white iron materials

are summarized in Table 4.4. Given, is a description of the phases, the hard phase volume

traction (VF), and the confidence interval (CI). The typical, fully-eutectic, iron alloys tend

to be approximately 30% carbide volume fraction.

Alloy #2 developed a grain boundary intermetallic which was approximately 9%

volume fraction. The measured carbon content for this material was 0.1% and therefore

could not contain a meaningful carbide volume fraction. Alloy #3 was also measured with

a very low carbon content. The appearanceof the microstructure could be related to a non-

lamellar eutectoid. Nevertheless,the stain etchantsindicatean intermetallicphase consisting

of over 36% of the microstructure.

The total hard phase found in alloy #4 was 59% with the intermetallic constituting

33% and various assumed carbides making up the remaining 26%. Again, the uncertainty

of the carbon content is an issue, and the microstructureand X-Ray analysis strongly indicate

that a carbidic phase is present. Alloys #5 and #6 were very similar with 29% and 33%

eutectic carbide respectively. Alloy #6 contained a few blocky primary carbides.
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Table 4.4: Volume Fraction Hard Phase

I

Volume Confidence

Alloy I Description I Fraction Interval
(%) (%)

#2 Grain Boundary Intennetallic 9.4 6.9

#3 Dispersed Intennetallic I 36.6 I 2.6

#4 I Primary Intennetallic
33.2 I

3.0
Primary Carbides 25.9 2.8

Total Hard Phase 59.1

#5 I EutecticCarbides I 29.1 I 4.4

#6 Eutectic Carbides 30.3 4.3

#7 Blocky Primary Carbides 27.8 3.3
Eutectic Carbides 24.2 4.2

Total Hard Phase 52.0

#8 I Blocky Primary Carbides
10.7 I

8.1
Eutectic Carbides 30.1 3.7

Total Hard Phase 40.8

Cr-Iron #1 Eutectic Carbides 28.5 I 2.7

Arc-Cr Iron Blocky Primary Carbides
24.5 I

8.5
Eutectic Carbides 11.6 3.0

Total Hard Phase 36.1

Cr Iron #2 Eutectic Carbides 33.0 I 2.9

Cr Iron #3 Eutectic Carbides 27.3 3.6

440C Steel Eutectic Carbides 7.0 3.6

D2 Steel Secondary Carbides 12.0 I 0.5
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The microstructuresof Alloys #7 and #8 were also very similar to each other. Alloy

#7 contained a total of 52% carbide. Of that total, 28% were probably large primary carbides

with the eutectic making up the remainder.In contrast,Alloy #8 had fewer blocky carbides,

14% volume fraction, and 30% eutectic carbidesfor a total of 44%. The difference between

the two compositions results from their location near the ~C and Mo2C liquidus phase

fields.

The other alloys included in Table 4.4 are the 20-2-1white irons in the as cast and

heat treated form, the 440C stainless steel alloy, and the D2 tool steel. The 20-2-1 alloys are

hypoeutectic except for the Arc-Cr Iron alloy which contains some larger primary carbides

as well. This is most likely due to a non-homogenous composition resulting from the arc

melting process. The 440C steel containsa small amount of interdendritic eutectic carbide.

The D2 material is the only wrought material and was found to have 12% secondary

carbides.

4.5 X-ray Diffraction Analysis

X-ray diffi'actionanalysis was carried out on the four alloys which would provide the

most information for the iron comer of the phase diagram. It was presumed that all of the

phases of interest for this work were represented in these materials. The 26 angle versus

intensity plots and tables listing matches of experimental data and peaks from the powder

diffraction files [45] are included in Appendix A. A list of all phases found in the X-ray

diffraction work is given in Table 4.5.
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4.5.1 First Analysis

Alloy #4 -The results for alloy #4 were by far the most complex with scans between

26 values of 30° to 75° showing 17viable peaks. Six phases were found to make plausible

matches for the d-spacings. Some of the peaks were hardly recognizable and would not be

considered viable except that they occurredin severalrepeats in the same 26 range. This was

not always the case. Other peaks picked out by the computerwere barely out of the baseline

noise and were not found in any other repeats for that 26 angle. These were not considered

viable peaks. However, a weak match for the a-Fe peak, a phase expected in these materials,

is easier to accept under these conditions.

The intermetallicdiffractiondata are much more confusing. Three different phases

are possible here. These are F~M02, F~Mo, and Fe63M037.The F~Mo is a stable room

temperature Laves phase [10]. The structurefor the F~M02 and Fe,M06phases are slightly

different, but describe the same intermetallic phase. The Fe,M06phase was not found in

these data. Some indication of the primary R-phase was expected in the diffraction data.

