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HARD METAL MATERI ALS

Field of the invention

The present invention relates in general ternms to hard neta
materials conprising refractory material particles, as described
herein, dispersed in a host netal or netal alloy.

The ASM Materials Engineering Dictionary defines the term "hard
nmetal” as a collective termfor a sintered material wth high
har dness, strength and wear resistance.

The present invention also provides conponents manufactured from
the hard nmetal materials . The present invention relates
particularly, although by no neans exclusively, to large
conponents wei ghing nore than |10OOkgs and typically nore than 1

t onne.

The present invention also provides a nethod of manufacturing the
conponents from the hard netal nmaterials.

In nore particular ternms, although by no nmeans exclusive terns,
the present invention relates to hard netal materials that are

useful for applications requiring wear resistance

Backagr ound

It is known to use powder netallurgy to manufacture smal
components from hard nmetal materials conprising refractory
particles dispersed in a host netal (which termis understood
herein to include netal alloy) .

Powder netallurgy processes involve sintering mechanically m xed
refractory powders at elevated tenperatures under pressure,
usually in an inert atnosphere.
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"Sintering" conprises bonding powdered nmaterials, wusually under
pressure, by solid-state reactions at tenperatures |ower than that
required for the formation of a liquid phase. During a sintering
process, at tenperatures below the nelting point of the nmetallic
bi nders , powders of nmetallic binder phase and refractory particles
are wel ded together by pressure and heat. Sintering is
traditionally used for manufacturing ceram c conponents and has

al so found uses in such fields as powder netallurgy for the

manuf acture of products containing very high nelting point
mat eri al s.

Powder netallurgy is a useful process for manufacturing relatively
smal |, sinple-shaped, wear resistant conponents such as tungsten
carbide tool bits. However, powder netallurgy is not a practica
process for manufacturing |arger, conplex- shaped, hard netal, wear
resi stant conponents such as punp inpellers and crusher wear parts
wei ghing nore than | OCkgs and typically nore than 1 tonne from
hard netal materials. This is an issue, particularly in
applications in the mning and mnerals processing industries
where large high wear resistant conponents are often required

It is known to use wear resistant nmetal alloys, such as high
chromium white cast irons, in the manufacture of conponents used
in applications in the mning and mnerals processing industries,
such as applications involving transporting solid materials. For
exanmpl e, hard- facing alloys are formed on the trays of dunp trucks
that transport mned ore froma mne site to a mnerals processing
plant. |n another exanple, castings of wear resistant alloys are
used to formpunps for transporting slurries of ore particles
suspended in water through processing stages in flotation circuits
in a mnerals processing plant.

The fracture toughness and corrosion resistance requirenments for
the wear resistant alloy in each of the above exanples are
different and, accordingly, the wear resistant alloy conpositions
are different. The common factor between both, however, is a need
to provide wear resistance in addition to other properties.
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Ceneral |y speaking, higher wear resistance can be achieved through
controlling the alloy conposition, but there is a trade-off
agai nst other properties.

For any given circunstance where wear resistance is an inportant
property, it is desirable to provide materials with desirable
properties and inproved wear resistance by conpromising |ess on
t he bal ance of these properties .

It is noted that the specification includes references to weight
percent (w.% and volume percent (vol.%. In the context of the
references to NbC in the specification, where NbC has a density
simlar to a host metal, these terns are interchangable .

Sunmary of the disclosure

The applicant has found in the course of extensive research and
devel opnent work that a liquid host netal, containing a

di spersion, typically a dispersion, of 5-50 volume % fine
particles of a refractory material that is insoluble in the host
netal, and is described herein as a liquid nmetal slurry, has very
good fluidity during pouring in a foundry and the slurry readily
flows to fill sand noulds to produce sound castings of the hard
nmetal materi al

The term "insoluble" is understood herein to nean that for all
intents and purposes the refractory material is not soluble in the
host netal. There may be limted solubility. However, the
refractory particles are essentially distinct from the host netal
in that there is negligible partitioning of the transition netals
in the refractory material particles to the host netal.

The applicant has also found that m xing and dispersing the
insoluble refractory particles in the host netal may be carried
out in an effective way in the liquid state in an inert

at nosphere, such as in a vacuum furnace, to mnimse oxidation of
the reactive elenents in the refractory material particles.



10

15

20

25

30

35

WO 2011/094800 PCT/AU2011/000092

The present invention is a departure from standard foundry
practice known to the applicant that involves the conplete nelting
of all alloying additions contained in a casting to forma single
phase liquid to ensure maxinum fluidity during pouring into a
moul d .

The applicant has also found that the fluidity of liquid netal
slurries, when cast within certain production paraneters in
accordance with the present invention, is sufficient to produce a
famly of sound hard nmetal material castings ranging fromsmall to
| arge casings with specific wear resistance, fracture toughness
and corrosion resistance that suit a wide range of operating
conditions in service.

The production paraneters may conprise any one or nore of the
particle size, reactivity, thermal expansion or contraction
density, and solubility of the refractory material, as discussed
further bel ow

In broad terns, the present invention provides a hard netal
material conprising 5-50 volunme %uparticles of a refractory
mat erial dispersed in a host netal

In the context of the present invention, the term "hard netal
material" is understood to conprise particles of high nmelting
poi nt carbides and/or nitrides and/or borides of any one or nore
than one of the nine transition netals titanium zirconium

haf nium vanadi um niobium tantalum chrom um nolybdenum and
tungsten dispersed in a tough host netal, which acts as a binder
phase. Typically the host netal is a ferrous nmetal alloy. Each
of these particles is a particle of a refractory material and is
referred to herein as a "refractory material".

