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HARD METALLIC MATERIALS, HARD METALLIC COATINGS,

METHODS OF PROCESSING METALLIC MATERIALS AND
METHODS OF PRODUCING METALLIC COATINGS

CONTRACTUAL ORIGIN OF THE INVENTION
This invention was made with United States Government
support under contract number DE-AC07-99ID13727, awarded by the
United States Department of Energy. The United States Government

has certain rights in the invention.

RELATED PATENT DATA
This application is- a continuation-in-part of U. S. Application
Serial No.: 09/709,918 which was filed on November 9, 2000 and

which is hereby incorporated by reference.

TECHNICAL FIELD

The invention pertains to hard metallic materials and methods

of forming hard metallic materials.

BACKGROUND OF THE INVENTION

Steel is a metallic alloy which can have exceptional strength
characteristics, and which is accordingly commonly utilized In
structures where strength is required or advantageous. Steel can
be utilized, for example, in the skeletal supports of building
structures, tools, engine components, and protective shielding of
modern armaments.

The composition of steel varies depending on the application
of the alloy. For purposes of interpreting this disclosure and the
claims that follow, “steel” is defined as any iron-based alloy in
which no other single element (besides’ iron) Is present in excess
of 30 weight percent, and for which the Iron contént amounts to

at least 55 weight percent, and carbon is Ilimited to a maximum

of 2 weight percent. In addition to iron, steel alioys can
incorporate, for example, manganese, nickel, chromium,
molybdenum, and/or vanadium. Accordingly, steel typically

contains small amounts of phosphorus, carbon, sulfur and silicon.
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Steel comprises regular arrangements of atoms, with the
periodic stacking arrangements forming 3-dimensional lattices which
define the internal structure of the steel. The internal structure
(sometimes called “microstructure”) of conventional steel alloys is
always metallic and polycrystalline (consisting of many crystalline
grains). Both composition and processing methods are important
factors that effect the structure and properties of a steel material.
In conventional steel processing, an increase in hardness can be
accompanied by a corresponding decrease in toughness. Steel
material produced by conventional methods that increase the
hardness of the composition can result in a steel material that is
very brittle.

Steel is typically formed by cooling a molten alloy. For
conventional steel alloys, the rate of cooling will determine whether
the alloy cools to form an internal structure that predominately
comprises crystalline grains, or, in rare cases a structure which is
predominately amorphous (a so called metallic glass). Generally,
it is found that if the cooling proceeds slowly (i.e. at a rate less
that about 10* K/s), large grain sizes occur, while if the cooling
proceeds rapidly (i.e. at rate greater than or equal to about 10*
K/s) microcrystalline infernal grain structures are formed, or, in
specific rare cases not found in conventional steel alloy
compositions, an amorphous metallic glass is formed. The
particular composition of a molten alloy generally determines wéther
the alloy solidifies to form microcrystalline grain structures or an
amorphous glass when the alloy is cooled rapidly.

Both microcrystalline grain internal structures and metallic
glass internal structures can have properties which are desirable
in  particular applications for steel. In some applications, the
amorphous character of metallic glass = can provide desired
properties.  For instance, some glasses can have exceptionally high
strength and hardness. In other applications, the particular
properties of microcrystalline grain structures are preferred.
Frequently, if the properties of a grain structure are preferred, such

properties will be improved by decreasing the grain size. For
2
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instance, desired properties of microcrystalline grains (i.e., grains

having a size on the order of 10° meters) can frequently be
improved by reducing the grain size to that of nanocrystalline
grains (i.e., grains having a size on the order of 107 meters). |1
is generally more problematic, and not generally possible utilizing
conventional approaches, to form grains of nanocrystalline grain

size than it is to form grains of microcrystalline grain size.

It is desirable to develop improved methods for forming
nanocrystalline grain size steel materials. Further, as it is
frequently desired to have metallic glass structures, it is desirable
to develop methods of forming metallic glasses. Still further, it is
desirable to develop methods of processing steel that can achieve

an increased hardness without a corresponding loss of toughness.

SUMMARY OF THE INVENTION

In one aspect, the invention encompasses a method of
producing a hard metallic material. A mixture of elements
containing at least about 55% iron by weight, and at least one of
B, C, Si and P is formed into an alloy and the alloy Is cooled
at a rate of less than about 5000 K/s to form a metallic material
having a hardness of greater than about 9.2 GPa. In one aspect
the invention encompasses a metallic material comprising at least
55% iron and at least one of B, Si, P and C. The material has
a total element composition of fewer than eleven elements,
excluding impurities, has a melting temperature between about
1100°C and about 1250°C and has a hardness of greater than
about 9.2 GPa. In one aspect the invention encompasses a
method of forming a wire. A metal strip having a first
composition and a powder having a second composition are
rolled/extruded together to combine the first composition and the
second composition to form a wire having a third composition.
The third composition contains at least 55% iron, by weight, and
from 2-7 additional elements ir;cluding at least one of C, Si and

B.