There was some confusion about the structure of Sinha's R-phase until a match was made

between his diffractiondata and the Powder DiffractionFile. Only then was it clear that the

Table 4.5: X-ray Diffraction Summary

Phase I Alloy #4 Alloy #5 Alloy #7 Alloy #8

a-Fe tI' tI' tI'

C tI' tI' tI' tI'

M02C tI' tI' tI'

;-phase tI' tI'

R-phase tI'

,u-phase tI'

FMo tI'
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Fe63Mo37and Sinha's R-phase were one and the same. The Fe63Mo37phase is suspected to

be the equivalent to the FesMo3R-phase. The Fe63Mo37showed the strongest match of the

intermetallics for these diffi'action data. The F~Mo3C triple carbide showed a very good

match with the diffractionfiles. The FeuMo6CScarbidediffi'actionpeaks were found but did

not show strong intensities. This is the ~-phase carbide and is the same phase as the F~MoC

carbide.

Alloy #5 - Three strongpeaks were seen, two of which were good matches for a-Fe.

The third peak was a possible match for the Mo2Cor the ~-phasecarbide. It is not clear why

other peaks were not present as this range of 26 values should have included other carbide

peaks.

Alloy #7 - A strong match was seen for the Mo2Cand ~C carbides. This alloy was

thought to solidify with primary ~C and austenite and then form primary M~C at a lower

temperature. A weaker match was found for the ~-phasewhich would be present as a result

of either the ternary eutectic reaction or the ~-phase field. In this alloy, the data matched the

F~MoC structure instead of the FelIMo6CSas was found in Alloy #4.

Alloy #8 - Only a-Fe and several other unknown peaks were revealed for the first

attempt which was a very fast scan. Subsequently, two slower scans revealed many strong

peaks through the same 26 angles. A very good match was made for the M~C carbide and

a-Fe. A single peak correspondedto a d-spacingfor the ~C carbidewhich occurs at greater

26 angles. Unfortunately no diffi'action data were obtained at higher 26 angles which

included the entire ~C 26 range.

Molybdenum Powder - A molybdenum powder sample from the material used to

make the experimental molybdenum alloys was also tested to verify the technique. The

powder was labeled as 99.99%pure molybdenum. A strong match for the ~C carbide was

found in the diffi'action data.
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4.5.2 Second Analysis

The Bureau of Mines diffraction data was quite different as a result of the variation

in extraction methods. Another variable was that a computer data acquisition system was

used to analyze the data [47]. Only three separatephases were found among all four of the

alloys. Because the computer data was presented in a form that could not be manually

checked, it is difficult to know if one method was superior to the other.

Alloy #4, was found to have an Ft;3M037intermetallicand a carbide with a structure

similar to that of the C03W3Ccarbide. The C03W3Cis the structure for the ~C carbide.

Alloys #5, #7, and #8 were all found to contain carbides with the C03W3Cand M02C

structure.

4.6 Wear Testing

The wear test results, summarized in Table 4.6, showed the experimental

molybdenum alloys with the combinationof high carbon and molybdenumto be comparable

to the chromium white irons. The weight loss versus sliding distance curves for the

molybdenum alloys are shown in Figure4.11. A generaltrend of decreasingweight loss with

increasing carbon content can be seen. The four alloys with the least weight loss were all

very close, but differencesin wear rate can be resolved betweenthem. These four materials

had similar hardness values but very different microstructures are represented between

Alloys #5 -#6 and Alloys #7 -#8.
Similar plots for the chromium alloys can be seen in Figure 4.12. The 440C alloy

showed the greatestweight loss with the Arc-CrIron next and the white irons and the D2 tool

steel grouped together with excellentwear resistance. The Arc-Cr Iron alloy was very close

in composition and microstructurewith Cr Iron #1 yet its wear resistance is significant less

after arc melting. The wear rates of the four most wear resistantmolybdenum alloys compare

very favorably with the sand cast chromium white irons and the D2 tool steel.
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Differences can be seen in the behavior of the molybdenum and chromium alloys in

the wear rate versus bulk hardness data in Figure4.13. Here, the wear rate of the commercial

chromium alloys show little correlation with hardness. The 440C steel is an outlier on the

plot with a very high wear rate for its hardness level. The carbide volume fraction value

given in Table 4.6 may well be too high as a result of confusion in resolving the very fine

eutectic carbides in this alloy. Data from Fulcher et al [41] are also represented in Figure

4.13. The wear rate of these alloys is independent of bulk hardness as well. The

molybdenum alloys show a very clear linear relationship including Alloy #4 which contains

a high intermetallic volume fraction.

The wear resistance versus carbon content data, Figure 4.14, for Fulchers materials

show a weak parabolic relationship. The molybdenum alloys form a modest parabolic

relationship while the commercial chromium alloys do not fit a pattern. The D2 steel and

the chromium irons fit relatively well with the experimental chromium alloys but the 440C

and Arc-Cr Iron materials, with the finer carbides, show much lower wear resistance.

The most widely used quantitative metallographic measurement for alloys with

carbidic second phases is the carbide volume fraction. Figure 4.15 reveals the relationship

between the wear rate and the carbide volume fraction for the chromium and molybdenum

alloys. The data of Figure 4.15 were plotted without considering the volume fraction of the

intermetallic phases. Again, the chromiumalloys minus the 440C and Arc-Cr Iron materials

show a very weak parabolic relationship of decreasing wear rate with increasing volume

fraction to a minima at approximately 30% carbide volume fraction. The best fit for the

molybdenum alloys is also a parabolic curve and the trend of decreasing wear rate with

increasing carbide volume fraction is much stronger. The wear behavior of the 440C and

Arc-Cr Iron materials places them on the curve with the molybdenum alloys.