The particles of the refractory material may be carbi des and/or
borides and/or nitrides of one transition nmetal, such as NbC.
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The particles of the refractory materia
nitrides of nore than one transition netal

bori des and/or
the particles are a chem cal
m xt ure)
transition netals . |In other

particles of the refractory

as (Mi,w) C, where “M" is a transition netal. One exanpl e that
di scussed further herein in (Nb, Ti)C

The hard netal material may conprise 5-40 volunme %particles of
the refractory material dispersed in the host netal.

The hard netal material may conprise greater than 10 volune %
particles of the refractory material dispersed in the host netal
The hard netal material may conprise greater than 15 volune %
particles of the refractory material dispersed in the host netal
The hard netal material may conprise less than 30 volune %
particles of the refractory material dispersed in the host netal
The hard netal material may conprise less than 25 volune %
particles of the refractory material dispersed in the host netal
The host netal may be a ferrous alloy (such as a steel or a cast
iron) , a stainless steel, an austeni tic-nmanganese steel such as a

Hadfi el d steel,
superal | oy .

or

The present

netal material conprising:

(a)

conprising 5-50 vol une
di spersed

materia
exanmpl e

of the carbides and/or

a iron-based or

in an

m Xt ur e

wor ds
mat eri a

i nert

(as opposed
borides and/or nitrides of the
in the case of carbides,

may be of the type described

ni ckel - based or

forming a slurry of a hard netal
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may be carbi des and/or

wher e
to a physical
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cobal t - based

i nvention also provides a method of formng a hard

mat eri a

% particles of a refractory

in a liquid host
at nospher e,

metal, for

and
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(b) allowing the slurry to solidify to forma solid
hard netal materi al

The present invention also provides a method of manufacturing a
conponent of a hard netal material conprising:

(a) formng a slurry of a hard netal material
conprising 5-50 volune %particles of a refractory
material dispersed in a liquid host netal in an
i nert atnosphere, and

(by pouring the slurry into a nmould and formng a
casting of the conponent in an inert atnosphere.

The nmethod may conprise formng the slurry and thereafter formng

the casting of the conponent in a chanber under vacuum conditions

which renove air from the chanber and supplying an inert gas, such
as argon, into the chanber. By way of exanple, the nethod may be

carried out in a vacuum nelting furnace.

The nethod may conprise selecting the production paraneters to
formthe slurry in step (ay that has a required fluidity for
processing in step (b) . In any given situation, a skilled person
will be able to determine a required fluidity for processing step
(by having regard to standard foundry practice considerations such
as the size and shape of the conponent to be forned and the
required dispersion (uniformor segregated) to provide the
required mcrostrueture for the conponent.

The production paraneters may conprise any one or nore of the
particle size, reactivity, density, and solubility of the
refractory materials, as discussed further bel ow

Refractory material particle size

The refractory material may be a fine particle size. A fine
refractory material particle size may be required to ensure a
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honmogeneous dispersion in the host nmetal. The nelting points of
the majority of the transition netal refractory materials are in
excess of 1800°C and the refractory materials are generally
insoluble in host liquid netals. The applicant has found that
refractory powders wth particle sizes less than 500 m crons,
typically less than 150 microns, in diameter provide optinmm flow
characteristics in liquid metal slurries and yield a desirable

uni form dispersion of the refractory particulates in the

m crostructures of the Hard Metal castings.

The refractory material may be less than 400 microns particle

si ze .

The refractory material may be less than 200 microns particle

si ze .

The refractory material may be less than 150 microns particle

si ze .

The refractory material my be added to the host liquid netal as
foll ows .

(a) As a fine powder with a selected particle size distribution.
For exanple, 15 wt.% of particles of a refractory material in the
form of niobium carbide (NoC) (minus 50 microns in diameter) added
to a liquid host netal in the form of a high chromium white cast
iron host netal. NbC exhibits a Vickers Hardness of 24 GPa, a
nelting point of 3600°C, and a very low solubility in the host
liquid metal at a casting tenperature of about 1500°C. The liquid
nmetal slurry conprises a suspension of insoluble NbC particles
(mnus 50 microns in dianeter) in the host liquid nmetal. On
solidification, the microstrueture exhibits a dispersion of 15
vol une% fine NoC particles (mnus 50 microns in dianeter) in a
hi gh chromium white cast iron matrix containing a negligible
amount (less than 0.3 wt.% of niobium in solution in the matrix.
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(by The transition metals nentioned above or ferro-alloys of the
same transition netals can be added to a wide range of host netals
containing all the conbinations and pernutations of the elenents
carbon, boron and nitrogen.

For exanple, as is described in nore detail below, the applicant
has found that Fe-Nb readily dissolves in the host liquid nmetal at
1500°C and ni obi um i medi ately conbines with carbon in the host
l[iquid netal to form niobium carbides in situ with particle sizes
| ess than 50 mcrons in dianeter.

Reactive refractory materials

Most of the transition netal refractory materials described above
are classed as "reactive elements”, i.e. the individual netal

el ements and/or their carbide, nitride or boride conpound forns
react readily with air at nmetal casting tenperatures about 1500°C
to formundesirable netal oxides and/or copious quantities of
gases such as CO, which can result in severe porosity in the
castings. The problens of oxidation and porosity in hard netal
castings, produced by a liquid netal slurry, and associated with
chem cal reactions of the reactive refractory materials in air at
el evated tenperatures are overconme by nelting and pouring the
l[iquid netal slurry in an inert atnosphere.