In one aspect the invention encompasses a method of
3
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forming a hardened surface on a substrate. A solid mass having
a first hardness is processed to form a powder. The powder is

applied to a surface of a substrate to form a layer having a
second hardness. At least some of the layer contains metallic
glass which may be converted to a crystalline material having a
nanocrystalline grain size. The converting the metallic glass to a
crystalline material hardens the layer to a third hardness that s
greater than the first hardness and greater than the second

hardness.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described below
with reference to the following accompanying drawings.

Fig. 1 is a block-diagram flow chart view of a method
encompassed by the present invention.

Fig. 2 is a block-diagram flow chart view of a processing
method encompassed by the present invention.

Fig. 3 is a SEM micrograph of a metallic powder produced
by methods of the present invention.

Fig. 4 is a fragmentary, diagrammatic, cross-sectional view
of a metallic material at a preliminary processing step of a method
of the present invention.

Fig. 5 is a view of the Fig. 4 metallic material shown at a
processing step subsequent to that of Fig. 4.

Fig. 6 is a fragmentary, diagrammatic, cross-sectional view of
a metallic material substrate at a treatment step of a process
encompassed by the present invention.

Fig. 7 shows examples of coatings comprising
Fey,sCreMo,B,,C:Si,Al, formed by high velocity oxy-fuel deposition
onto 4340 alloy steel, 13-8 stainless steel and 7075 aluminum
substrates.

Fig. 8 shows a cross-section indicative of a porosity of a
FegCrgMo,B,.C.SiAl, coating from Fig. 7.

Fig. 9 shows cross-sections demonstrating porosities of
coatings comprising (Fe,Cr,,);:sMo,W.B,;C,Si;Mn, deposited by

) ,
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plasma deposition (Panel A), high velocity oxy-fuel deposition
(Panel B), and Wire-Arc deposition (Panel C).
Fig. 10 illustrates an x-ray diffraction scan of a free surface
of a 330 micron thick, high velocity oxy-fuel deposited coating
5 comprising FegCrgMo,B,,CsSi;Al,.
Fig. 11 illustrates x-ray diffraction scans of a free surface

(Panel A) and a substrate-interface surface (Panel B) of a 1650

micron thick, plasma-sprayed coating comprising
FeyCrgMo,B,,C;Si Al,.
10 Fig. 12 illustrates an x-ray diffraction scan of a free surface

of a 0.25 inch thick coating formed by wire-arc spraying utilizing
a wire having the composition (FegsCry,)7sM0,W,B,,C,Si;Mn,.
Fig. 13 illustrates data obtained from differential thermal
analysis of atomized powder (top graph), a high velocity oxy-fuel
15 coating (middle graph) and a plasma sprayed coating of the
composition FegCrgMo,B,,CsSi;AlL. The graph curves show (¢lass
to crystalline transitions of the tested forms of the composition and
the melting temperature of the composition.
Fig. 14 illustrates differential scanning calorimetry data
20 acquired from a 0.25 inch thick coating formed by wire-arc
deposition of composition  FegCrgMo,B,;CsSi;Al,.  The graph shows
the glass to crystalline transition of the coating.
Fig. 15 shows SEM micrographs and corresponding selected
area diffraction patterns of a metallic material produced from a
25 composition comprising: (Fe,sCry2)70B1;W.C, by methods of the
present invention after heat treatment for one hour at 700°C
(Panel A), 750°C (Panel B) or 800°C (Panel C).
Fig. 16 shows SEM micrographs and corresponding selected
area diffraction patterns of a metallic material produced from a
30 composition comprising (FeqgCro.)7sM0,W,B,6C,SisMn, by methods of
the present invention after heat treatment for one hour at 600°C
(Panel A), 700°C (Panel B) or 800°C (Panel C)
Fig. 17 is an SEM micrograph of a coating comprising
Fe,,CrsMo,B,,C:Si;Al, formed by methods of the present invention

35 utilizing HVOF deposition followed by treatment for one hour at
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600°C. |

Fig. 18 illustrates measured (Panel A) and Rietveld refined
(calculated, Panel B) x-ray diffraction patterns of a high velocity
oxy-fuel coating comprising the composition
(FeosCry2),sM0O,W,B,C,Si;Mn, after heat treating the coating for 1
hour at 750°C.

Fig. 19, Panel A shows an example of a strip of steel
coated with FegsCrgMo,B,,CsSijAl, to a thickness of approximately

200 microns. The coating was applied using high-velocity oxy-fuel

deposition.  Panel B and Panel C show the effects on the coating
during bending of the coated strip.

Fig. 20 shows a flat plate of Dbase-metal with an
approximately 200 micron thick coating of FegCrsMo,B,,C.Si,Al,
formed by high velocity oxy-fuel deposition. ldentically formed
plates were used to show a plate as formed (Panel A), a plate
after being repeatedly hammered on the coating side (Panel B) or
on the substrate side (Panel C), and a plate after sever plastic
deformation (Panel D). |

Fig. 21 illustrates true-stress/true-strain measurements obtained
from metallic ribbons comprising metallic glass of the composition
(FeysCrp0)eB7Wos. The graph curves reflect data obtained at 20°C
at a strain rate of 10°s" (Panel A); at 450°C (Panel B) at strain
rates of 10™s” (closed circles) and 102%s' (open circles); at 500°C
(Panel C) at strain rates of 10™s” (closed circles), 102s' (open
circles) and 107's" (triangles); and at 550°C (Panel D) at strain
rates of 107's™ (open circles) and 103s™ (closed circles).