68

The molybdenummaterials seemto require a much greater carbide volume fraction

to obtain the same level of wear resistance as the chromium alloys. Alloy #8 exhibits the

lowest wear rate of the molybdenum alloys even though Alloy #7 has a greater carbide

volume fraction. This situation is similarto that describedby Fulcher et al and others [37,41]

for white iron alloys. Fulcher's data was plotted on a much smaller scale which enhanced

the parabolic shape. Plotted with respect to the experimental molybdenum data, the

relationship does not look as strong.

Table 4.6: Summary of Results

Experimental Carbide Volume
ADo Fraction %

#2 - 42 386

#3 - 39 401

#4 26 51 205

#5 29 63 104

#6 30 65 81

#7 52 64 53

#8 43 64 35

Cr Iron#1 29 52 47

Arc-CrIron 37 53 132

Cr Iron#2 33 64 45

Cr Iron#3 25 49 54

440CSteel 7 56 362

D2 Steel 12 60 69
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4.7 DSRW Specimens

Photomicrographs from the SEM examination of the Dry Sand Rubber Wheel

specimens are shown in Figures 4.16 through 4.27. It can be seen that the abrasive material

has plowed through the matrix material in all cases and on some specimens craters are found

resulting from fragments of materialhaving been removed. The material removed can often

be associated with some microstructural component of the alloy as is the case with Alloy's

#3, #4, and the Arc-Cr Iron specimen. Occasional largeblocky second phase particles show

evidence of fracture and spalling as can be seen with Alloy #7.
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the molybdenum alloy data only.
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Figure 4.16 Alloy #2, Dry Sand Rubber Wheel specimen wear scar, 1000X.
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Figure 4.17 Alloy #3, Dry Sand Rubber Wheel specimen wear scar, 1000X.
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Figure 4.18 Alloy #4, Dry Sand Rubber Wheel specimen wear scar, 1000X.
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Figure 4.19 Alloy #5, Dry Sand Rubber Wheel specimen wear scar, 1000X.
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Figure 4.21
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Alloy #6, Dry Sand Rubber Wheel specimen wear scar, 1000X.

Alloy #7, Dry Sand Rubber Wheel specimen wear scar, 1000X.
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Figure 4.23
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Alloy #8, Dry Sand Rubber Wheel specimen wear scar, 1000X.

As cast Cr Iron #1, Dry Sand Rubber Wheel specimen wear scar,

1000X.
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Figure 4.25
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Heat treated Cr Iron #2, Dry Sand Rubber Wheel specimen wear

scar, IOOOX.

Arc-Cr Iron alloy, Dry Sand Rubber Wheel specimen wear scar,

IOOOX.
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Figure 4.26 440C stainless steel, Dry Sand Rubber Wheel specimen wear scar,

1000X.

Figure 4.27 D2 tool steel, Dry Sand Rubber Wheel specimen wear scar, 1000X.



CHAPTER 5.

DISCUSSION

5.1 X-Ray Diffraction Analysis

The sample preparationmethod used in the first diffractionanalysis utilized repeated

etching and scraping to accumulate material. The scraping presumably removed material

which would otherwisehave been dissolved. For instance, trace amounts of the a-Fe phase

were found in some of the diffraction data which would have normally been dissolved had

the etchant been allowed to continue to work uninterrupted and without the mechanical

removal. The second analysismethod incorporateda much more aggressive electrolyticetch

and no mechanical means of material removal. Far fewer compounds were identified trom

this material. For instance, Alloy #4 exhibited the R-phase intermetallic and ~C carbide

in the second X-ray difftaction analysis where the first analysis contained multiple

intermetallic and carbidic phases.

The first difftaction data seemed fairly noisy but most of the various phases were

readily identified. There was some concern, however, because the powders were sprinkled

onto double-sided tape and stuck to a glass slide which was then placed on the goniometer.

The potential for misalignmentwas significant. The powder also had the potential to be non-

uniform in size which could have caused some peak broadening [48].

The identificationof a primary intermetallic phase in the X-ray difftaction data was

a concern through the initial courseof this work. Indications from the literature [9] were that

the R-phase was stable enough to expect its presencein non-equilibriummaterials. Initially,

no good matches were found by which to identify this phase in these data. This confusion

was compounded by the over lappingpeaks from other phases. The phase was given in the

binary phase diagram [16] as having the FesMo3structure. Both sets of X-ray diffractiondata

81



82

perfonned on the experimental alloys showed good matches for the Fe63M037which was

suspected to be a stoichiometricvariationof this primaryphase. Similarities were found by

comparing the d-spacings from the powder diffraction file for the Fe63M037intennetallic to

X-ray diffraction data from Sinha's [17] primary R-phase, which was designated as having

the FesM03 structure. The two structure designations were found to share the same d-

spacings and were not the result of having more of one solute available for substitutions

during solidification.

