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A tough, wear- and abrasion-resistant, high chromium, hypereutectic white iron alloy, with a composition by wt.% of
>4.0 C, 25-45 Cr, 0-15 Mn, 0-10 Mo, 0-10 Ni, 0-2 B and 0-5 of at least one of Ti, W, Ta, V and Nb, subject to the proviso
that Ti + W + Ta + V + Nb = 15 max., the balance, apart from incidental impurities, being Fe. The recommended su-
per-heating range is 20-100°C above the liquidus for a particular composition, for pouring prior to casting to a minimum
thickness of 10 mm. The microstructure is characterised by a volume fraction > 20% of primary, acicular, M;Cs - type car-
bides of mean cross-sectional dimension of 75y max. in a eutectic matrix of eutectic and secondary carbides and austenite
and/or martensite. The alloy in its softest condition, gxhibiting stabilised austenite, substantially free of martensite, has a
hardness of about 450 HV; in the as-cast state, the hardness typically ranges from 600-700 HV; after appropriate heat treat-
ment, (e.g. heating at 900°C for 2-3 hours, followed by furnace or air cooling), the hardness range can be increased to
850-900 HV. The hardened alloy can be applied to such wear-and abrasion-resistant components as grizzly bars, hammer
tips in hammer mills, sinter blow bars, coal and bone pulverisers, slurry spray nozzles and lining plates in chutes and
crushers. The above components are typically assembled in the form of composites, with a copper liner at the interface,
either by vacuum brazing pre-cast alloy on to, or casting in situ on or around, a strong and tough metallic substrate.
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TOUGH., WEAR— AND ABRASION—RESISTANT, HIGH CHROMIUM HYPEREUTECTIC WHITE IRON
This invention relates to improved wear or abrasion

resistant high chromium white cast irons, and to a method of

producing such irons.

BACKGROUND OF THE INVENTION

In a paper "Abrasion Resistance and Fracture Toughness
of White Cast Irons", Metals Technology, November 1979, 412-419,
I.W. Sare details the performance of a range of alloy white
cast irons in abrasion resistance and fracture toughness tests.
The alloys principally were of hypoeutectic composition, but
included two alloys of hypereutectic composition having inter
alia 4.423C with 33.2% Cr and 5.24% C with 35.5% Cr,
respectively. Specimens, with one exception, were sand cast to
provide plates of 5 mm and 12 mm thickness, although none of the
latter were of hypereutectic composition. The one exception to
such sand casting was a chilled casting of the 35% Cr alloy.

Sare indicates that the hypereutectic alloy has a
composition comparable to many commonly used hardfacing alloys.
Examples of proposals relevant to hardfacing are set out in
U.S. patents 2,024,992 and 2,355,271, French patent 906,354,
West German patent 1,908,853 and ﬁussian patents 312,708,
321,335 and 411,974. Hardfacing has the benefit of making wear
resistant an article onto which weld metal of a wear resistant
composition is deposited. However, hardfacing is subject to
well documented disadvantages including thickness limitations,
low deposition rates, distortion, high labour costs, éoﬁposition
variation due to dilution by substrate metal, spalling due to
relief checking, high consumable costs, composition

limitations, alloying element loss and constraints on heat

treatment.
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The Sare paper indicateés that a hypereutectic wﬁite
cast iron, in the as cast condition, has a surprisingly good
combination-of abrasion resistance and toughness. This result
is said to be in étark contrast to the widely held view that
hfpereutectic cast irons are extremely brittle and even less
abrasion resistant than hypoeutectic compositions. Such views
are indicated as denying the very successful application of
white cast irons as weld-deposited hardfacing alloys. However,
the disparity between that result of Sare and the widely held
view of others has been found to exist in the extremely limited
thickness of the specimens used by Sare, 5 mm for the hyper--
eutectic alloy, which is slight and only comparable with
hardfacing deposit depths. That is, when one seeks to produce
a hypereutectic cégfing of wall thickness significantly
exceeding 5 mm, it is found that the casting has poor toughness
and is liable to crack in the mould. This experience also is
completely in accord with hardfacing experience, but the
brittleness of hypereutectic white cast iron hardfacing normally
is mitigated to a degree by the toughness of the material on
which it is weld-deposited.

The prior art in relation to the use of white cast
irons other than by hardfacing is extensive and principally is
concerned with the manufacture of complete articles such as
balls for grinding mills, pump components such as pump housings,
rolls for mills, liners for ball mill drums, and nozzles for
spraying slurries. This is exemplified by U.S. patents
2,268,426, 2,662,011, 3,410,682, 3,834,950, 3,849,078, 3,849,122,
3,941,589, 3,961,994, 4,043,842 and 4,382,828 and U.K. patent

1,119,516; while the above-mentioned U.S. patent 2,355,271 also

has some relevance in this regard.
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As is apparent from the prior art listed in the
immediately preceding paragraph, the abrasion resistance of
chromium white irons is a function of composition and of the
microstructure obtained, as pointed out by the Sare paper. U.S.
3,410,682 correctly points out that a balance between abrésion
resistance and toughness is difficult to achieve, and if a
material displays superior abrasion resistance, it may be so
brittle as to chip and spall under severe impact. U.S. patent
3,834,950 recognises the need, in achieving superior abrasion
resistance, to have a microstructure characterized by primary
carbides, rather than Fe3C; while U.S. patent 3,961,994 points
to the need for as high a voiume percentage of primary carbides
as possible.

While U.S. 3,961,994 deals with a hypoeutectic
composition, it proposes recourse to a high temperature forming
from cast material and forging rather than reliance simply on
casting, with or without heat treatment. In contrast, U.S.
3,834,950 relates to a cast alloy covering both hypo- and hyper-
eutectic compositions, but subject to a severely constraining
relationship between carbon and chromium content. Indeed,
while 3,834,950 is based on an appreciation of the hardness of
M7C3 carbides, that relationship is adopted to avoid those
carbides. That is, 3,834,950 is directed to achieving primary
carbides mainly of the face-centered cubic M23C6 type since,
notwithstanding®their inherent lower hardness compared with M,Cy
carbides, this is recognised as preferable to the brittleness
resulting from higher levels of M,C, carbides achieved with
higher carbon contents.