Fig. 22 ‘illustrates true-stress/true-strain measurements obtained
from metallic ribbons of the composition (Fe,Cr,,)sB,-W, after
crystallization. The curve reflects data obtained at 750°C at a
strain rate of 107s™. Crystallization was achieved by heating the
composition to above the crystallization temperature but lower than
the melting temperature of the composition.



10

15

20

25

30

35

CA 02486352 2004-11-15
WO 03/106718 PCT/US03/01341

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

| This disclosure of the invention is submitted In furtherance
of the constitutional purposes of the U.S. Patent Laws "to promote
the progress of science and useful arts" (Article 1, Section 8).

The invention encompasses methodology for forming metallic
glass steel materials and for forming steel materials having
nanocrystalline scale composite microstructures, methods of utilizing
such steel materials, and also encompasses the steel material
compositions. A process encompassed by the present invention is
described generally with reference to the block diagram of Fig. 1.
At an initial step (A) a mixture of elements is formed. Such
mixture comprises a steel composition. ~ An exemplary mixture
comprises at least 55% iron, by weight, and can comprise a{}t least
one element selected from the group consisting of B, C, &SI and

P. In particular aspects of the present invention, the mixture will

comprise at least two of B, C and Si. The mixture can comprise

B, C and Si, and in particular embodiments the mixture can
comprise B, C and Si at an atomic ratio of B;,CgSi;. In particular
aspects of the present invention, the mixture can contain at least
one transition metal which can be, for example, selected from the
group consisting of W, Mo, Cr and Mn. In addition, the mixture
can contain one or more of Al and Gd.

Mixtureé of the present invention preferably comprise fewer
than eleven elements, and can more preferably comprise fewer
than nine elements. Additionally, the mixtures can comprise as
few as two elements. In particular embodiments, the mixture can
consist essentially of or can consist of fewer than eleven elements.
Further, the mixture can consist essentially of, or can consist of
as few as two elements. Generally, mixtures of the present
invention are composed of from four to eight elements.

Exemplary mixtures which can be‘ utilized in methodology of
the present invention are: Fe,;M0,5i,, Feg,CrgMo,, FegMoLAl, |
(Feo.sCro.2)e1B17 W2, (Feo M0y 5)g3B17,  FegsByrSiy,  FeggCrgMo,Cy,
FegM0o,Cs,  FegoMoy,, FegCrgMoyByy,  FegsBy;,  FegsBy;,Sis,  FegBy;C,,
FegsB17CsSis,  (FegsCro)r7eBisW,GC,,  FeggBy;C3Sis,  FegsBy,CoWo,

: .
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FegsB,Cs, - FegsBi7Cs, (Feo.scro.2)78M02W2812058i12: FegsB7CsWs,
FegsB1,CsSis, (FeqCr02)76M0,W,B,CsSiy, (FeqsCro.2)7sM0,W5B16C,S1;:Mn,,
FegCrgMo,B;Cs,  (Feg sCro2)75M0,B4,C5514, Feg,CrgMo,B,,CsSiAl,
(FeosCro2)7sWaB17,CsSiy,  FegBy;CsSiy,  (FegCro2)7sMo,W,B 7G5S,
(Feo5Cro2)72M0,W,B,,CsSi;Gdy,  (Feg4Cry2)71M0,W,B,4,C5S1,Ga,, ana
(FeosCrg.2)74M0,W ,B4;C,Sl;. |
At step (B) of Fig. 1, the mixture can be formed into an

alloy. Alloy formation step (B) can comprise, for example, melting

a composition under an argon atmosphere.
At step (C) of Fig. 1, the alloy can be cooled to form a

hard material comprising a solid mass. Cooling of conventional
steel alloys to form solid materials typically comprises cooling at
a rate of at least about 5000 K/s, in order to achieve a hard
steel solid. For purposes of the present description, cooling at a
rate of at least about 5000 K/s can be referred to as rapid
cooling. Rapid cooling can be accomplished by a number of
different processes, including, for example, melt-spinning, gas
atomization, centrifugal atomization, water atomization and splat
guenching. Alternatively, Step (C) of Fig. 1 can comprise fast
cooling or alternatively can comprise slow cooling (cooling at a rate
of less than or equal to about 5000 K/s) to form a hard solid
material. Slow cooling of an alloy can preferably comprise cooling
at a rate of less than about 5000 K/s and can utilize methods
such as arc-melting, casting, sand casting, investment casting, etc.
The rate of cooling and the resulting hardness of the hard metallic
material can vary depending on the particular composition of the
mixture used to form the alloy. In particular embodiments, a hard
metallic material formed by the methods of the present invention
can comprise a hardness of greater than. about 9.2 GPa.
Additionally, contrary to conventional steels compositions that are
rapidly cooled to achieve high hardness, particular alloy
compositions of the present invention can achieve extreme
hardness (greater than about 9.2 GPa) by slow cooling.