Three intennetallic stoichiometries were identified in the X-Ray analysis which

included the F~Mo Lavas phase, the ,u-phase,and the R-phase. The d-spacings for the,u-

phase, listed as the Fe,M06and F~M02 structures in the literature, are cited [9,17] as being

minor derivatives of the same phase. An examination of a crystallographic database [46]

confinns that the F~M02 and Fe,M06 phase designations share the same trigonal crystal

structure. The differencesare attributedto variability in the stoichiometryof the compounds

resulting from substitutionof atoms at various lattice sites. No matches for the Fe,M06were

found in the diffraction results for the experimental alloys.

The matches for the ~C peaks tended to be very strong. Other carbide structures

were less certain, such as the ~-phase. The tables of X-ray diffractiondata in the appendices

reveal that several of the sets of peaks are over lappingwith other phases resulting in matches

that are less distinct. For instance, some of the ~-phase peaks are similar to those of the

F~Mo and R-phase intennetallics.

5.2 Metallographic Examination

During solidification,the molybdenum steels pass through an extensive a-Fe phase

field, shown on the binary Fe-Mo phase diagram and the ternary Fe-Mo-C liquidus

projection, which can absorb up to 30% molybdenumat 1500°C. It then goes through an a-

Fe plus ,u-phasefield. As the temperaturedecreases,the ,u-phaseprecipitates peritectoida1ly

in the molybdenum saturated a-Fe matrix. As the temperature continues to decrease, the
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F~Mo peritectoid begins to precipitate.

The molybdenum steels, Alloys #2, #3, and #4, revealed three distinctly different

microstructures. Alloy #2, ferriticwith a possible ,u-phasedispersed throughout the matrix

and on the grain boundaries,Alloy #3, a similar chemistry to Alloy #2 with a much coarser

intermetallic dispersion throughout the microstructure, and Alloy #4, containing a high

volume fraction primary R-phase and ~C carbide phases. As for intermetallics, the stain

reagents on the metallographic specimens are only known to color the F~Mo2 phase. It is

not known if other intermetallics such as the R-phase or the F~Mo phases would also be

colored. Further, the X-ray diffraction results on the four alloys that were tested, including

Alloy #4, indicate that the F~Mo and Fe3Mo2intermetallics are present and stable at room

temperature in the experimental alloys.

The microconstituentsof Alloys #2 are especially difficult to identify visually. The

matrix material is too fine to be resolved but appears to contain at least one secondaryphase.

This is not a dispersed precipitate which would be expected for a carbide in a low carbon

alloy. The only possibilities include the two intermetallics mentioned above, even if the

carbon content was several points higher than indicated by the Leco combustion analyzer.

The grain boundary phase visible in Figure 4.2 is still a mystery. The dark staining

Murakami's etch in Figure 4.1 identifies the grain boundary material to be an intermetallic

or an ~C carbide. In Figure 4.2, the grain boundaryprecipitate did not stain at all with the

alkaline sodium picrate. The effectof the stain etchantswas sometimes found to be variable

during the course of this work, but it could also be indicate that the etch was unable to attack

the phase as it should because of some contaminant. The grain boundary phase has an

obvious depletion zone adjacent to it, indicating a secondary phase which has depleted the

neighboring region of molybdenum. The possibilities might include a carbide if the carbon

composition was in error. This, along with the obvious microstructuraldifferences between

Alloys #2 and #3, might lead to the conclusionthat the measured chemistries are in error and

a carbide is possible. Even if this were the case, the carbide volume fraction would be

insignificant and would probably behave no differently than an intermetallic phase in an

abrasive wear environment.
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The chemical analysis of AIloy#3 showed it to have a similar composition to AIloy

#2. Theoretically it should have a slightly higher carbon content judging from the typical

melting losses experiencedby the other molybdenum alloys. With losses of approximately

30%, this composition should contain 0.5% carbon. This may be enough carbon in

combination with the high molybdenumcontentto put this alloy into the y-Fe primary phase

field which would then decompose eutectoidially with ;-phase carbides and ferrite.

Murakami's reagent generateda moderate tint indicating ;-phase while the alkaline sodium

picrate gave a much darker shade indicating several possible carbides and the ,u-phase

intennetallic. Hardness values for AIloy #3 averaged 39 HRc which is at the high end for a

fully pearlitic alloy. This evidence supports the supposition of a eutectoid morphology

consisting of the ;-phase carbideand ferrite. Whatever the composition, the microstructure

does have the appearanceof a non-unifonn eutectoid. Irregardless,the wear rate of 401 ug/m

may be too high for that of a eutectoid steel. Data from a similar ASTM DSRW test of a

series of five wrought 1090steels producedan averagewear rate of289 ug/m with hardness

averaging HRc 27. This wear rate is far lower and with a much softer steel than AIloy#3.

The possibility of AIloy #3 containing intennetallic may be more reasonable. The

dark stained phase in Figure 4.3 is most likely the ,u-phaseand it follows that the slightly

delineated, un-stained,materialunderneaththe stained precipitateis the F~Mo intennetallic.