Thus, while some of the patent literature detailed

above proposes the use of hypereutectic white irons, this
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principally is in relation to hardfacing alloys. The casting
of such irons conventionally is avoided in foundry practice, due
to the form;tion of coarsely acicular M,C,y primary carbides
which can cause extensive cracking of a casting in the mould or
premature brittle failure under repeated impact loading
conditions in service. This problem is alluded to in U.S.
2,268,426, covering both hypo- and hyper-eutectic cast alloy,
wherein it is indicated that the alloy may be employed in the
construction of any device which may be cast into the desired
shape and in which the device is not subjected to a great amount
of shock or impact which may lead to fracture.. Moreover, U.S.
patent 2,662,011 indicates that with the exception of intricate
shapes necessitating sand casting, the hypoeutectic alloys it
proposes can be chill cast to improve properties. However,
despite this disclosure, U.S. 2,662,011 teaches the avoidance
of higher carbon contents, i.e. those necessary for a hyper-
eutectic white iron, since such contents cause a decrease in
hardness and undesirable carbide needles. Furthermore, U.S.
patent 4,382,828 proposes casting its hypoeutectic white irons
in a permanent metal mould, but removal of the solidified
casting from the mould at a temperature above the Ac3 (alpha-
gamma conversion temperature), and cooling the casting
sufficiently quickly to prevent formation of pearlite and
secondary carbide precipitation. However, even with the hypo-
eutectic compositions of U.S. 4,382,828, the rate of cooling
has limits due inter alia to stress build-up and danger of
cracks and, sbort of modifying the composition, cooling can
need to be less than required to prevent pearlite formation and
secondary carbide precipitaﬁion. U.S. 4,382,828 does not

explicitly detail the expected consequences of moving into the

*)
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higher carbon contents providing hypereutectic white 1rons,
although these are implicit in those limits and the criteria

underlying its proposal are relevant to hypo-, rather than

hyper-, eutectic white irons.

SUMMARY OF THE INVENTION

The present invention has as its object the provision
of an improved hypereutectic white cast iron having a high
abrasion resistance combined with high fracture toughness.

As with the paper by Sare, and much of the foregoing
patent literature, the invention is based on a recognition of
the abrasion resistance of white cast irons and, in the case of
hypereutectic compositions, the importance of M7C3 carbides in
achieving this. In common with the Sare reference, the invention
also is based on an appreciation of the importance of both the
volume fraction of those carbides in relation to abrasion
resistance and their particle size in relation to fracture
toughness. However, the invention additionally is based on a
recognition of the need to be able to achieve a substantially
constant microstructure substantially throughout a casting
significantly in excess of 5 mm thickness in order to meet the
requirements for the majority of applications for which a tough,
abrasion resistance material is required.

According to the invention, there is provided a tough,

abrasion resistant ferrous alloy comprising a cast hypereutectic

. white iron having in excess of 4.0 wt.% carbon, from 25 to 45

wt.% chromium and, apart from additions hereinafter specified,
the balance being iron with incidental impurities, such as up to
2 wt.% silicon; the alloy as cast having a minimum thickness
dimension of at least 10 mm, and a microstructure comprising a

volume fraction in excess of 20% primary carbides of acicular
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M7C3 type and a matrix of eutectliC COmMPOS1TLOIl; Tue y:;ma;y
carbides of the M.,C, type substantially throughout the alloy
having a mean cross-sectional dimension of not more than 75u.
The matrix comprises eutectic carbide plus austenite, martensite
or a mixture of austenite and martensite.

The alloy according to the invention may have from 4.0
to 7.5 wt.$% carbon; the preferred carbon content being from
4,5 wt.% to 5.5 wt.%. However, as detailed'hereinafter, the
carbon content may be of an extreme level up to 9 wt.% under
certain conditions. The chromium content preferably is in
excess of 30 wt.%, such as from 30 to 40 wt.%.

The alloy of the invention may include alloying
additions. These include manganese up to 15 wt.%, nickel up to
10 wt.%, molybdenum up to 10 wt.%, boron up to 2 wt.%, and up to
5 wt.% each of at least one of titanium, tungsten, vanadium,
tantalum and niobium. Except with at least 5 wt.% manganese,
there preferably shouldxbe a total of not more than 15 wt.% of
elements comprising titanium, tungsten, vanadium, tantalum and
niobium. However, with not more than 5 wt.% molybdenum, that
total preferably does not exceed 10 wt.%. Additionally, boron
preferably is present in not more than 1 wt.% in the absence of
at least 5 wt.% manganese, to avoid resultant cracking of the
alloy. 1In tﬁe presence of S to 15 wt.%, preferably 10 to 15 wt.%
manganese, the boron content can be increased up to 2 wt.%
without cracking. When manganese and nickel are present, this
preferably is at a level in excess of 2 wt.%, most preferably in
excess of 4 wt.s%.

In most cases, the eutectic composition matrix of the
as cast alloy without significant alloy additions is

characterized by a mixture of austenite and martensite plus

6%? WIPO
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secondary carbides. The matrix may in such cases have from 40
to 60% of one of austenite and martensite relative to the other
in the absence of a sufficient quantity of strong carbide forming
elements. However, the formation of martensite in the as cast
alloy matrix can be substantially fully supressed by inclusion
of an austenite stabilizer such as at least 4 wt.% manganese,
nickel or a mixture of these. Electron microprobe analysis
shows that manganese is substantially uniformly dispersed in the
primary and secondary carbides and in the retained austenite of
the matrix. Thus, the addition of manganese increases the
volume fraction of primary carbides and results in toughening

of the matrix and providing the capacity for work hardening of
the matrix in service as with Hadfield steels. Nickel also
stabilizes the matrix austenite and additionally increases
corrosion resistance, for example in retarding high temperature
oxidation.

The elements molybdenum, boron, titanium, tungsten,
vanadium, tantalum and niobium, due to their strong carbide
forming action, effectively increase the microhardness and
volume fraction of primary carbides. The final composition of
the alloy containing these elements is dependent upon the atomic
weight of the elements, the limits of their solubility in the
M7C3 primary carbides and in the retained austenite. To the
extent that these elements or their carbides are soluble in the
M./.C3 primary carbides, they increase the volume fraction and
microhardness of the latter. However, to the extent that they
are added in excess of such solubilities in the matrix and
primary carbides, they themselves provide additional primary
carbides which, while of various types other than M,Cq carbides,

have extreme microhardness and enhance wear resistance due both
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to their hardness and the increased overall primary carbide
volume fraction.