The hard solid material formed in step (C) of Fig. 1 can

comprise a melting temperature of, for example, between about
8
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1100°C and about 1550°C. The hard solid material formed in step
(C) of | Fig. 1 is not Ilimited to  a specific form and can be, for
example, a cast material including but not limited to an ingot form.
The formation of a hard solid material by the processing sieps

5 shown in Fig. 1 can comprise standard metallurgy techniques
including, but not limited to, arc-melting, Investment casting, sand
casting, spray forming and spray rolling.

Measured hardness (GPa) for as-cast ingots of selected
compositions encompassed by the present invention are reborted .

10 in Table 1. The ingots were cut in half with a diamond saw,
metallo-graphically mounted, and tested for hardness, with each
reported hardness value representing an average of ten
measurements. As shown in Table 1, the resulting as-cast Ingois
can comprise a hardness as high as 14.9 GPa.

15 Although the cooled alloy in solid mass form can comprise
a very high hardness, the hardness can be accompénied by very
low toughness. Due to the Ilow toughness, ingots formed as
described above can be very brittle and can shatter upon impact,
as, for example, when struck with a hammer. However, contrary 1o

20 an observed decrease In \tough'ness that accompanies increasead
hardness in materials produced by conventional steel processing,
further processing of the solid mass material by methods of the
present invention(discussed below) can produce materials having
both extreme hardness and increased toughness relative to the

25 ingot form.
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TABLE 1
Hardness of Ingots

Ingot Composition Hardness (GPa)

FegsB,CsSi; 10.3
(FeysCrg.0)70B17W,C, 10.8
Feq.B.,C,Si; 11.1
Fe..B,C,W, 11.2
Feq.B,,Cs 12.1

(Fe, sCry5)-sMO,W,B,,C:Si, 12.1
Feq.B,-C;W; 12.3
Feqs.B,,CsSi, 12.3

(Fe, .Cry ,)-eMo,W,B,,C.Si, 12.3

(Fe, sCry5)7sMo,W,B,.C,Si,Mn, 12.3
Fe,CrgMo,B,,C; 12.5

(Fe, sCry5)-sM0,B,,C:Si, 12.7
Fe,,CrsMo,B,,C.SiAl, 13.2
(Fe, sCro.0)7sW,B,,CsSi, 13.4

Feq.B,,C:SIi, 18.7

(Fe, gCry 5)-sMO,W,B,,C.SI, 14.0

(Fey sCro.0)72Mo,W,B,,C5Si,Gd, 14.4

(Fey sCry )71 MO,W,B,,C.Si,Gd, 14.7

(Fe, ;Cr,,),sMo,W,B,,C,Si, 14,9

Additional and alternative processing of the alloy of Fig. 1
step (B) and the hard solid material of Fig. 1 step (C) s
described generally with reference to the block diagram of Fig. 2.
An alloy according to methods of the present invention can
comprise a molten alloy as shown in Fig. 2 step (D). The molien
alloy can be solidified in step (E) by rapid cooling or by slow
cooling according to the methods discussed above. The solidified
material can be subjected to a further processing step (F) to form

a powder. Alternatively, the molten alloy of step (D) can be
10
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directly subjected to powder formation step (F).

Processing the solid material step of step (E) into a powder
form can comprise, for example, various conventional grinding or
milling steps or atomization methods such as, for example, gas,
water, or centrifugal atomization to produce a metallic powder. In
particular embodiments of the present invention, it can Dbe

advantageous to process a solid material to form powder utilizing

atomization techniques since such processing can produce large

amounis of stable, non-reactive powders of a desired size range
in a single step. Atomization methods can produce sphericalﬂ
powders which can be especially advantageous since spherical
particles can flow easily allowing improved passage through a
thermal deposition device (see below). The spherical nature of
powder particles produced from a hard steel Ingot of alloy
composition is shown in Fig. 3.

In particular aspects of - the present invention, formation of
powder particles by atomization can form powder particles that
comprise at least some amorphous microstructure. Due to the
high glass forming abilities of compositions of the presént
invention, rapid solidification during atomization allows direct
production of amorphous glass particles. In particular embodiments
it can be desirable to produce amorphous particles and thereby
limit or eliminate the need to remelt the particles during
subsequent deposition. Particular compositions processed by
methods of the present invention can produce powders which
comprise up to 100% amorphous structure.

~As shown in Fig. 2, metallic powder from step (F), can be
formed from molten alloy from step (D) according- to methods of
the present invention without the inclusion of solidification step (E).
Such direct powder formation can be achieved by utilizing rapid
solidification methods such as radiative cooling, convective cooling,
or conductive cooling, or alternatively by any of the atomization
methods discussed above with respect to processing of a solid
metallic material into powder form. The advantages discussed

above with respect to atomization of the solid material apply
11
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equally to atomization of a molten alloy according to methods of
the present invention.

Prior to a surface application step (H) of Fig. 2, the
metallic powder of step F can be further processed by
classification (sorting the powder based on particle size (not
shown)).  Such classification can comprise, for example, sequential
sieving and air classification sieps. Particle sizes for powders
produced by methods of the present invention can comprise sizes
from between about 10 pm to about 450 pm. Particle
classification of the powder can be used to obtain a specific of
particle size or range of sizes useful for a chosen material
deposition technique. In particular embodiments, classification can
be used to produce a powder comprising a particle size of from
about 10 to about 100 microns. |

Still referring to Fig. 2, a pdwder produced by methods of
the present invention can optionally be utilized for production of a
wire in step (G), which can in turn be used for application to a
surface in step (H). Wire formation step (G) of Fig. 2 s
discussed in more detail with reference to Figs. 4 and 5.