This scenario would be in keeping with the measured chemistry for the alloy and is in

keeping with the wear rates found for the material.

AIloy #4 containeda significantportion of the primary R-phase intennetallic which

reveals a distinct decompositional phase. The dark stained microconstituent in Figure 4.4

marks the transfonnation of the primary R-phase by a peritectoid decomposition to the,u-

phase in conjunction with ex-Fe.This is one of the phases listed as being darkened by the

stain reagents. This reaction product can be seen more clearly on the fringes of some of the

larger microconstituents in Figure 4.5.
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The ~C carbide also showed a strong presence in Alloy #4 with the X-ray

diffraction analysis results. This phase was described by Sato [14] as having a globular

appearance but the identification of the phase in the present microstructures has not

positively been made. Sato's description was for the secondary carbides that formed in his

molybdenum steels and may not be applicable for a primary material. A phase can be seen

which has a similar appearance to the chromium carbides found in Cr Iron # 1 and #2. In

Figure 4.5, this is the finer, interdendritic phase in the micrograph. In the microstructures

of Alloys #7 and #8, the primary ~C exhibits a classic angular dendritic carbide

morphology which is very different ftom this one. Another possibilty is that the phase in

question is the decomposition products of the ~C carbide. The only reaction that would

make sense was one described by Schuster [22] as forming a-Fe and M~C at 1190°C in his

published reaction sequences. This combination is implausible because the Mo2Ccarbide

was not found in the X-ray diffraction results. Other phases were found in the X-ray

analysis. These included the a-Fe, F~Mo, and the ~-phase of which none could be

specifically related to features in the photomicrographs.

The iron alloys fit into two categories consisting of hypoeutectic and hypereutectic

compositions. Alloys #5 and #6, Figures4.6 and 4.7 repectively,have a classic hypoeutectic

dendritic matrix of retained austenite with lath martensite surrounded by a ternary eutectic.

No evidence was found indicating that the primary ~-phasefield exists. Alloys #7 and #8,

Figures 4.8 through 4.10, exhibit the hypereutectic compositions of primary carbide with

eutectic. Evidence of possible decomposition products can be seen in both alloys.

Alloys #7 showsprimary~C carbidewhich arethe angulardendriticphases darkend

by the stain reagent. At the edges of some primary carbides, a decompositional phase

appears as a "moat" surroundingthe primary ~C phase. Published solidificationsequences

show a reaction of ~C decomposing as a eutectoid-like reaction to Mo2C but the

micrographs reveal the distinct morphology of a peritectic or peritectoid reaction. As this

is a primary phase, the moat cannot possibly be the result of a solute depletion zone. Rivlin

[9] discussed a possible ternary peritectoidreaction involving F~C, M~C, and y-Fe to form
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F~MoC. Alternatively, Schuster [22] claimed a ternary peritectic withL, y-Fe, and M~C

forming the ~-phase. The evidence here supports Rivlin [9], but, there is enough confusion

concerning this portion of the ternary that extensivework would be required to establish the

origin of this phase.

Eutectoidal decompositionof some primary carbidescan be seen in Alloy #8, Figure

4.10. Here, whole carbides appear to have transformedto what may be the result of the ~C

decomposition to Mo2Cand a-Fe. The M~C carbidewas found in the X-ray diffractiondata

and many of the primary carbides look different from the larger dendritic carbides of Alloy

#7. The typical primary carbides of Alloy #8 are smaller and do not have the dendritic

appearance.

Alloys #7 and #8 contain 2.7% and 3.0% carbon respectivelybut Alloy #8 contained

less carbide volume fraction than Alloy #7. The differences in chemistry pushed Alloy #7

well within the primary ~C phase field and created a more hypereutectic composition

providing a greater volume fraction of blocky primary carbide. The remaining

microconstituents consist of ternary eutectic and a-Fe.

5.3 Analysis ofDSRW Specimens

When the DSRW data were viewed relative to the microstructuresof the specimens,

some insight into the wear mechanisms were furnished. Further verification was provided

by an SEM examination of the wear scars on the DSRW specimens to determine the effect

of the abrasive on the specimen surfaces. This constituted a simple failure analysis which

revealed craters where material was removed from the surfaces, protruding carbides and

material plowed and fractured by the abrasive particles.

Alloys #2 and #3 showed the least wear resistanceof the experimental molybdenum

alloys. They also exhibit worn surfacesvery different from each other. Certain areas of the

wear scar on the Alloy #2 specimen, Figure 4.16, have had material removed from the

surface. These were often elongatedpockets which were orientedperpendicular to the wear

tracks. Portionsoftheintermetallicphasemayhavebeenpluckedfromthegrain boundaries
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to form these features. The grain boundary material may be inclined to fracture and spall

under the repeated stress of the passing abrasiveparticles. The surface of the specimen also

presents an impression that a significant amount of plastic deformation has occurred. The

ferritic matrix apparently did not gain any support from the intermetallic thought to be

present in the matrix. The entire surface of Alloy #3, Figure 4.17, exhibits a rough texture

which appears to be the result of small particles having been tom away. These particles fit

the size and shape of the hard phase present in the microstructurewhich are smaller than the

wear tracks of the abrasive particles. Occasional craters were found which were elongated

in the direction of wear resulting from clusters of hard particles being removed. The craters

result from unsupported particles being plucked away from the edges of small pits which

eventually becomes a larger crater. This was similar to that described by Desai et al [39].