Sel ection of refractory material particles having |ower therma
expansion or contraction than the host netal

Poor bondi ng between refractory particles and the host netal in
hard netal materials have been variously reported in the
literature. The applicant found no evidence of poor bonding
between the refractory particles and a wide range of the host
nmetal s evaluated by the applicant. Wilst not wishing to be bound
by the followi ng conment, the observed excellent bonding is
attributed by the applicant in large part to the use of an inert
at nosphere during casting of the hard netal materials and the
thermal contraction of the transition netal refractory particles
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bei ng nuch less, typically about 50% |l ower, than the therm
contraction of the host metals during cooling fromthe solidus to
anbi ent tenperature generating conpressive forces on the
refractory material particles that firmy held the particles in
the host nmetals on solidification. Al refractory particles in
hard netal material castings produced by the applicant in an inert
at nosphere were found to be under conpressive |oading ensuring
intimte contact and good bonding with the host netals.

Density of refractory materials

The density of the refractory material of the particles , conpared
to the density of the host nmetal in the liquid state, is a
parameter to consider during the nethod of the present invention
to control the dispersion of refractory particles in the hot host
nmetal . In some situations it may be inportant to avoid
segregation of refractory material particles in the liquid host
netal. In other situations, segregation nmay be desirable. For
exanmpl e, the nominal density of a host ferrous liquid netal at
1400 °c is 6.9 grams/cc. Wien tungsten carbide particles, wth a
density of 15.7 granms/cc, are added to a host ferrous netal, the
WC particles will sink to the bottom of the nould prior to
solidification of the host netal. Wen titanium carbide particles,
with a density of 4.8 grans/cc, are added to the sanme host ferrous
netal, the TiC particles will float to the top of the ladle or

noul d. Ni obi um carbide, with a density of 7.7 granms/cc at 1400 C,
is fairly close to the density of the host liquid nmetal at 6.9
grans/cc and is less prone to segregation in the liquid host netal
than TiC or WC. However, the applicant has observed that NoC
particles will segregate to the bottom of large section white iron
castings during the process of the present invention when
solidification times are in the order of 30 minutes or nore. As
described in nore detail below niobium carbide and titanium
carbide have simlar crystal structures and are isonorphous .
Selecting the required No/Ti ratio in a (Nb,Ti)C chem cal conpound
yields a refractory material with any required density in the
range 4.8 - 7.7 grans/cc at the casting tenperature. Mtching the
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density of the solid refractory particles and the |iquid host
nmetal at the casting tenperature elimnates segregation of the
particulates in the melt during the process of the present

i nvention.

Solubility of refractory materials

The addition of refractory material particles that are for all
intents and purposes insoluble, i.e. having mniml solid
solubility in the host liquid metal, to produce a casting in
accordance with the nmethod of the present invention, produces a
hard netal material that displays physical and chem cal properties
that are very simlar to the host nmetal with substantially

i nproved wear resistance due to the presence of a controlled

di spersion of a high volune % of hard refractory materi al

particles in the mcrostrueture.

For exanple, the solubility of a refractory material in the form
of (Nb, Ti)C in liquid host netals in the formof (a liquid
Hadfield steel and (b) liquid 316 stainless steel and (¢) liquid
hi gh chromium white cast iron at elevated tenperatures is
negligible (<0.3 weight% . The addition of 15 weight% (Nb,Ti)C
with the required densities to these three netal alloys, foll owed
by standard heat treatnment procedure for each host netal produces
mcrostructures consisting of a uniform dispersion of 15 vol une%
primary niobium titanium carbides in the host netals which are
substantially free of niobium and titanium i.e. there is
negligible partitioning of the transition netals in the refractory
material slurry particles to the liquid host netal

Consequently, there is a negligible influence of the refractory
materials of the particles on the chem stry and response to heat
treatnment of the host netal.

The three hard netal materials produced by the method of the
present invention display the known physical and chem ca
properties of (a) Hadfield steel, (b) 316 stainless steel and (c)
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hi gh chrom um white cast iron respectively wth an increased wear
resi stance due to the presence of a dispersion of 15 vol ume% of
primary niobium titanium carbides in the mcrostructures .

In addition to the above, in particular the applicant has found
that providing a hard netal material with a mcrostrueture that

i ncludes particles of niobium carbide and/or particles of a

chem cal (as opposed to a physical) mxture of niobium carbide and
titanium carbide dispersed in a matrix of a host netal

consi derably inproves wear resistance of the hard netal materi al

wi thout detrinentally affecting the contribution that other

all oying el enents have on other properties of the hard netal

mat eri al

In addition, in particular the applicant has found that it is
possible to adjust the density of particles of a chemcal mxture
of niobium carbide and titanium carbide to a sufficient extent in
relation to the density of a host netal, which fornms a matrix of
the hard netal material, to make it possible to selectively
control the dispersion of the particles in the matrix froma

uni form di spersion to a non-uniform dispersion of the particles.
This opportunity for density control is an inportant finding in
relation to castings of the hard netal material. In particul ar
by virtue of this finding it is now possible to produce castings
of the hard netal material with controlled segregation of the
particles in parts of the castings. This is inportant for some
end-use applications for castings, such as where it is desirable
to have a concentration of high wear resistant particles near a
surface of a casting of a hard netal material. Equal Iy, in other
end-use applications for castings it is desirable to have a

uni form di spersion of the particles in the matrix of the casting

In addition, the applicant has found that formng a hard neta
material and castings of the material to include particles of

ni obi um carbi de and/or particles of a chemcal mxture of niobium
carbide and titanium carbide in a range of 10 to 25 wt %, or even
up to 33 wt% or higher, dispersed in a host netal, which forns a
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matri x of the hard nmetal naterial, does not have a significant
negative inpact on corrosion resistance and toughness of ferrous
material in the host netal. Hence, the present invention nakes it
possi ble to achieve high wear resistance of a hard netal nateri al
W thout a loss of other desirable material properties.