First referring to Fig. 4, wire formation can comprise
providing a metal strip 20 that can have a first composition, ana
providing a powder that can have a second composition. The
éomposition of the metal strip 20 and the composition of powder
20 can be combined to form a desired wire composition for
subsequent deposition or other applications. Powder 22 is not
limited to a specific powder and can comprise, for example, a
powder produced by methods of the present invention discussed
above. The composition of metal strip 20 is not limited to any
specific composition and can be chosen to supplement the
cdmposition of powder 22 to form the desired wire composition

Metal strip 20 can be combined with powder 22 and further
processed to form wire 24 as shown in Fig. 5. The combining of
the metal strip and the powder can comprise, for example, forming
a cored wire utilizing conventional rolling/extrusion techniqueé

wherein the powder material forms a core 28 and the metal strip
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forms a sheath 26 around core 28. Wire 24 is not Ilimited to a
specific diameter and can comprise, for example, a diameter of
from about 0.035 inches to about 0.188 inches. In particular
embodiments, a preferred wire diameter can be /.« inches.

A total composition of wire 24 comprising the combined
compositions of core 28 and sheath 26, can include at least 55%
iron by weight. - The total composition of wire 24 can preferably
comprise fewer than eleven elements. In particular embodiments,
the total composition of wire 24 can consist essentially of the
fewer than 11 elements. Preferably, the total composition of wire
24 can comprise or can consist essentially of from 2-7 elementis
in addition to the iron. Elements other than iron present in the
total composition can include at least one element selected from
the group consisting of C, B, P, and Si. In  particular
embodiments wire 24 can comprise 2, 3 or all of C, B, P, and
S. Wire 24 can, for example, comprise C, Si and B present In
the total composition at an atomic ration of B,;C;SIi,. The total
composition can further contain one or more of W, Mo, Cr, Mn,
Al and Gd.

Exemplary total compositions which can be comprised by wire

24 include: FegMo,Si;,, FegCrgMo,, FegMoAl,,  (FeggCrgs)eiBir W,
(FeosM0g 2)gsB17,  FeesBy7S1:, FeB3CrgM0205, FeesM0,Cs,  FegoMoyy,
FegCrgMo,B,,,  FegBy;, FegBy;Sis, FegBi;Ca  FegBy;C551s,
(FeosCro2)70B17W2Cp,  FegaBy7CsSis,  FegsBy;,C W), FeesB17Cs  Feg3B17Cs,
(Feo sCro.2)7sM0,W,B,,C,Si;, FegsB;CsWs,  FegBy;C5SI5,
(Feo §Crg.2)76M0O,W,B,,C;Siy, (Feq 5Crg.2)73M0o,W,B46C,S1iMn,,
FegCrgMo,B,;Cs,  (FeosCro2)75M0,B;CsSi;,  FeggCrgMo,By;,CsSiiAl,
(Feo.aoro.2)7ssz17058i1’ FegsBy,C5S1, (Feo.aoro.2)73M02W:zB17C5Si1s
(FeosCro.2)7oMO,W,B,,C:Si,Gd;,  (FeqgCry,)71M0,W,B;;C5Si;Gd,,  and
(Feo.sCro.2)7sM0,W,B,,C,Sl;.

The powder used for wire formation 1is not Ilimited to a
specific microstructure and can comprised from about 0 to about
100% amorphous (metallic glass) structure. Preferably the powder
utilized for wire formation will comprise a composition which, when

alloyed with the metallic wire sheath, will produce an alloy
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composition capable of metallic glass formation. The final
composition of wire produced by the present invention can
preferably comprise a volume fraction contributed by powder of
from about 10% to about 60%.

The particle size range for powders utilized in wire formation
according to methods of the present invention is not limited to a
specific value. Since wire formation does not require a specific
powder . size, wire formation according to methods of the present
invention can utilize any non-classified powders or powder
classification including sizes that are outside the preferred particle
size ranges for various powder deposition techniques.

Referring again to Fig. 2, the powder from step (F) or the

~ wire from step (G) can be utilized to treat a surface In step (H).

Metallic material in powder form or in wire form can be applied
to a surface in step (H) to form a layer or coating over the
surface. Application of a powder or wire feedstock according to
methods of the present invention is described in more detail with
reference to Fig. 6.

As shown in Fig. 6, a substrate 50 is provided for treatment
of a surface 51. Surface 51 can comprise a metal surface such
as, for example, a con\)entional steel surface, an aluminum surface,
a stainless steel surface, a tool steel surface or any other metallic
surface. Alternatively, surface 51 can comprise a non-metallic
material such as, for instance, a ceramic material. Powder or
wire, for example powder or wire produced by the methods
discussed above, can be used for feedstock for deposition onto
surface 51. Exemplary surface treatment techniques for deposition
of feedstock material onto surface 51 include thermal deposition
techniques where feedstock is fed into a deposition device 52.
The feedstock can be converted to a spray 54 and sprayed onto
surface 51 to form a layer of material 56. Thermal deposition 1Is
not limited to a specific technique, and can comprise, for example,
a high pressure plasma system, a low pressure plasma  system,
a detonation gun system, a diamond coat system, a high velocity

oxy-fuel (HVOF) system, a twin roll or single roll wire-arc system,
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or a high velocity wire-arc system. Examples of as-sprayed HVOF

coatings of composition FegCrgMo,B,,C;Si;Al, are shown in Fig. 7.