Fo£ a given carbon and chromium content which were, if
not for the carbide forming elements molybdenum, boron, titanium,
tungsten, vanadium, tantalum or niobium, would enable a
substantial or partially austenitic matrix, such austentic
matrix can be achieved by at least 4 wt.% manganese, nickel or a
mixture of this. However, an alternative or additional means
for achieving such austenitic matrix is to increase the carbon
content of the alloy, such as by about 1 wt.$%, fo offset
depletion of carbon by the carbide forming elements which tends
to provide a martensitic rather than austenitic matrix.

The extent of solubility of each of titanium, vanadium,
tungsten, tantalum and niobium in the alloy effectively is from
0.5 to 2 wt.%. The extent of solubility of molybdenum in the
alloy is effectively 8 wt.%. To the extent that they are
dissolved in the matrix, they can be precipitated as secondary
carbides, thereby providing some hardening of the matrix and
increase in abrasion wear resistance. Each of those elements
most preferably are present at from 1.0 to 5.0 wt.3%, subject to
the above-mentioned overall constraints, SO as td additionally
provide primary carbides enhancing abrasion résistance. These
elements plus boron, due to the strong carbide forming action
they exhibit, enable use of .alloys having increase carbon
contents up to a limit of about 9 wt.% carbon.

The upper limits for titanium, tungsten, tantalum,
vanadium and niobium are set in part by their effect in
increasing the liquidus temperature of the alloy, and in
decreasing fluidity of the alloy melt. The latter effect is

found to be offset to a sufficient extent by a sufficient
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_3_
addition of manganese, which preferably is in excess of 5 wt.$%

where those carbide forming elements total more than 10 wt.&%.

Thé above-discussed carbide forming elements can be
added in any convenient form. Most conveniently, they are
added as alloys such as ferro-alloys. In addition to the
benefits already discussed, it is found that particularly where
they are present in an amount exceeding about 1.0 wt.%, they
provide nucleating sites for the M,C3 primary carbides to an
extent resulting in grain refinement of the M7C3 carbides.

In the absence of austenite stabilizing and strong
carbide forming elements, the M7C3 primary carbides typically
are present in a volume fraction in excess of 30% to about 60%.
The austenite stabilizing elements, due to their solubility in
the M7C3 carbides can increase the volume fraction of those
carbides to in excess of 40% to about 75%. The strong carbide
forming elements are extremely variable in tﬁeir effect on the
volume fraction of M7C3 carbides. The effect of boron, despite
its guite small levels of addition, is more pronounced than that
of the other carbide forming elements. However, the carbide
forming elements normally are used to increase the volume
fraction of M7C3 carbides to an upper limit of about 80%, with
the lower limit being in excess of from 30 to 55%, depending on
which of the carbide forming elements are used, whether they are
used in combination and whether they are used in conjunction
with one or more austenite stabilizing elements. The carbide
forming elements additionally can contribute respective primary
carbides; although these generally should be limited to
increasing the total volume fraction of by not more than about
10 to 20% at the lower end of the M7C3 range and, at the upper

end of that range, so as not to increase the total primary

N
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carbide content to above about 80 to 85%.

The princiﬁal influences of the carbide forming elements
is in the increased abrasion resistance resulting from their
primary carbides (and their secondary carbides after heat
treatment), their refinement of the grain size of the M7C3
carbides and increasing the volume fraction of the latter
carbides. 1In relation to the firsﬁ two of these influences, it
is found that similar effects can be achieved by adding these
elements as their carbides in fine particulate form rather than
as a respective metallic form. Where the elements are added as
their carbides, the quantity of each element preferably is the
same as for their addition in metallic form. However, where the
elements are added as their carbides, the carbon confent of the
remainder of the alloy preferably does not exceed 7.5 wt.%, and
most preferably is from 4.0 to 5.5 wt.%, such as from 4.5 to
5.5 wt.%.

Where such fine particulate carbides are added, they
may at least partially remain in suspension rather than go fully
into solution in the melt. This is particularly likely where the
degree of superheating of the melt is limited as hereinafter
proposed. Care therefore is required to ensure that the
particulate carbides are substantially uniformly dispersed at the
time of pouring the melt. Molybdenum carbide is likely to be
fully dissolved in the melt, even with such limited superheating,
and less care therefore is required where only that carbide is
used. Similarly, where carbide forming element is added in
metallic form, the resultant carbide may at least in part come
out of solution and, in such case, care is required to ensure
that it is substantially uniformly dispersed at the time of
pouring. Also in such case, it is desirable that the period for

SUREA

ML
ky CEN

ER\'A'NOV‘




10

20

30

wo 84-/_04«760 PCT/AU84/00096

t1

which the melt is held prior to pouring is kept to a minimum so
as to avoid excessive growth of the carbide particles.

In one important aspect, the alloy of the invention is
achieved by casting it against a work surface of a substrate
component to be protected against abrasion, so as to achieve a
metallurgical bond between the cast alloy and the component.
The component preferably is one which prov%des increased
toughness and impact resistance in the composite article
comprising the substrate and alloy; while the substrate also
most preferably has good machinability and weldability.
Suitable materials for_the substrate include ductile steels such
as mild steel, as well as alloy hardened steels and suitable
cast steels and irons.

Where the alloy of the invention is cast against a
substrate to provide a composite article, the required metall-
urgical bond preferably is achieved by diffusion, preferably
facilitated by a filler metal provided over the work surface of
the substrate. The filler metal is to be one which melts, on
casting of the alloy, and which most preferably wets the
substrate surface and, by diffusion, migrates into.the surface
of the substrate and into the cast alloy immediately adjacent
thereto. Copper is the preferred filler metal and may be
provided over the surface of the substrate either by deposition
or as thin sheet material. The resultant metallurgical bond
between the substrate and cast alloy is found to have a shear
strength in excess of 300 MPa (about 20 tons per square inch).