It would seem that as the wear progressed, eventually the surface of the wear scar

would be covered with the larger craters. That this is not the case indicated that the overall

wear rate of the surface is high enough to compete with the crater formation process. Based

on the experienceof others [39,40],the abrasive is able to remove the particles with the wear

debris. This wear mechanism was determined to be a major factor in the higher wear rates

found in the materials of Desai et al [39] where the carbides were much smaller than the

abrasive.

Pockets of material were removed from the surface of the Alloy #4 wear specimen

as well. These pockets correspondwith the material around the large primary intermetallic

phases which are delineated in Figure 4.18 as a result of the abrasion in the material

surrounding them. The abrasion was most active in the areas inbetween the larger

microconstituents. The metallic material around the intermetallic was heavily abraded and

the interfaces between the metal and intermetallic were spalled with many of the features

having been extracted. The abraded primary intermetallic surface is relatively smooth and

is not protruding as a harder carbide might. Some wearing of the edges of the the primary

intermetallic phase can be detectedbut no obvious errosionor chipping of the leading edges

can be seen. Apparentlythe intermetallicwas not able to offer much resistance to the silica

abrasive. No other hard phasseswere found to protrudeabove the surfacewhich may
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indicate that there was either very little carbide in the alloy or it was small enough that it was

easily removed by the larger abrasive.

The eutectic carbide material in Alloys #5 and #6 were not seriously ftagmented by

the abrasive. Some particle extraction occurred as seen in Figure 4.19. The wear tracks

show the abrasive particles plowed through the eutectic and matrix material equally.

However, judging ftom the wear data, the combination of the small amounts of lath

martensite and eutectic perfonned well comparedto the softer steels. The eutectic carbides

are typically much smaller than the abrasive wear tracks but were obviously concentrated

enough that they did not easily yield to the abrasive.

The carbide volume ftaction for Alloys #7 and #8 were the highest for all of the

alloys tested. This is a result of their hypereutectic microstructures. Alloy #7 was

determined to have a greater volume of carbide, yet, a greater wear rate. This situation has

been discussed in the literatureand attributedto the ftacture of the massive primary carbides

as in the case of Fulcher et al [34]. Figure 4.21 reveals that this is in fact the difference

between the two alloys. The carbides in alloy #8, Figure 4.22, were found intact even

though the matrix was eroded away and the carbides were protruding above the surface of

the specimen and with some edge rounding.

The as-cast Cr Iron #1, the heat treated Cr Iron #2, and the D2 tool steel, Figure 4.23,

4.24, and 4.27 respectively,were very similarwith relativelysmooth and intact surfaces. The

hard phases can be seen protruding above the surrounding surfaces as a result of erosion of

the matrix material. This is especiallytrue with the D2 tool steel and the heat treated Cr Iron

#2 where the carbides are readily apparent because of the erosion of the matrix phase

surrounding them. Interestingly,the austeniticas cast Cr Iron #1did not experiencethe same

level of matrix erosion with respectto protruding carbides. It did experience more plowing

by the abrasives through the matrix which can develop work hardening in the surface as

described by Zum Gahr [34]. The ductility of the austenitic matrix may also have allowed

more plowing and limiting the material becoming detached in the fonn of wear debris.
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The wear surface of the Arc-Cr Iron alloyDSRW specimen,Figure 4.25, is of special

interest. Here, the fine eutectic carbides are fractured and exposed on the surface of the

specimen where the matrix material has been eroded by the abrasives. This is in sharp

contrast to the Cr Iron #1 specimen shown in Figure 4.23 where the carbides are intact,

slightly rounded and protruding from the surface.

The wear surfaceof the 440C stainlesssteel contains obvious cavities where material

has been extracted during the course of the abrasive wear, Figure 4.26. It is more difficult

to make a microstructural relationship judgment as to the volume of material eliminated

when it is most likelyportions of the interdendriticeutectic phase being removed rather than

individual carbides. The matrix phase is not especially damaged, but, significant plastic

deformation has occurred on the surface and the overall wear rate was high.