Prior to any subsequent treatment, as-sprayed layer 56 can
comprise a microstructure that includes at least some metallic
glass. The amount of amorphous structure within layer 56 will
depend upon the deposition method, the deposition conditions, and
the composition of the feedstock material. As-sprayed, layer 56
can comprise a hardness of greater than about 9.2 GPa.
Typically, layer !56 will comprise a hardness of between about 9.2
GPa and about 15.0 GPa.

Hardness of an as-sprayed layer can be affected by porosity.

It can be advantageous to produce a layer or coating comprising
a low porosity since increased porosity of a material can result In
a corresponding decrease in hardness of the material. As shown
in Fig. 8, layer 56 can have a porosity of as Jow as 0.06%.
Typically, layer 56 will comprise a porosity of less than or equal
to about 5% (corresponding to a layer density of greater than or
equal to about 95%). Fig. 9 shows porosities of
(Fe, sCry »),sM0,W,B,,C,Si;Mn, coatings formed by three different
coating deposition techniques. The plasma coating shown in Panel
A has a porosity of 0.9%, the HVOF coating in Panel B has a
porosity of 0.7%, and the wire-arc coating shown in Panel C has
a porosity of 3.3%. Table 2 reports the determined hardness for
each of the three layers shown in Fig. 9. As will be understood
by those skilled in the art, porosity of layer 56 can be increased
if desired by incorporation of oxygen during the spray deposition
of the layer, or by spraying with non-optimized spray parameters.

It is sometimes desirable to have a higher porosity layer, for

example to absorb oil.
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TABLE 2
Properties of Coatings Produced by Various Spray Techniques

Plasma Wire-arc
Coating Coating

0.9 - 3.3

HVOF
Coating

0.7

PROPERTY

Porosity (%)

Hardness as-

12.7 GPa -
sprayed

10.0 GPa 11.0 GPa

Hardness after 1

hr at 700°C 13.5 GPa

14.5 GPa 13.5 GPa

X-ray diffraction studies performed on the free surface side
of a single as-sprayed, 330 micrometer thick layer show a lack of
long range ordered microstrubture as shown in Fig. 10, thereby
indicating an amorphous structure of the coating. As-sprayed layer
56 can comprise some measurable amorphous structure, can
comprise primarily amorphous structure (greater than 50% of the
microstructure), or can comprise up to about 100% amorphous
structure.

Due to the lack of long range ordered microstructure In
metallic glass, the presence of metallic glass allows layer 56 to be
formed in the absence of any interfacial layer (such as bond coat),
between coating layer 56 and surface 51 as shown In Fig. 6. An
interfacial layer is not required since theré is little or no crystal
structure mismatch between the material of surface 51 and coating
layer 56 due to the presence of amorphous microstructure within
layer 56. Although Fig. 6 shows an absence of an Iinterfacial
layer, it is to be understood that the Iinvention encompasses

embodiments wherein an interfacial layer is provided (not shown).

Although Fig. 6 shows a single layer 56, it is to be
understood that the present Invention encompasses a coating
comprising a multi-layer thickness (not shown). As-sprayed layer 56
can comprise a multi-layer thickness of from about 25 microns to

about 6500 microns. If powder feedstock is utilized, layer 56 can
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preferably comprise a multi-layer thickness of from about 250
microns to about 350 microns. If wire feedstock Iis ulilized, layer
56 can preferably comprise a muilti-layer thickness of from about
750 microns to about 1500 microns. |

A coating comprising a mulii-layer thickness can be formed
by, for example, sequentially depositing individual layers according
to the methods described above. X-ray diffraction scans of the
free surface side (Fig. 11 A) and the subsirate surface side (after
delamination, Fig. 11 B) of a 1650 micron thick, multilayer coating
show that an amorphous structure was maintained during a
multilayer plasma-deposition process. Fig. 12 shows an X-ray scan
indicating the amorphous structure of a 1/4 inch thick mUltilayer
coating formed by twin-roll wire arc spray 'deposition.

Differential thermal analysis (DTA) was performed to show the
glass 1o crystalline transformation for an atomized powder
feedstock, an HVOF coating and a plasma spray coating, of the
composition Feg ,CrgMo,B.,C;Si Al,. The DTA scans shown in Fig
13, combined with differential scanning calorimetry (DSC)
measurements, indicate that the powder feedstock comprised 46%
glass structure, the HVOF coating contained 41% glass structure,
and the plasma coating contained 86% glass structure. The DSC
trace shown. in Fig. 14 was obtained from a 1/4 inch thick wire-arc
coating of the composition Fe CrsMo,B,,C.Si,Al,. In addition
to comprising a substantial hardness of at least about 9.2 GPa,
as-sprayed layer 56 can comprise a substantial toughness which
Is increased relative to a toughness of the cooled-alloy solid mass
form of the corresponding composition (discussed above). For
example, when a maximum density is achieved as-sprayed layer 56
can comprise a tensile elongation up to about 60%.