The composite article enables the alloy of the
invention to be provided on a substrate readily able to be
positioned and secured by any convenient means, if necessary

after machining and/or drilling of the substrate. However, in a
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useful variant of such composite article the alloy of the
invention can be cast so as to enclose a substrate, such as in
providing a-facing on all four side faces of a mild steel bar of
square section for use as an abrasion resistant member of an ore
feed chute, a hammer bar for a coal pulverizer, or the like.

In a variant of the above-described composite product,
in which the alloy of the invention is cast in situ, the alloy
may be pre-cast. In such case, the second component then is
applied to a work area of the substrate component to be
protected, and secured to that area by brazing, such as vacuum
brazing, to achieve a metallurgical bond between the alloy and
substrate. A strong metallurgical bond in excess of 300 MPa is
achieved, particularly if brazing is at a temperature sufficient
to cause diffusion between the alloy and substrate. The brazing
may be performed in the presence of a filler metal, as discussed
above, such as in the manner disclosed in U.S. patent 3,355,264.
Copper again is the preferred filler metal, and the brazing
temperature preferably is such that the filler metal diffuses
into both the substrate and pre-cast alloy.

The hypereutectic alloy of the invention is found to
provide extreme abrasion resistance due to its volume fraction
of at least 20% of M.7C3 primary carbides and, where present,
other primary carbides. The alloy also has good fracture
toughness, and this is significantly enhanced where the alloy is
cast in situ against, or is brazed to, a suitdble substrate. v}
the as caét condition, the alloy having a matrix characterized
by stabilized austenite substantially free of martensite has a
hardness of about 450 HV. However, with heat treatment, that
hardness can be increased to about 850 HV, but with the

manganese present for fully retained austenite necessitating a
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longer heat treatment soak at elevated temperatures than
otherwise reguired. With about equal proportions of austenite
and martensite present in the matrix, the as cast hardness
typically is about 600 to 700 HV but, with heat treatment, this
can be increased to about 900 HV. These hardness values are for
alloys substantially free of primary carbides of carbide forming
alloy elements other than chromium; although these significantly
increase overall hardness above those values due to their own
inherent hardness, and also their effect in refining the grain
size of the M7C3 primary carbides and increasing the volume
fraction of the latter. 1In‘each case, the presence of up 2 wt.%
boron or 5 to 10 wt.% of other carbide fdfming elements increases
the as cast hardness by about 100 to 300 HV units.

Age hardening of the alloy of the invention may be by
soaking at from 750 to lOOOOC, for example 2 to 3 hours at 9000C,
followed by furnace or air cooling. The heat treatment
preferably does not exceed 1000°Cc. However, the heat treatment
may follow on from vacuum brazing pre-cast alloy to a substrate.
In such case, the heat treatment initially may include heating
the alloy and substrate above the melting point of copper
(1083°C), such as at llOOOC, for a time sufficient for the
brazing operation, followed by soaking at a temperature below
1000°C such as at 900°c.

Having broadly outlined the present invention, it is
necessary to consider aépects of the invention relevant to the
widely held view pointed out in the Sare paper as to hyper-
eutectic cast irons being extremely brittle. As detailed above,
the alloy of the invention is not extremely brittle, but rather
it is characterized by good fracture toughness, particularly for

an abrasion resistant material.
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As will be appreciated, the liquidus and solidus lines
for hypereutectic white irons diverge sharply with increasing
carbon content. This divergence increases with most alloy
additions, while the volume fraction of M7C3 primary carbides
also increases with carbon and chromium content and, to a lesser
degree, with alloy additions. These primary carbides develop
as a nucleation and growth process during solidification of the
melt in the tempeiature interval between the liquidus and
solidus temperatures. A consequence of this latter factor is
that a coarse, acicular carbide structure, typical of experience
with brittle hypereutectic cast irons, can develop. However,
we have found that the problems presented by such structure can
be avoided by control over a number of factors.

o A first factor relevant to achieving the alloy of the
invention is the degree of superheating on pouring of the melt
from which the alloy is cast and for optimum control it is
highly desirable that the liquidus temperature for a given alloy
composition be ascertained. For a sand mould cast alloy not

including a significant quantity of M7C3 primary carbide grain

7 refining alloy elements, it is undesirable that the melt be

poured at more than 40°C above the liquidus temperature if
cracking of the casting or low fracture toughness is to be
avoided due to excessive growth of primary carbides. The melt
can be poured at a temperature of more than 20°c above the
liquidus temperature, up to a limit of about 100°C, provided
that the rate of cooling of the melt to the solidus is greater
than 50°C per minute, and preferably greater than lQOOC per
minute. The need for such increase in cooling rate again is to
refine the primary M7C3 carbide size to avoid cracking of the

casting or low fracture toughness. Similarly, due to the effect
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of the alloying additions, when added in metallic form in the
case of carbide forming elements, in refining the primary
carbide grain size, their use can enable the melt to be poured
at a temperature of up to 100°C above the liquidus temperature.
However, it is preferred not to rely on such alloy additions
alone when the melt is poured at a temperature more than 40°c
above the liguidus; it still being desirable for fracture
toughness to cool the melt through to the solidus temperature at
a cooling rate of at least 50°c per minute, and most preferably
at least 100°C per minute. Preferably the melt is poured at a
temperature nét more than 20°C above the liquidus temperature,
and most preferably as close as possible to the liquidus such as
not more than 5°C above the liguidus.

The'alloy of the invention is characterized by a
minimum thickness dimension of at least 10 mm, and a volume
fraction of M_/.C3 primary carbides in excess of 20% with those
carbides having a cross-sectional dimension of not more than 75u.
Such characteristics are achieved by the conditions of the
preceding paragraph. In suitable compliance with those
requirements, there are a number of alternatives available.

The above-mentioned cooling rates readily can be
achieved, in the case of pre-cast alloy, by utilizing a sand or
like mould and incorporating in the mould prior to casting a
ferrous insert to be in direct contact with the alloy. In such
case, the insert preferably is of a tough material, and most
preferably is coated with a filler metal such as copper to
achieve a metallurgical bond between the insert and alloy. For
alloy castings having a minimum thickness dimension in excess of
30 mm, the insert preferably comprises at least about 10% by

weight of the resultant product. For alloy pre-cast to
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substantially greater dimensions, such as up to 70 mm, it is
preferable to utilize a chill mould plus such insert in order
to achieve the required cooling rate of not less than 50°C per
minute, and preferably at least 100°¢ per minute. Alloy pre-
cast to less than about 30 mm minimum dimension does not
necessitate an insert and may suitably be cast in a zircon/
chromite sand mould, but preferably is cast in a chill mould to
achieve such required cooling rate.