Accordingly, there is provided a nethod of formng a wear

resistant hard nmetal material, the nmethod conprising adding (a)

ni obi um or (b) niobium and titanium to a nmelt containing a host
metal in a form that produces particles of niobium carbide and/or
particles of a chem cal mxture of niobium carbide and titanium
carbide in a range of 10 to 40 wt% of the total weight of the hard
metal material, and allowing the nelt to solidify to form the
solid hard netal materi al

The terms "a chem cal mxture of niobium carbide and titanium
carbide" and "niobiunf titanium carbides" are hereinafter
understood to be synonyns. In addition, the term "chem cal

m xture" is understood in this context to mean that the niobium
carbides and the titanium carbides are not present as separate
particles in the mxture but are present as particles of

ni obi um titani um carbi des .

Ni obi um carbides and titanium carbi des each have a Vickers
hardness (Hv) around 2500, which is about 1000 HV above the

har dness of chrom um carbides. Accordingly, hard nmetal materials
having a microstrueture containing 10 to 40 w % particles of

ni obi um carbi de and/or niobiunf titanium carbi des have excell ent
wear resistance properties. However, a significant aspect of the
applicant's work has recognised that niobium carbides and titanium
car bi des and niobiunf titanium carbides are substantially inert
chemcally with respect to other constituents in the hard netal
material so those constituents provide the hard netal materi al
with the properties for which they were selected. For exanple,
chrom um added to cast iron alloys still produces chrom um

carbi des and provides corrosion resistance.
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The nelt may be in the formof a weld pool in a hard- facing
process. In these circunstances , the niobium and/or the titanium
may be added to the weld pool in awire alloy in order to neter
the addition of niobium and/or titanium

The nelt may be in the formof a nelt for formng a casting

The ni obium and the titanium may be added to the nelt in any
suitable form bearing in mnd the requirenment of formng
particles of niobium carbides and/or niobiunf titanium carbides in
the solid hard nmetal material

For exanple, the nmethod may conprise adding the niobium to the
nmelt in the form of ferro-niobium for exanple particles of ferro-
ni obi um In this situation, the ferro-niobium dissolves in the
nmelt and the resultant free niobium and carbon in the nelt form

ni obi um carbides in the nelt.

The nethod may al so conprise adding the niobium to the nelt as
el enental ni obium

The nethod may al so conprise adding the niobium and the titanium
to the nelt as ferro-niobium titanium

The nethod may al so conprise adding the niobium to the nelt in the
form of particles of niobium carbide. The nmethod may al so
conprise adding the niobium and the titanium to the nelt in the
form of particles of niobiunf titanium carbides. In both cases, the
solidified netal alloy may be fornmed froma slurry of particles of
ni obi um car bi de and/or niobiunl titanium carbi des suspended in the
nelt. It is anticipated that if the weight fraction of these
carbides in the nelt slurry is too high, the flow properties of
the slurry may be adversely affected with the result that unsound
castings of the nelt nmay be produced. Nevertheless, casting a
slurry contrasts with the standard operating procedure in
foundries which involves casting clear (single phase) liquid
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melts, i.e. where the nelt is above the liquidus tenperature of

the highest nelting point constituent of the nelt.

The particles of niobium titanium carbides nmay be any suitable
chem cal mxture of a general fornula (Nb,,Ti,)C By way of
exanple, the niobiunl titanium carbides may be (Nvo.5 Tio.s) C or
(Nbo. 25, Ti 3.7,5)C or (Nbo.,5, Ti 4.25 C.

The niobium and/or the titanium nay be added to the nelt to
produce particles of niobium carbide and/or niobiunl titanium
carbides in a range of 12 wit% to 33 w % ni obium carbides and
ni obium titanium carbides of the total weight of the solidified

hard netal nmaterial

The niobium and/or the titanium nay be added to the nelt to
produce particles of niobium carbide and/or niobiunl titanium
carbides in a range of 12 wit% to 25 wt% ni obium carbides and
ni obium titanium carbides of the total weight of the solidified

hard netal nmaterial

The quantity of particles of niobium carbide and/or
ni obium titanium carbides in the mcros trueture of the solidified

hard nmetal material my depend on the system

The applicant is concerned particularly wth solid hard netal
materials that include host netals in the form of ferrous alloys,
such as ferrous alloys described as high chromum white cast
irons, stainless steels, and austenitic nanganese steels (such as
Hadfield steels) . For ferrous alloys the quantity of particles
ni obi um carbide and/or niobiun titanium carbides in the final
mcros trueture may be in a range of 10 to 33 wt% or in a range of
12 to 25 W% of the total weight of the solidified hard netal

mat eri al

The particle size of niobium carbide and/or niobiunl titanium

carbide may be in a range of 1 to 150 um in dianeter.
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The nmethod may conprise stirring the nelt with an inert gas or
magnetic induction or any other suitable means in order to

di sperse particles of niobium carbide and/or niobiunf titanium
carbides in the nelt.

The nethod may conprise adding particles of niobium carbide and/or
particles of niobiunf titanium carbides to the nelt under inert
conditions, such as an argon blanket, to reduce the extent to

whi ch ni obi um carbide and/or titanium carbide oxidize while being
added to the nelt.

The nmethod may conprise adding particles of ferro-niobium and/or
ferro-titanium and/or ferro-niobium titanium to the nelt under
inert conditions, such as an argon blanket, to reduce the extent
to which niobium and/or titanium oxidize while being added to the
melt.

In a situation where particles of niobiunf titanium carbides are
required in the solidified hard nmetal material, the nethod may
conprise pre-nmelting ferro-niobium and ferro-titani um and/or
ferro-ni obium titanium under inert conditions and formng a liquid
phase that is a honbgeneous chem cal m xture of iron, niobium and
titanium and solidifying this chem cal m xture. The chem ca

m xture can then be processed as required, for exanple by crushing
to a required particle size, and then added to the nelt

(contai ning carbon) under inert conditions. The iron, niobium and
titanium dissolve in the nelt and the niobium and titanium and
carbon in the nelt form niobiun titanium carbides in the nelt.