Referring again to Fig. 2, once a metallic material has been
applied to a surface in step (H), the metallic material can- be
further treated in step (I) to devitrify some or all of the metallic
glass present in the metallic material to form crystalline having
nanocrystalline grain size. Devitrification step () can result n an

Increased hardness of the devitrified layer relative to the as-
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sprayed layer.

Devitrification step (1) can comprise heat treatment of the -as-
sprayed layer comprising héating to a temperature from above the
crystallization temperature of the particular alloy to less than the

melting temperature of the alloy composition of the layer, ana can

comprises heating from between 1 minute to about 1000 hours.

Devitrification step (I) will typically comprise heating from about
550°C to about 850°C for between about 10 minutes and about
1 hour.

Heat treatment of metallic glass material enables a solid
state ‘phase change wherein the amorphous metallic glass can be
converted to one or more crystalline solid phases. The solid state
devitrification of amorphous glass structure enables uniform
nucleation to occur throughout the amorphous material to form
nanocrystalline grains within the (glass. The metallic matrix
microstructure formed by devitrification can comprise a steel matrix
(iron with dissolved interstitials) or a compiex multi-phase: matrix
comprising several phases, one of which is ferrite. The
nanocrystalline scale metal matrix composite grain structure can
enable a combination of mechanical properties which are improved
compared to the properties which would exist with larger grain
sizes or with the métallic glass. Such improved mechanical
properties can include, for example, high strength and high
hardness and for particular compositions of the present invention
can include a maintained or even increased toughness relative to

materials comprising larger grain sizes or comprising metallic glass.

The resulting structure of devitrified material can comprise
nanoscale grains comprising from about 50 to about 150 nanometer
grain  size. Additionally, the devitrified material can comprise
second phase precipitates at grain boundaries having a precipitate
size of on the order of 20 nanomeiers. Fig. 15, Fig. 16 and Fig.
8 show TEM micrographs of the microstructure comprised by heat
treated materials formed by methods of the present Invention.

Referring to Fig. 15, the nanocrystalline microstructure of a
18
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devitrified material comprising (Fe,sCry,)7,6B1;W,C, is shown after
treatment at various temperatures for one hour. Fig. 15 also
shows a selected area diffraction pattern for each of the three
treatment conditions. Fig. 16 shows the nanocrystalline
microstructure and selected area diffraction patterns of a devitrified
material comprising (Fe,sCry,)7sM0,W,B,;C,Si;Mn, after treatment at
various temperatures for one hour.

Fig. 17 shows a TEM micrograph of the nanocrystalline
microstructure of a devitrified layer comprising FegCrgMo,B,;C;Si;Al,
which was formed using HVOF deposition followed by heat
treatment for 1 hour at 750°C. The TEM indicates a nanoscale
structure having grains from about 75 nm to about 125 nm with
20 nm second phase precipitaies at the grain boundaries. The
sample shown in Fig. 17 was used to obtain the x-ray diffraction
data scan shown in Fig. 18, Panel A which was in turn refined
as shown in Fig. 18, Panel B to identify the nanocomposite

structure summarized in Table 3.

TABLE 3
Phase Information for Devitrified (Fe,3Crys)73M0,W,B,5C,Si;Mn,

Phase Crystal ‘Space Lattice Parameters (A)
System Group

a-Fe a=2.902

Fe,B Tetragonal a=5.179, ¢=4.299
orCe | Cubic a10.713

As shown in Table 4, a devitrified nanocomposite material

according to methods of the present invention can have a
hardness that is increased as much as 5.2 GPa relative to the
corresponding glass material (prior to devitrification). As Table 4
indicates, methods of the present Invention can be utilized  for
production of hard glass materials or hard nanocomposiie materials
which have increased hardness over the corresponding ingot form
even for compositions that have a hardness of less than 9.2 GPa

when produced in ingot form.
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TABLE 4
Hardness of Alloys in Ingot, Glass, and Nanocomposite

Conditions

Hardness (GPA

Alloy Composition

Nanocomposn
Ingot Glass

CoulduBo 46 | 103 | 152
_
IR

(Feo5Crp.2)7sM0,W,B,6C,Si,
Mn,

FeuOrMo,By;C,SiAl 12.1

Various methods were utilized to measure properties of

I

devitrified materials produced by methods of the present invention.
The ability to adhere to an underlying material was tested by
conventional testing methods including drop-impact test, bend test
and particle impact erosion test. The coatings were able to pass
all three of these tests. Figure 19 llustrates the elastic and
plastic  ductility (resiliency) of a coating comprising
FegCrgMo,B,,C:Si,Al,. A steel strip which has been coated with
approximately 200 micron thickness  of coating material by HVOF

deposition is shown in Panel A. Panel B and Panel C show the

lack of chipping cracking or peeling away of the coating from the
base metal upon deformation of the coated strip.