For in situ cast alloy, the substrate can at least in
part serve to achieve the required cooling rate, pa;ticularly
where the substrate comprisés at least about 10% by weigﬁt of
the resultant composite article. However, for alloy cast to a
minimum dimension of about 30 mm, it additionally is preferred
to utilize a chill mould and/or an insert cast in the alloy.

For both pre-cast and in situ cast alloy the weight of
the chill mould, the insert, substrate or combination of these
preferably is such as to achieve a rate of cooling of at least
50°¢ per minute, most preferably at least 100°C per minute.

With recourse to the above casting conditions, includ-
ing the degree of superheating of the melt when poured, it is
found that the alloy is tough and has primary M7C3 carbides
having a mean cross-sectional dimension not exceeding 75u. If
that dimension of the carbides exceeds 75y, the alloy is prone
to cracking and exhibits lowered fracture toughness. However,
the casting conditions preferably are such that the mean cross-
sectional dimension of the primary M7C3 carbides does not exceed
601, and most preferably is less than 50u. These values can
readily be achieved substantially throughout alloy cast to
thickness of up to and exceeding 50 mm, by control over the melt

temperature when poured, the rate of cooling and/or alloy element

RUREZ

> OMPI
O ——



10

20

30

wo 84(04760 ' PCT/AU84/00096
-1

refinement of those carbides. Moreover, it is found that even

with primary carbides up to 75u in mean cross-sectional

dimension, stress build-up in the alloy does not occur to a

level likely to give rise to cracking, or premature failure in

service by spalling.

Most conveniently, the required constraints on casting
of the alloy are more rigidly adhered to with increasing carbon
and chromium content and, to a lesser extent, increasing alloy
element content. However, it is found that despite the
increasing volume fraction of M7C3 and other primary carbides
with these increases, the alloy still enables production of
crack-free castings with good fracture toughness. However, for
a volume fractipn of M7C3 carbides in excess of about 55%, it is
preferable that their grains be refined by addition of the
strong carbide forming elements and by a cooling rate down to
the solidus in excess of 100°C per minute. These combined
effects are particularly desirable where the mean cross-
sectional dimensions of the primary carbides is not to exceed
500 or even 60u.

In the following tables I to IV, the volume fraction
of primary carbides, and the measured liquidus and solidus
temperatures for the range of alloys are set out.

Table I illustrates the influence of carbon content
alone on the volume fraction of primary M,C; carbides for
Fe-35 Cr-carbon hypereutectic alloys, while Table II shows
similar detail for chromium content for Fe-4.5 C-chromium
alloys. Table III shows the influence of carbide formers
tungsten, boron, titanium, vanadium and molybdenum on Fe-4.5 C-
35 Cr hypereutectic alloys; the influence of niobium and

tantalum being comparable to titanium. As will be evident,
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total carbon exceeds 4.5% in each of alloys 3B to 3F; while it

also should be noted that the volume fractions shown are those

of M.7C3 carbides only. Table IV illustrates the influence of

manganese on the volume fraction of primary M,C; carbides for

Fe-4.5 C-35 Cr-Mn alloys.
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TABLE I
. ) PRIMARY CARBIDES TEMPERATURE °C
ALLOY VOLUME % LIQUIDUS SOLIDUS
1A Fe=35Cr-4.5C 32 1386 1273
1B Fe-35Cr-5.0C 36 1401 1266
1C Fe-35Cr-5.5C 50 1482 1260
1D Fe-35Cr-6.0C 55 1495 1255
TABLE II
PRIMARY CARBIDES TEMPERATURE °C
ALLOY VOLUME % LIQUIDUS SOLIDUS
2A Fe-4.5C-25Cr 27 1343 1235
2B Fe-4.5C-30Cr 30 1372 1262
2C Fe-4.5C-35Cr 32 1386 1273
2D Fe-4.5C-40Cr 34 1434 1278
2E Fe-4.5C-45Cr 36 1450 1285
TABLE III
ALLOY PRIMARY CARBIDES TEMPERATURE °C
VOLUME % LIQUIDUS SOLIDUS
3A Fe-35Cr-4.5C 32 1386 1273
3B Fe-35Cr-4.5C-4WC 33 1393 1262
3C Fe-35Cr-4.5C-1B4C3 51 1404 1225
3D Fe-35Cr-4.5C=2.5TiC 35 1410 1267
3E Fe=35Cr=4.5C-5V4C 40 1473 1261
3F Fe-35Cr-a.sc-'-.4.5ﬁozc 34 1419 1242
TABLE 1V
PRIMARY CARBIDES TEMPERATURE °C
ALLOY VOLUME % _ LIQUIDUS SOLIDUS
4A Fe-35Cr-4.5C 32 1386 1273
4B Fe-35Cr-4.5C-2Mn kk] 1390 1267
4C Fe-35Cr-4.5C-4Mn 34 1412 1262
4D Fe-35Cr-4.5C-6Mn 36 1406 1263

4E Fe-35Cr-4.5C-8Mn 38 1425 1253
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To illustrate the invention, coal pulverizer peg wear
components having dimensions of 115 x 70 x 25 mm were cast from
alloy 1B (T;ble I). The components were cast in sand or shell
moulds at a pouring temperature of 1420°c. They were found to
be crack-free and to be characterized by a substantially uniform
microstructure throughout, apart from a thin skin of less than
0.5 mm formed against the mould. The microstructure comprised
a volume fraction of about 36% M,Cq primary carbides in a matrix
of eutectic composition substantially free of martensite.

The wear components were vacuum brazed onto steel
supports, to provide the required pegs, after a layer of 0.05 mm
thick copper had been deposited on the supports. The brazing
was effected at a temperature in excess of 1083°C and was found
to provide a bond between the component and support in excess
of 300 MPa. In use as moving pegs on a Riley coal pulverizer,
the composite peg was found to have excellent abrasion
resistance, giving a wear life in excess of 4 times that
obtained with Ni-hard pegs, and to have a fracture toughness in
escess of requirements for this application.