The nethod may conprise formng the solidified hard netal material
by casting the nelt into a cast product, such as a punp inpeller
or a punp throatbush.

The cast product may be subject to subsequent thermal treatnent
for adjusting the mcrostrueture to achieve desired all oy
properties .



10

15

20

25

30

35

WO 2011/094800 PCT/AU2011/000092
16

There is also provided a hard netal material formed according to
the nethod described above.

There is also provided a nethod of casting the above-descri bed
hard netal material with a dispersion of particles of a chem cal
m xture of niobium carbides and titanium carbides in a host netal,
which forms a matrix of the casting that conprises selecting the
density of the niobiun titanium particles in relation to the
density of the matrix material and therefore selectively
controlling the dispersion of the niobiunm titanium particles in
the matrix ranging froma uniform dispersion to a non-uniform

di sper si on.

There is also provided a casting of the above-described hard netal
mat eri al made by the above-described nmethod.

The casting may conprise a uniform dispersion of the
ni obi um titanium carbide particles in the matrix. For exanpl e,
the casting may be a punp inpeller.

The casting may conprise a non-uniform dispersion of the
ni obi un titanium carbide particles in the matrix. For exanmple, the
casting may be a punp throatbush.

The host netal may be a ferrous alloy, such as a high chrom um
white cast iron, a stainless steel, or an austenite nanganese

steel (such as a Hadfield steel) .

Brief description of the draw ngs

Enbodi nents of the invention will now be described, by way of
exanple only, with reference to the acconpanying drawings, in
whi ch :

Figure 1 is a mcrograph of a high chromum white cast iron alloy
including 27 wt% chromi um and 15 wt % ni obi um car bi des.



10

15

20

25

30

35

WO 2011/094800 PCT/AU2011/000092
17

Figure 2 is a mcrograph of martensitic stainless steel (grade
420C) including 15 wt % ni obi um car bi des.

Det ai | ed description

The applicant carried out an extensive series of l|aboratory
nelting trials on the addition of 10 to 30 w % NbC and Nb/Ti C
particles to a wide selection of ferrous alloys including high
chromium white irons, austeni tic-mnganese steels (including

Hadfi el d steels), superalloys , stainless steels (including duplex,
ferritic, austeni tic and martensitic) and hard-facing weld
deposits

The applicant has carried out further extensive work review ng
data conpiled by the applicant directly and in other sources in
relation to carbides, borides, and nitrides of transition netals,
and chem cal conbinations of carbides, borides, and nitrides of
these metals, and has established that the findings of the

| aboratory work reported herein are equally applicable to these
carbides, borides, and nitrides of transition netals and

conbi nations of elenments in ferrous host netals.

An exanple of a mcrostrueture of a high chromum white cast iron
alloy including 15 wt% NbC is shown in Figure 1. The alloy was
produced by casting a 50g ingot from a nelt produced in an
electric arc nmelting furnace under a partial pressure of argon in
a water cooled copper hearth, i.e. the ingot was chill cast. The
NbC was added to the furnace nelt as discrete particles which had
a particle size range of 2 to 20 um in dianeter.

In further enbodinments the applicant has exam ned the use of
various other particle size ranges of NbC, including <45 um in
diameter, 45 to 75 um in diameter, 75 to 150 um in diameter and
<100 um in dianeter.

High chromium white cast iron alloys conventionally rely on the
hi gh chrom um content to produce a significant volunme of hard
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chrom um carbides that provide castings with high wear resistance.
In addition, high chromium white cast iron alloys conventionally
rely on some chromium remaining in the ferrous matrix and provides
alloys with corrosion resistance.

The mcrostrueture in Figure 1 exhibits a ferrous matrix
containing a fine dispersion of eutectic Mc3 carbides
(approximating 30 volunme% and a dispersion of 15 wt % NbC
particles which appear as a phase of white coloured spheroids in
t he Figure.

The mcrostrueture shown in Figure 2 is a form of 420C grade
martensitic stainless steel that was produced by the same process
descri bed above for the high chromum white cast iron shown in
Figure 1.

In contrast, NbC particles (white coloured in Figure 2) are not
regul ar spheroids as in the high chromium white cast iron, but
rather an irregular NbC carbide shape that appears to be typica
for various stainless steel grades that have been alloyed wth
NbC.

The experinental work reported above and other experinental work
carried out by the applicant indicates that alloys produced wth
ni obi um carbide particles in the range of 10-30 wt% NbC in a
ferrous host netal show very prom sing mcrostructures , wel ding
characteristics and foundry casting characteristics. The
indications are that the addition of high NbC contents to these
materials substantially increases wear resistance w thout
adversely affecting castability, weldability, response to heat
treatment and the mechanical properties of the original ferrous
material s .

The microstructures of the test castings in Figure 1 and other
test castings produced by the applicant show that all the NbC
particles added to the ferrous alloys are primary carbides in
suspension in the liquid netal . The analogy is that all
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conventional castings above the |iquidus tenperature

(approxi mately 1300-1400°C) are "clear liquids", i.e. single phase
liquids. However, when niobium carbide particles were added, for
example 20 wt%, the particles remained in suspension so the liquid
metal and NbC particles approximate a "slurry" (2 phases) wth
good fluidity, which is a nandatory requirenent for producing
sound castings. The experinmental work found a simlar outcome
when niobiunf titanium carbide particles were added to a liquid
melt.