5.4 Wear Testing

The weight lossversus slidingdistancedata,Figure4.12, for the standardcommercial

chromium alloys are comparable with the results of the most wear resistant experimental

molybdenum materials,Alloys #6, #7, and #8, Figure 4.11. The chromium alloys obtain this

level of wear resistance with as low as 12%carbide volume fraction while the molybdenum

alloys require 30% to 40%. The 20-2-1 white iron alloys are nominally 30% carbide volume

fraction in the as cast and heat treated condition. However, the finer microstructure found

in the Arc-Cr Iron alloy produceda much higherwear rate. This is strong evidence that the

major difference betweenthe molybdenumand chromiumwhite iron materials is the relative

size of the microstructural constituents. Hypereutectic chromium compositions were not

available for comparison to the hypereutectic molybdenum alloys. The D2 tool steel has a

completely differentmicrostructurefrom any of the other alloys because it is hot rolled and

heat treated to develop discrete carbides in a tempered martensitic matrix rather than a cast

structure. The wear rate of the chromium irons and the D2 tool steel were indistinguishable.
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The insensitivity to wear rate of the chromium alloys with respect to bulk hardness

is in direct contrast to the wear behavior of the molybdenum alloys. This is illustrated in

Figure 4.13 where the wear rate of the molybdenummaterials are linearly dependent on bulk

hardness. This demonstratesa commonalitybetween the different materials of each family

of alloys. Making the point even stronger is the fact that the chromium alloys and data were

obtained from different sources. Fulcher's experimental cast chromium alloys are

represented in the data of Figure 4.13. They contain interdendritichypoeutectic carbides for

the carbide volume fraction levels below 30% and primary hypereutectic carbides for the

higher carbide volume fraction materials.

Alloy #4 is unique with respect to the other molybdenum alloys because it contains

a significant volume fraction of intermetallic phases. The carbide volume fraction is given

as 26% with the intermetallic at 33%. There is some doubt in the carbide volume fraction

measurement for this relatively low carbon alloy and the microconstituent thought to be the

M6C carbide may not have been a carbide at all. The bulk hardness for the alloy is

potentially greater as a result of the presence of the intermetallic. However, the micrographs

of the wear specimensrepresenting Alloys #3 and #4 show significant amounts of material

pulled from the sufraces. The specimens were apparently not well protected as a result of

the presence of the intermetallic. Notwithstanding, the wear data still fits with the other

molybdenum alloys on the hardness versus wear rate curve. The 440C steel is also unique

in that it produced a much higherwear rate than other materialswith similar hardness values.

The wear rate versus carbon contentresults, Figure 4.14, show the chromium alloys

to exhibit very similar behavior to the molybdenum alloys. A second order regression line

was fitted for the experimental molybdenum alloy data. The chromium alloys show no

relationship of wear rate with carboncontent. The 440C stainless steel and the arc melted

20-2-1 white iron are the two outliers on the plot.

The wear rate versus carbide volume fraction data are given in Figure 4.15. The

molybdenum alloys are representedby the second order curve fit line. This curve represents

the best fit for these data and is consistentwith other similar published data in the literature
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[39,41]. Fulcher generated a regression curve for his wear data but this is of little

significance as the wear rate of these materials show little sensitivity to carbide volume

fraction relative to the molybdenum alloys.

Alloy #3 has no carbide but does have a high volume fraction of intermetallic and a

high wear rate. The fine dispersed hard phase particles do not offer much resistance to the

abrasive particles and the evidence nom the failure analysis of the DSRW specimens points

to their being easily pulled out of the matrixcontributingto the wear rate. This is a condition

of the large difference in size betweenthe hard phase and abrasiveparticles. The hard phase

is typically 5 to 10 pm in length while the abrasive is 200 to 300 pm in length and can

generate wear tracks of similar size to the hard phase particles.

Alloy #4 did not fit as well with the other molybdenum alloys when plotted with

respect to carbide volume fraction. The ideal wear rate should have been 30% lower for a

25% carbide volume ftaction alloy, implying that either the small size of the carbides are a

factor in its greater wear rate or the supposedcarbideswere wrongly identified. If this were

the case, the carbide volume fraction for this alloy predicted from these data would be far

smaller. The data point would fit equally as well on the curve if the carbide volume fraction

were to be cut in half.

The wear surfaces show many pockets from extractedparticles which appear to have

been ftactured and removed from around the largeprimary intermetallicmaterial. The work

of Fiore et al [35] showed fracturing of the leading edges of carbides with softer abrasives

in DSRW tests. That this was not observedwith alloy #4 indicates a relative hardness level

between the abrasive and intermetallic that allows the surface to be machined down by the

abrasive fast enough that the comers do not become rounded.

Alloy #7 contains larger primary carbidesthan the other molybdenum alloys yet has

a slightly higher wear rate than Alloy #8. This is a direct result of the size of the

hypereutectic carbides in the microstructures. This situation has been discussed in the

literature [34] and has been attributedto the fracture of the massive primary carbides by the

action of the abrasive. The failure analysis on the DSRW specimen provides evidence to
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support this contention, Figure 4.22, where an example of a large fractured primary carbide

can be seen.

The chromium materials are insensitive to carbide volume fraction except for the

440C steel and the Arc-Cr Iron alloys. The 440C material is notorious for being difficult to

heat treat, requiring a double temper to eliminate retained austenite. As a result, it is not

fully martensitic and contains fine eutectic carbides which were easily removed from the

partially hardened matrix. The greatercarbidevolume &actionapparentlyimproved the wear

rate of the Arc-Cr Iron alloy relative to the 440C steel. However, the wear rate of this

material was significantly worse as a result of the arc melt process.