Further examples of the invention are set out in the
following.

EXAMPLE I

A hammer mill, hammer tip wear components having the
dimensions 100 x 75 x 25 mm were in zircon bearing shell moulds,
at a pouring temperature of 1420°C. The alloy and resultant

castings had the following characteristics:

i
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Composition = chromium 31.8%
carbon 4.8%

manganese 3.9%

molybdenum 1.4%

Solidification temperature range: 1420°C - 1260°C

Microstructure primary M.C; carbide

volume fraction 34%
mean diameter 40 microns
Matrix hardness - as cast 650 HV
heat treated 840 HV
Abrasion wear resistance 36.3 mgm
Fracture toughness (K o) ' 27.1 mym~3/2
Bend tensile strength 850 MPa

As in the following Examples II to VII, the wear
resistance was determined by the high stress abrasion wear
resistance test using a 6.8 ké loaded pin of 6.35 mm diameter,
with 80y alumina as detailed by Diesburg et al., "Optimising
Abrasion Resistance and Toughness in Steels and Irons for the
Mining Industry" AMAX Symposium, Vail, Colorado 1974. Also as
in Examples II to VII, the fracture toughness was determined
with the procedure set out by Outwater et al., "Double Torsion
Technique as a Universal Fracture Toughness Test Method",
Ffacture Toughness and Slow-Stable Cracking, ASTM STP 559,
American Society for Testing and Materials, 1974, pp. 127-138.

The castings were found to be crack-free, and to be
characterized by a substantially uniform microstructure
throughout apart from a superchilled zone about 0.5 mm thick
formed against the mould.

The wear components were vacuum brazed onto steel

backing plates, after placing 0.05 mm thick copper shim
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therebetween. The brazing was effected at a temperature in
excess of 1083°C, and was found to provide a metallurgical bond
with a shea; strength in excess of 300 MPa. The resultant
hammer tips then were heat treated by ageing at 900°C for 2
hours, followed by furnace cooling to ambient temperature.

In service in sugar cane shredder mills, the wear resis-
tant component of the hammer tips were found to have excellent
abrasion wear resistance, yielding a wear life in excess of 4-
times that obtained with Ni-Hard castings and abrasion resistant
hard facing deposits. In addition, the fracture toughness of the
wear components was found to be in excess of requiremehts for
this application; while that toughness, supplemented by the
backing plates, enabled failure under extreme impact loading,
such as due to tramp iron in the feed to the mills, to be avoided.

EXAMPLE II

Sinter blow bar wear components, having dimensions

230 x 50 x 35 mm were cast from an alloy having the following

composition, and giving rise to the following characteristics:

Composition - chromium - 31.5%
carbon 5.55%
manganese 0.5%

Solidification temperature range: 1480°C - 1260°C

Microstructure: primary M-.C5 carbides

volume fraction 53%
mean diameter 40 microns
Matrix hardness - as cast 690 HV~
heat treated 890 HV
Abrasion wear resistance 27.0 mgm
Fracture toughness (X .) ' 25 Mym™~3/2
Bend tensile strength ' 650 MPa
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The alloy was cast in a zircon bearipg shell moulds
after positioning centrally in each mould a copper coated, 13 mm
diameter x 230 mm long mild steel rod insert. The castings were
found to be crack-free, and partial diffusion through the copper
on sectioning of a component in the as cast condition. The
components were heated above 1083°C in a normal atmosphere
furnace to develop a full metallurgical bond between the cast
alloy and insert. Final ageing at 900°¢ for 2 hours, followed
by air cooling, increased the hardness of the castings to 890 HV.

In service, the blow bars exhibited a wear resistance
ten times greater than Hadfield steel. Their fracture toughness
properties were greater than the requirements for this
application.

The blow bars of this Example illustrate a number of
practical advantages resulting from the presence of the mild
steel insert. The heat extraction resulting from the insert
achieved a rapid rate of cooling in excess of 100°C per minute,
producing a high volume fraction of extremely fine M7C3.primary
carbides. Also, while the fracture toughness of the alloy is
more thap adequate for the application, the steel insert was
found to eliminate shattering of the alloy under inadvertent
severe impact loading. The inserts were readily able to be
drilled and tapped at its ends, to facilitate mounting of the
blow bars. Also, the insert enabled otherwise critical pouring
temperature control to be relaxed, to just in excess of 50°C
above the liguidus temperature for the alloy, without detriment
to the properties of the alloy.

Blow bars prepared in accordance with this Example
except for omission of the inserts, and a corresponding increase

in alloy volume poured, were found to be unsatisfactory. In
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contrast to the Example, those blow bars had a comparable
volume fraction of M7C3 primary carbides, but with a mean
diameter substantially in excess of 75y, typically about 100yu;
while there was a reduction in fracture toughness of at least
about 20%. Performance of those bars was quite inferior to
those of the Example, principally in terms of their tendency
to spall under in-service impact conditions, and to fail
catastrophically under extreme impact load; while they also
were found to consistently crack during casting.

The following further Examplés detail alloys cast to
produce iron ore girzzly bars, coal pulverizers, slurry ébray.‘
nozzles, bone pulverizers, ore chute liners, crusher liner

plates and hammer mill components.

EXAMPLE III
Composition - chromium 33.2%
~ carbon 4.1%
boron 0.74%
manganese 0.50%

Solidification temperature range: 14009C - 12259

Microstructure: primary M.C5 carbide

volume fraction 52%
mean diameter 60 microns
Matrix hardness - as cast ) 780 HV
heat treated 890 HV
Abrasion wear resistance ) * 31.7 mgm
Fracture toughness (R;o) 20 MNm~3/2

Bend tensile strength 600 MPa

[0)
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BXAMPLE LV

Composition - chromium 26.0%
carbon 4,.5%
manganese 0.9%

Solidification temperature range: 1340°% - 1235°%

Microstructure: primary M7C3 carbide

volume fraction 29%
mean diameter 50 microns
Matrix hardness - as cast 670 HV
heat treated 750 HV
Abrasion wear resistance . 37.4 mgm
Fracture toughness (KICY 28 MNm-3/2
Bend tensile strength 850 MPa
EXAMPLE V
Composition - chromium 35.1%
carbon 4.66%
titanium 0.63%
manganese 0.50%
Solidification temperature range: 1410°C - 1265°C
Microstructure: primary M7C3-carbide
volumé fraction 34%
mean diameter 40 microns
Matrix hardness - as cast 710 HV
heat treated 900 HV
Abrasion wear resistance 31.7 mgm
Fracture toughness (K;.) 27 MNm~3/2