It will be appreciated, however, that niobium carbides can form as
solid particles in a nmelt, rather than added to the nelt, by
adding ferro-niobium to the nelt. In such cases, the nelt contains
carbon, and the weight% carbon is greater than one eighth of the
wei ght % of ni obi um In the case of ferro-niobium additions, the
iron and niobium separate in the nelt. The niobium which has a
high affinity for carbon, chemically conbines with carbon from the
liquid nelt to form solid niobium carbide particles dispersed in
the liquid nmelt. Upon casting, the nelt is cast as a "slurry"
consisting of solid niobium carbide particles suspended in the
l[iquid nelt. Upon solidification, the casting will have a
mcrostrueture that includes niobium carbides dispersed in a
ferrous matrix. A simlar mcrostrueture is achieved wth

ni obi unt titani um carbide particles.

The advantages of adding 10-30 wt % NbC particles to ferrous
materials are sunmmarised bel ow

(a) Hardness of NbC is approx 2500 HV which conpares to a hardness
of 1500 HV for M3 carbides present in high chromum white
cast iron alloys.

(by Niobium is a very strong carbide forner and can be added as
ferro niobium or NbC powder to the ferrous nelt.

(¢) The nelting point of NbC is 3600°C, i.e. about 2000°C above the
tenperature of the ferrous nmelt of steels, cast irons and
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hard-facing weld deposits. Additionally, fine NbC particles
(e.g. 2 to 20 um in diameter) do not grow in size or coal esce
in the nelt during the casting process. This is inportant in
terms of the castability of the nelt and the resultant wear
resi stance of the cast product. The wear resistance of the
cast product is optimsed when a dispersion of fine NoC
particles is evenly distributed throughout the mcrostrueture.

QG her elenents, e.g. G, M and Fe, do not dissolve in the
high nelting point NbC particles. Accordingly, the chem ca
conposition of the NbC particles is not altered and they wl|
retain their physical properties during preparation of the
melt and after casting.

The solubility of NoC in the ferrous matrix is negligible
(<0.3 wt% which suggests that the addition of NbC to ferrous
materials wll result in no observable effect on the response
to heat treatnment or change in material properties of the
ferrous matri x.

The density of NbC is 7.82 grans/cc at room tenperature. This
is very close to the densities of ferrous materials which are
approximately 7.5 grams/cc. This nmeans that NoC particles wll
not segregate in the liquid nelt by sinking (conmpared with
tungsten carbide, for exanple, which has a density of 15.8
grams/cc) or by floating (conpared with titanium carbide, for
exanpl e, which has a density of 4.93 grans/cc).

The presence of a high volune fraction of NbC particles in the
mcrostrueture will result in a finer ferrous matrix grain
size during casting and heat treatnment. This inproves
mechani cal properties of the castings.

It is estimated that 20 wt % addition of NbC to the existing
famly of wear resistant high chromum white cast iron alloys,
will inprove the wear resistance of these materials, in sone
cases possibly by an order of magnitude.
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(i) By observing the resultant mcrostructures is it considered
that the addition of 10-25 weight% NoC to various stainless
st eel s, for exanple martensitic, austenitic, ferritic and
duplex, will substantially increase wear life with negligible
reduction in toughness, corrosion resistance and nechani cal
properties for the various grades.

(j) The addition of 20 wt% NbC to Hadfield steel (which is
normally used in liners of primary rock crushers, such as jaw
and gyratory crushers, where high inpact toughness is
required) will produce a material with a nuch greater wear
life than the original Hadfield steel wi thout dimnishing the
exceptional toughness and work hardening capacity which is
inherent in this steel.

(k) The addition of 20 wt% NbC to tool steels will greatly inprove
tool wear life while maintaining the original material
properties .

Ni obi um carbide can be added to ferrous alloys, such as high
chrom um white cast irons in tw distinct ways, as follows.

1. As fine niobium carbide particles (2-100 microns in
dianeter) to a nelt, as per the above-nentioned |aboratory work.

2. As fine ferro-niobium powder (mnus 1 nm dianmeter) in
the presence of the required stoichionetric amunt of carbon
previously dissolved in the nelt.

The density of NbC is 7.8 grans/cc at room tenperature and this is
close to the density of high chromum white cast iron (7.5
grams/cc) . The presence of phases with simlar densities assists
in achieving a uniform dispersion of NbC particles in the liquid
nmetal during a casting process.

However, a l|laboratory test carried out by the applicant showed



10

15

20

25

30

35

WO 2011/094800

t hat segregation of

iron + 5wt% NbC alloy by settling of

bottom of t
m nutes at
et al

The density difference between high chromium white cast

he i ngot

about 150°C below the |iquidus

NbC increases wth

22

PCT/AU2011/000092

NbC occurred in a high chromium white cast

when the nelt was allowed to st

tenmperature. The

coefficient of

expansion of high chromum white cast iron is doubl

In addition,

hi gh chromi um white cast

the fine NbC particles to

and for 15

t her mal

t he

tenperature of the host

iron and

e that of NbC

iron undergoes a step

increase in volune at the solid to liquid phase change at

appr oxi mat el

As a conseqguence,

the liquid

y 1260°

state at

C

1400°C is 6.9 g

NbC at 1400°C is about 7.7 grams/cc.

this density difference
particles in liquid high chromium white cast

casting tenperatures

Titanium carbide is

crystal structures

lattice paraneter

of 1300°C or g

simlar in many

rans/ cc whereas
The applicant

is sufficient to cause segr

reater.

characteristics

are the same, with group nunber

paraneter of TiC is 4.32 Angstrons.

i.e. Ti atons wll

hardness of TiC is simlar

3160°C, which is si

readily substitut

m | ar

of NbC is 4.47 Angstronms and the

Ti C and NbC are
e for Nb atons

to the nelting point of Nb

the density of high chromium white cast iron

in

the density of

has found that

egation of NbC

iron at foundry

to NbC. The
225. The
| attice

i sonmor phorous

in NbC. The

to NbC. The nelting point of TiC is

C (3600°C) .