It is obvious that there is a microconstituentsize influence on the wear resistance of

the white iron alloys. As suggestedby Silence [37], after comparingwear rates for his coarse

sand cast and finer graphitecast materials,the overall differencesbetween the various groups

of alloys are due to the variation in the size of the microstructural constituents. Desai [39]

also found a strong correlation with decreasing wear rate and increasing carbide size.

The molybdenum and Arc-Cr Iron alloys of this study have a much finer

microstructure due to the small size of the specimensand the water cooled crucible in which

they were melted providing a much faster cooling rate. The commercial chromium alloys

are very coarse with Fulcher's alloys having the largest microstructure of all. Silence's

results showed a slightly softer, coarse structureto be more wear resistant than a finer, harder

one. A correlation for wear resistancerelative to carbide diameter was ultimately found for

the coarse microstructurematerials and to a lesser extent for the finer microstructures. The

most striking evidence lies with the Cr Iron #I and the Arc-Cr Iron specimens. The Arc-Cr

Iron material was produced by arc melting the exact same material. The difference in wear

rate between the two is dramatic and is further confirmation of the importance of the

microstructural size.



CHAPTER 6.

CONCLUSIONS

1) The experimental molybdenum steels contained intermetallic phases including the

F~Mo Lavas, F~M02 }I-phase,and the primary R-phase.

2) Analysis of carbidicphases found in the experimental molybdenum alloys included

the ~C, M02C,and the ~-phase.

3) Metallography and X-Ray diffraction results identifying phases present in the

experimental molybdenum alloys indicate a correlation nearer to that of the ternary

system described by Schuster et al.

4) Chromium alloys featuring large coarse carbides exhibited wear rates which were

insensitive to carbide volume fraction and bulk hardness. Alloys displaying much

finer hard phases showed a relationship of increasing wear resistance and bulk

hardness with increasing carbide volume fraction.

5) Carbide size was found to be the dominant factor controlling the wear resistance of

the chromium and molybdenum iron alloys. Alloys containing larger carbides

showed increased wear resistance.
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6) The wear resistance of the intermetalliccontaining experimentalmolybdenum steels

is significant less than that of the molybdenumor chromium irons containing similar

size carbides.

7) The bulk hardness and wear resistance of the alloys is a function of the size and

spacing of the hard phases in the surface and is a determinant factor in the ability of

a particle to penetrate the matrix. Smallerparticles can be pushed into the surface or

removed entirely while the larger more closely spaced carbides offer superior

protection.
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APPENDIX

X-Ray Diffraction Data

First Data Analysis

Alloy #4: a-Fe

Powder Diffraction File Measured Peaks

2.026

1.433

1.170

100%

20%

30%

2.026

1.447

1.173

32%

26%

57%

Powder Diffraction File Measured Peaks

3.46 8 3.468 20

2.37 90 2.357 24

2.18 65 2.178 38

2.08 100 2.076 32
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Alloy #4: F~Mo

Powder Diffraction File Measured Peaks

Powder Diffraction File Measured Peaks

2.36 60 2.355 24

2.18 100 2.180 40

2.05 60 2.066 29

2.02 100 2.026 31

1.98 60 1.973 28

1.365 60 1.358 26

2.343 20 2.346 25

2.181 100 2.178 41

1.963 50 1.963 47

1.891 20 1.899 27

1.304 10 1.306 60

1.272 40 1.278 58

1.230 20 1.231 57

1.114 70 1.116 55

1.075 20 1.075 60
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Powder Diffraction File Measured Peaks

Powder Diffraction File Measured Peaks

2.760 25 2.774 32

2.530 40 2.548 30

2.260 65 2.266 40

2.130 100 2.140 100

1.955 40 1.964 36

1.306 45 1.309 55

1.116 13 1.117 55

1.088 9 1.089 57

1.074 8 1.075 57

2.348 60
I

3.355
I

24

2.293 60

2.279 60 2.268 53

2.087 100 2.074 32
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Alloy #S a-Fe

Powder Diffraction File Measured Peaks

2.026 100 2.018 100

1.433 I 20

1.170 30 1.168 85

Powder Diffraction File Measured Peaks

2.28 100 2.256 62
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Powder Diffraction File Measured Peaks

Powder Diffraction File Measured Peaks

2.60

2.37

2.28

20

30

100

2.592

2.358

2.271

30

30

100

Alloy #7: F~MoC

Powder Diffraction File Measured Peaks

2.618

2.477

1.344

10

10

40

2.592

2.471

1.354

34

10

30

2.530 40 2.548 21

2.260 65 2.271 100

1.113 13 1.111 68

1.088 9 1.109 65

1.074 8 1.068 100

1.069 2 1.062 53
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Alloy #8 a-Fe

Powder Diffraction File Measured Peaks

2.026

1.433

1.170

100

20

30

2.030

1.434

1.170

100

18

14

Powder Diffraction File Measured Peaks

2.60

2.37

2.28

20

30

100

2.599

2.360

2.278

39

20

100

Powder Diffraction File Measured Peaks

1.069 2 1.068 100
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