Bend tensile strength : 850 MPa
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EXAMPLE VI
Composition - chromium 36.0%
carbon 4,54% )
manganese 6.0% ~

Solidification temperature range: 1425°C - 1250°¢

Microstructure: primary M7C3 carbide

volume fraction 34%
mean diameter 50 microns
Matrix hardness - as cast - 630 HV
| heat treated 850 HV
Abrasion wear resistance 44.2 mgm
Fracture toughness (K1) 30 mNm~3/2
Bend tensile strength 750 MPa
EXAMPLE VII
Composition - chromium 38.9%
carbon 5.23%
vanadium 3.6%
manganese 0.4%
Solidification temperature range: 1470°C - 1260°¢
Microstructure: primary M.C; carbides '
volume fraction » 40%
mean diameter 55 microns
Matrix hardness - as cast - 680 HV
heat treated 900 HV .
Abrasion wear resistance - . 27.6 mgm
Fracture toughness (K o) 22 Mm~3/2 )
Bend tensile strength 640 MPa

As made clear by the Examples, the fracture toughness
values range from about 20 to about 30 MNm-B/Z, although higher

values are obtainable with the alloy of the invention.
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In relation to Example I, it should be noted that at
-the indicated level for molybdenum, it contributes little to the
properties of the alloy other than a slight increase in heat
treated hardness due to precipitation of a small quantity of
secondary carbides. Molybdenum preferably is present, in the
absence of other carbide forming eleménté, at from 6 to 10 wt.%.

Example III illustrates the significance of boron, e%eﬁ
at the low levels specified. The M7C3 volume fraction of the
composition can be increased with higher boron contents but, as
indicated by the fracture toughness and bend tensile strength
values, an increase in manganese level is deisrable even at the
specified level for boron. An increase in boron to about 1 wt. %,
preferably with manganese at from 5 to 10 wt.% or higher, would
enable hardness values to bé- increased to about 1000 HV.

Similar results-are obtained in Example V by
substituting niobium or tantalum for the titanium, while any of
these metals can be present to about 5 wt.% to increase the M.7C3
carbide volume fraction and as cast and heat treated hardnesses.
In Example VI, nickel can be substituted for manganese, with
some increase in carbide volume fraction and a progressive
increase in heat treated hardness for manganese to 13 wt.% and
nickel to 10 wt.%.

In Example VII, vanadium can be substituted by
molybdenum or tungsten. Also, there can, with adv;ntage in
terms of M./.C3 volume fraction and as cast and heat treatéd
hardnesses, be up to 10 wt.% of those three metals overall
without need for increase in manganese content.

In Examples III to VII, the melt was poured as close
as practical to the liquidus temperature. 1In Examples I to

VII, the as cast matrix was predominantly austenite with
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eutectic carbides, with a small amount of mastensite. The
matrix also included some secondary carbide precipitated on

cooling from 1000°C to 750°C.
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The claims defining the invention are as follows:-
1. A tough, abrasion resistant ferrous alloy comprising a

cast hypereutectic white iron having in excess of 4.0 wt.$

carbon, from 25 to 45 wt.% chromium and:

0 - 15 wt.% manganese,
0 - 10 wt.% molybdenum,
0 - 10 wt,% nickel,

0 - 2 wt.% boron,

0 - 5 wt.% of at least one carbon forming element
selected from titanium, tungsten, tantalum, vanadium and niobium,
the balance apart from incidental impurities being iron; the
total of said at least one carbide forming element being not
more than 15 wt.%; the alloy as cast having a minimum thickness
dimension of at least 10 mm, and a microstructure comprising a
volume fraction in excess of 20% primary carbides of acicular
M7C3 type and a matrix of eutectic composition; the primary
carbides of the M7C3 type substantially throughout the alloy

having a mean cross-sectional dimension of not more than 75u.

2. A ferrous alloy as defined in claim 1, wherein there

are at least two of said carbide forming elements to a total of
at least 10 wt.%, and at least 5 wt.$ manganese.

3. A ferrous alloy as defined in claim 1 or claim 2,
wherein there is at least one of manganese and nickel present at
a respective level of not less than 2 wt.2% and 4 wt.S.

4, "~ A ferrous alloy as defined in any one of claims 1 to 3,
wherein there is from 1 to 2 wt.$% boron and at least § wt.%
manganese.

5. A ferrous alloy as defined in any one of claims 1 to 4,
wherein there is from 1 to 2 wt.$% boron and at least 5 wt.%

manganese.
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6. A ferrous alloy as defined in claim 1, wherein said
matrix is characterized by eutectic carbides and a mixture of
austenite agd martensite, plus secondary carbides.

7. A ferrous alloy as defined in claim 6, wherein there

is from 40 to 60% of one of austenite and martensite relative

to the other.

8. A ferrous alloy as defined in claim 1, wherein said
matrix is characterized by eutectic carbides, austenite and
secondary carbides substantially in the absence of martensite.

9. A ferrous alloy as defined in any one of claims 1 to 8,
wherein carbon is present at from 4.0 to 7.5 wt.%.

10. A ferrous alloy as defined in claim 9, wherein carbon

is present at from 4.5 to 5.5 wt.%.

11. A ferrous alloy as defined in any one of claims 1 to 10,
wherein chromium is present at a level of at least 30 wt.%.

12, A ferrous alloy as defined in claim 11, wherein
chromigm is present at from 30 to 40 wt.%.

13. A ferrous alloy as defined in any one of claims 1 to 12,
wherein there is from 1 to 5 wt.% of at least one of titaniﬁm,
tungsten, tantalum, vanadium and niobium to a total not in
excess of 15 wt.% and added as fine particulate carbide to the
melt from which said alloy is cast.

14. A ferrous alloy as defined in any one of claims 1 to 13,
wherein there is up to 2 wt.% boron added as fine particulate
boron carbide to the melt from which the alloy is cast.