However, the density of TiC is 4.9 grams/cc at room tenperature,

and this is nmuch

are isonorphous, it

the m xed carbide
correspondi ng

(Nb,, Tiy)C
be (Nbo.5,T
di fference

segregation

By way

-5 C or

is the basis of a cost

of hard,

less than the density of NoC. Since TiC and NbC

is possible to achieve any density value for

chem cal conposition

with the general

in a range 4.9-7.8 granms/cc by selecting the

f ornul a

of exanple, the niobiunm titanium carbides nmay

(Nb,.25, Ti 5y C or

07

solid carbides

(Nb,.,5, Ti .25 C.

in liquid metal

This density

effective nethod of reducing

at usual

t he



10

15

20

25

30

35

WO 2011/094800 PCT/AU2011/000092
23

foundry casting tenperatures. Specially, it is possible to
selectively adjust the density of the niobiun titanium carbides
within the range of 4.9-7.8 grans/cc and control whether the
particles will form a uniform dispersion in or segregate in a
casting of a netal alloy, such as a high chrom um white iron,
which includes the particles . This selection may be desirable for
some castings where uniform wear resistance through the castings
is desirable and for other castings where it is desirable to have
a concentration of wear resistant particles in one section, such
as a surface, of the castings.

The specification refers to the mcrostructures of hard netal
materials of the present invention by volume % rather than the
usual bul k chem cal weight % The table set out below is provided
to explain the reason for this selection of nonenclature.

In the first 2 cases in the table, the chem stry of the host netal
is identical and is essentially a high chrome white chrom um cast
iron, wth a chemstry = Fe-27Cr-2.7CG2M1-0.5Si. It is intuitively
simple to visualize the mcrostructures of the two hard netal
materials (namely 10 and 20 volunme %NbC) in the sane host netal.
However, the bulk chemistries of the two hard netal materials (as
determ ned by the usual foundry spectrograghic analysis technique)
do not clearly convey the sinple difference between these two hard
netal materials.

The third and fourth cases in the table, the exercise is repeated

for 10 and 20 volunme % NoC in Hadfield steel. The chemistry of
the host metal is identical and is essentially Fe-12MWnh-1 .2C 2 M-
0.5Si . Again, the bulk chem stries of these two hard netal

materials are widely different and are not descriptive of the
m crostructures
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Microstructure = 90 volume% white cast iron + 10 volume% NbC

Furnace

Charge Volume Composition (Wt%)
Desc (%) Cr C Mn Si Nb Fe
NbC 10 11.4 88.6 0.00
Host metal 90 27.0 2.7 2.0 0.5 67.80
Bulk
Chemistry 100 24.3 3.57 1.80 0.45 8.86 61.02

Microstructure = 80 volume% white cast iron + 20 volume% NbC

Furnace

Charge Volume Composition (Wt%)
Desc (%) Cr C Mn Si Nb Fe
NbC 20 11.4 88.6 0.00
Host metal 80 27.0 2.7 2.0 0.5 67.80
Bulk
Chemistry 100 21.6 4.44 1.60 0.40 17.72 54.24

Microstructure = 90 volume% Hadfield Steel + 10 volume % NbC

Furnace

Charge Volume Composition (Wt%)
Desc (%) Cr C Mn Si Nb Fe
NbC 10 11.4 88.6 0.00
Host metal 90 1.2 12.0 0.5 86.30
Bulk
Chemistry 100 2.22 10.80 0.45 8.86 77.67

Microstructure = 80 volume% Hadfield Steel + 20 volume % NbC

Furnace

Charge Volume Composition (Wt%)
Desc (%) Cr C Mn Si Nb Fe
NbC 20 11.4 88.6 0.00
Host metal 80 1.2 12.0 0.5 86.30
Bulk
Chemistry 100 3.24 9.60 0.40 17.72 69.04

In all of the work carried out by the applicant in relation to the
present invention the applicant has found that the final bulk

chem stry of each of the hard netal materials is a conplex
function of the selected mcrostructure and the actual bulk

chem stry is not a useful neans of describing the required
features of the hard nmetal materials. The required features of
the hard netal material of the present invention are (a) host

netal chem stry and (b) volume % of the selected refractory
particles.
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It is noted that the bulk chem stry is even nore conplicated when
carbides and/or nitrides and/or borides of two or nore transition
nmetals are included in the hard netal materials.

It is noted that the hard nmetal material of the present invention
may be cast as a final product shape and may be fornmed as a solid
material that is subsequently hot worked in a downstream
processing operation to forma final product shape. For exanpl e,
the hard nmetal material of the present invention may be formed as
an ingot and subsequently hot worked by rolling or forging as
required into a final product such as a bar or a plate.

Many nodifications nmay be made to the enbodi nents of the present
i nvention as described above wi thout departing fromthe spirit and
scope of the present invention.

It will be understood that the term "conprises"” or its grammtica
variants as used in this specification and clains is equivalent to
the term "includes" and is not to be taken as excluding the
presence of other features or elenents.
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Clains:

1. A hard metal material conprising 5-50 volune %particles
of a refractory material dispersed in a host netal

2. The hard netal material defined in claim 1 wherein the
refractory material conprises particles of carbides and/or
nitrides and/or borides of any one or nore than one of the nine
transition netals titanium zirconium hafnium vanadium ni obium
tantal um chrom um nol ybdenum and tungsten.

3. The hard netal material defined in claim 1 or claim 2
conprises 5-40 volunme %particles of the refractory materia
di spersed in the host netal

4. The hard netal material defined in any one of the
preceding clains conprises greater than 10 volunme %particles of
the refractory material dispersed in the host netal.