15. A ferrous alloy as defined in any one of claims 1 to 14,
wherein there is from 1 to 10 wt.$% molybdenum added as fine
particulate molybdenum carbide to the melt from which the alloy
is cast.

16. A ferrous alloy as defined in any one of claims 1 to 15,

= : @ ﬁlﬁ%\
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wherein said volume fraction of primary carbides is from 30 to

60%.

17. A ferrous alloy as defined in any one of claims 1 to 16,
wherein said volume fraction is from 40 to 75%.

18, A ferrous alloy as defined in any one of claims 1

to 16, wherein said volume fraction is from 30 to 80%.

19. A ferrous alloy as defined in claim 18, wherein said
volume fraction is from 55 to 80%.

20. A ferrous alloy as defined in any one of claims 1 to 19,
wherein said M7C3 primary carbides have a mean cross-sectional
dimension of less than 60 microns.

21. A ferrous alloy as defined in claim 20, wherein said
M7C3 primary carbides have a mean Cross-sectional dimension of

less than 50 microns.

22. A ferrous alloy as defined in any one of claims 1 to 21,
wherein said alloy is subjected to a heat treatment.

23. A ferrous alloy as defined in claim 22, wherein said
heat treatment comprises heating said alloy to a temperature of
750 to lOOOOC; followed by furnace or air cooling.

24, A ferrous alloy as defined in claim 23, wherein said
heat treatment is at a temperature of about 900°¢ for 2 to 3
hours.

25, A composite article comprising a metal substrate having
metallurgically bonded thereto an alloy as defined in any one of

claims 1 to 24.

. 26, An article as defined in claim 25, wherein said
substrate is relative ductiel and said alloy is bonded thereby
by being cast against said substrate.

27. An article as defined in claim 26, wherein said

substrate is cast within said alloy.
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28. - An article as defined in claim 25, whereip said
substrate ig relatively ductile and said alloy is precast and
bonded to said substrate by vacuum brazing.

29. An article as defined in any one of claims 26 to 28,
wherein a filler metal is applied to said substrate prior to
said alloy being bonded thereto.

30. An article as defined in claim 29, wherein said filler
metal is copper.

31. An article as defined in any one of claims 25 to 30,
wherein said substrate has a weight of at least 10% of said
article.

32. A method of forming a tough, abrasion resistant ferrous
alloy, comprising casting a melt of a ferrous alloy according to
any ocne of claims 1 to 24, wherein said melt is poured at a
temperature not less than 20°C above the liquidus temperature
for the alloy and not more than 100°C above that liquidus
temperature, and is cast to a volume having a minimum thickness
dimension of at least 10 mm.

33. A method as defined in claim 32, wherein said melt is
poured at a temperature not more than 40°c above said liquidus
temperature. 7

34. A method according to claim 32, wherein said melt is
poured at a temperature not more than 20°C above said liquidus
temperature.

35. A method as defined in claim 32, wherein said melt is
poured at a temperature substantially at said liquidusr
temperature and, in any event, not more than 5°C above said
liquidus temperature.

36. A method as defined in any one of claims 32 to 35,

wherein said melt is cooled down to the solidus temperature for

BUREAT
Gh(@,.

I



10

WO 84/04760 32 ' PCT/AU84/00096

the alloy at a rate of at least 50°¢ per minute.

37. A method as defined in claim 36, wherein said melt is
cooled down to the said solidus temperature at a rate of at

least 100°C per minute,

38. A method as defined in any one of claims 32 to 37,
wherein said melt is cast against a metal substrate so that the
alloy, on solidification, is metallurgically bonded to said
substrate to provide a composite article.

39. A method as defined in claim 38, wherein said alloy is
cast to a volume such that the substrate comprises at least 10%
by weight of said article.

40. A method as defined in any one of claims 32 to 37,
wherein said alloy when cast is applied to a substrate and

metallurgically conded thereto by vacuum brazing to provide a

composite article.
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X |Australian Welding Journal, Volume 22, No.l, [(1,9-12,22)
issued 1978 January/February (Associated
Business Publications, Sydney), C. M. Perrott
and I. R. Sare, 'Abrasion Testing of Hard-
facing Alloys,' see pages 4 to 8. :

V.D OBSERVATIONS WHERE CERTAIN CLAIMS WERE FOUND UNSEARCHABLE 10

This international search report has not been estabiished in raspect of certain claims under, Article 17(2) (a) for the following reasons:
1.D Claim numbers __.._____, because they reiate to subject matter 12 not required to be searched by this Authority, namely:

ments to such an extent that no meaningful international search can be carried out 13, specificaily:

zD Claim numbers __.___..__ + because they relate to parts of the intarnationai application that do not comply with the preseribed require-

VI.D OBSERVATIONS WHERE UNITY OF INVENTION IS LACKING 11

This International Searching Authority found multiple inventions in this international application as foliows:

1.[] As all required additional search fees were timely paid by the applicant, this Intarnationai search report covers all searchable claims
of the international application.

Z.D As only some of the required additional search fegs were timely paid by the-applicant, this intarnational search raport covers only
those claims of the international application for which fees were paid, specificaily ciaims:

S.D No required additional search fees were timely paid by the applicant. Consequently, this international search report Is resiricted to
the invention first mentioned In the claims; it is covered by claim numbers:

4.D As all searchable claims could be searched without effort justifying an additional fee, the International Searching Authority did not
invite payment of any additional fee,

Remark on Protest
D The additional search fees were accompanied by applicant's protest.
D No protest accompanied the payment of additional search fees.
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ANNEX TO THE INTERNATIONAL SEARCH REPORT ON
INTERNATIONAL APPLICATION NO. PCT/AU 84/00096

This Annex 1ists the known "A" publication level patent family
members relating to the patent documents cited in the above-mentioned
international search report. The Australian Patent Office is in no way liable
for these particulars which are merely given for the purpose of information.

Patent Document

Cited in Search Patent Family Members
Report

AU 27601/67 BE 703933 CH 490139 DE 1558880
GB 1205793 GB 1206378 GB 1206379
GB 1206380 NL 6712873 US 3428442

AU 43163/72 BR 7204244 CA 990105 DE 2230864
GB 1390011 IT 959133 Ly 63431
US 3834950 ZA 723826
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