5. The hard netal material defined in any one of the
preceding clains conprises greater than 15 volunme %particles of
the refractory material dispersed in the host netal.

6. The hard netal material defined in any one of the
preceding clains conprises less than 30 volune %particles of the
refractory material dispersed in the host netal

7. The hard netal material defined in any one of the
preceding clains conprises less than 25 volune %particles of the
refractory material dispersed in the host netal

8. The hard netal material defined in any one of the
preceding clains wherein the host nmetal conprises a ferrous alloy
(such as a steel or a cast iron) , a stainless steel, an
austeni ti c-manganese steel, or a iron-based or nickel-based or
cobal t - based superall oy.
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9. A nmethod of manufacturing a conponent of a hard neta
material conprising:

(a) formng a slurry of a hard netal materi al
conprising 5-50 volune %particles of a refractory
material dispersed in a liquid host netal in an
i nert atnosphere, and

(b) pouring the slurry into a nould and formng a
casting of the conmponent, such as in an inert
at nosphere .

10. The nmethod defined in claim 9 conprises formng the
slurry and thereafter formng the casting of the conponent in a
chanber wunder vacuum conditions which renove air from the chanber
and supplying an inert gas, such as argon, into the chanber .

11. The nethod defined in claim 9 or claim 10 conpri ses
sel ecting the production paraneters to formthe slurry in step (a)
with a required fluidity for processing in step (b) .

12. The nethod defined in claim 11 wherein the production
paranmeters conprise any one or nore of the particle size, shape
reactivity, density, and solubility of the refractory materials.

13. The nmethod defined in any one of clainms 9 to 12 wherein
the refractory material is less than 400 mcrons particle size.

14. The nmethod defined in any one of clainms 9 to 13 wherein
the refractory material is less than 150 microns particle size.

15. The nmethod defined in any one of clainms 9 to 14
conprises selecting the refractory material to have a snaller
thermal contraction than the host netal
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16. The nmethod defined in any one of clainms 9 to 15
conprises selecting the density of the refractory materi al
conpared to the density of the host nmetal in the liquid state to
control the dispersion of the particles of the refractory materi al
in the host netal.

17. The nmethod defined in any one of clains 9 to 16
conprises selecting the refractory material to have mninmal solid
solubility in the liquid host netal

18. A method of formng a wear resistant hard netal

material, the method conprising adding (a niobium or (b) niobium
and titaniumto a nelt containing a host netal in a formthat
produces particles of niobium carbide and/or particles of a

chem cal m xture of niobium carbide and titanium carbide in a
range of 10 to 40 w % of the total weight of the hard neta
material in a mcrostrueture of a solidified netal alloy, and
allowwng the nelt to solidify to formthe solid hard netal

mat eri al

19. The nmethod as defined in claim 18 conprising adding the
ni obium and/or the titaniumto the nelt to produce particles of

ni obi um car bi de and/or niobiunf titanium carbides in a range of 12
W% to 33 wt % ni obi um carbi des and ni obiunf titani um carbi des of
the total weight of the solidified hard netal material.

20. The nethod as defined in claim 18 or claim 19 wherein
the particles of niobiunf titanium carbides have a general fornula
(Nby, Ti y) C.

21. The nmethod as defined in any one of clains 18 to 20
conprising adding niobium and/or titaniumto the nelt in the form
of particles of niobium carbide and/or niobiun titanium carbides.

22. The nmethod as defined in claim 21 conprising formng a
slurry of particles of niobium carbide and/or niobiunf titanium
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car bi des suspended in the nelt and allowing the nelt to solidify
to formthe solidified hard netal materi al

23. A nethod of casting a hard netal material having a

di spersion of a chem cal mxture of niobium carbides and titanium
carbides in a host netal which forms a matrix of the hard netal
material, the method conprising selecting the density of the

ni obi un titanium particles in relation to the density of the host
metal and therefore selectively controlling the dispersion of the
ni obi un titanium particles in the matrix ranging from a uniform
di spersion to a non-uniform dispersion.

24. A casting of the netal alloy nade by the nethod defined
in claim 23.

25. The casting defined in claim 24 conprising a uniform
di spersion of niobium titanium particles in the matrix.

26. The casting defined in claim 24 conprising a non-uniform
di spersion of niobium titanium particles in the matrix.

27. The casting defined in any one of clains 23 to 26
wherein the netal alloy is a ferrous alloy (such as a steel or a
cast iron, such as a high chromum white cast iron) , a stainless
steel or an austenitic manganese steel (such as a Hadfield steel) .

28. A nethod of forming a hard netal material conprising:
(a) formng a slurry of a hard netal nmaterial
conprising 5-50 volune %particles of a refractory

material dispersed in a liquid host netal, and

(b) allowing the slurry to solidify to forma solid
hard netal materi al

29. A nethod of formng a wear resistant hard netal
material, the method conprising adding any one or nore of the nine
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transition netals titanium zirconium hafnium vanadium niobium
tantal um chrom um nolybdenum and tungsten to a nelt of a host
nmetal in a form that produces particles of carbides and/or
nitrides and/or borides of any one or nore of the nine transition
nmetals in a range of 5 to 50 volune % of the total volune of the
hard netal material, and allowing the nelt to solidify to formthe
solid hard netal materia

30 A nmethod of casting a hard netal material having a

di spersion of refractory material particles of carbides and/or
nitrides and/or borides of any one or nore of the nine transition
metals titanium zirconium hafnium vanadium niobium tantal um
chrom um nol ybdenum and tungsten in a host netal which forns a
matrix of the hard netal material in a solid casting, the nethod
conprising selecting the density of the refractory materi al
particles in relation to the density of the host netal and
therefore selectively controlling the dispersion of the refractory
material particles in the matrix of a solid casting ranging froma
uni form di spersion to a non-uniform dispersion
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