Fig. 20, Panel A shows an approximately 200 micron thick
FegCrgMo,B,,C:Si,Al, coating on a flat plate. As shown, the
coating demonstrates high ductility and toughness since it is able
to deform with the base metal during repeated hammering on the

coating side (Panel B) or repeated hammering on the substrate

- side (Panel C). Additionally, no observable cracking, chipping or

pulling away of the coating was detected upon severe deformation
of the plate (Panel D).

Tensile properties of coating produced by methods of the
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present invention were measured by forming metallic ribbons of the
composition to be tested. Both metallic glass ribbons (Fig. 21)
and devitrified ribbons (Fig. 22) were subjected to various strain
rates at a number of temperatures. The stress/strain curves - for
metallic glass show that elongation as high as 60% Is attainable
(Fig. 21, Panel A). The devitrified ribbon can exhibit
superplasticity, having a maximum elongation of up to about 180%
(Fig. 22).

‘The methodology described herein can have application for
a number of uses including, but not Ilimited to, such wuses as
protective coatings and hard-facing. In such applications, metallic
coatings produced by methods of the present invention can be
used on surfaces of parts, devices, and machines to protect such
surfaces from one or more of corrosion, erosion, and wear. Such
appliéations can utilize either as-sprayed coatings comprising
metallic glasses or devitrified materieil comprising nanocomposite
structure.  Additionally, such applications can utilize coatings having
some metallic glass structure and some nanocomposite structure.
Such partially-glass/partially-nanocomposite coatings can be formed
by, for example, sequentially forming individual layers and heat
treating only specific layers, or by sequentially forming one or more
layers and only heat treating a portion of the one or more layers.

Due to the hardness of as-sprayed metallic glass materials
formed by methods of the present invention, coatings can utilizze
the as-sprayed material without further devitrification. In other
applications where an increased hardness is desired, full
devitrification can be performed and can achieve up to 100%
nanocomposite microstructure comprising extreme hardness. The
increase in hardness produced by methods of the present invention
can be achieved without an accompanying loss of toughness, and
can even be accompanied by an increased toughness. In
compliance with the statute, the invention: has been described in
language more or less specific as to structural and methodical
features. It is to be understood, however, that the invention is

not limited to the specific features shown and described, since the
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means herein disclosed comprise preferred forms of putting the
invention into effect. The invention is, therefore, claimed in any
of its forms or modifications within the proper scope of the
appended claims appropriately interpreted in accordance with the

doctrine of equivalents.
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CLAIMS
1. A: method of producing a hard metallic material,
comprising:

providing a mixture of elements, the mixture comprising at
least about 55 percent Fe by weight, and at least one element
selected from the group consisting of B, C, Si and P:

forming the mixture into an alloy; and

cooling the alloy at a rate of less than about 5000 K per
second to form a metallic material having a hardness of greater
than about 9.2 GPa.

2. The method of claim 1 wherein the metallic material is

In ingot form.

3. The method of claim 1 wherein the mixture comprises

at least one transition metal selected from the group consisting of
W, Mo, Cr and Mn.

4. The method of claim 1 wherein the mixture comprises
one or more of Al and Gd.

5. The method of claim 1 wherein the mixture comprises
at least two of B, C and Si.

6. The method of claim 1 wherein the mixture comprises
B, C and Si at an atomic ratio of B,,C.Si,.
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7. The method of claim 1 wherein the mixture comprises
a composition selected from the group consisting of FegB,,C;33I1,,
(FeysCros)70B17W2Cs  FegsB17C3Sis, FegsBi,C.W,,  FegsBi,Ca FegsBy;Cs,
(Feo 3Cro.2)7sMo,W,B,,C;Siy, FegB;CsWs, FegzBy;CsS1s,
(Fey sCry.0)76M0,W,B,,CsSiy,  (Feq 4Crg,)73M0,W,B46C,S1;MN,,
FegCrgMo,B,;,Cs,  (FegCro2)7sM0,B1;,CsSi;,  FeggCrgMo,By;CsS1Al,,
(FeysCro2)7sWoB17,CsSiy,  FegsBy,CsSiy,  (Feg sCro )7sM0,W,B 7 CsS1y,
(Fe, §Cro.0)72M0O,W,B,,C;Si,Gd,,  (FeyCrg0)74M0,W,B,;,CsSi;Gd,,  and
(Feq.sCro.2)74M0O,W 5B ;C,Sl;.

8. The method of claim 1 wherein the alloy comprises a

melting temperature of less than or equal to about 1550°C.

0. The method of claim 1 wherein the mixture consists

esSentiain of fewer than 11 elements.

10. The method of claim 1 wherein the mixiure consists

éssentially of fewer than 9 elements.

11. A metallic material comprising:

at least 55% Fe;

at least one of B, Si, P and C;

a total element composition consisting essentially of fewer
than 11 elements;

a melting temperature between about 1100°C and about
1250°C and

a hardness of greater than about 9.2 GPa.

12. The metallic material of claim 11 wherein the material

Is a cast material.

13. The metallic material of cléim 11 wherein the material

Is in ingot form.
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14. The metallic material of claim 11 wherein the total

element composition consists of fewer than 11 elements.

15. The metallic material of claim 11 comprising B, SIi and

16. The metallic material of claim 11 wherein the total

elemental composition consists essentially of fewer than 9 elements.

17. The metallic material of claim 11 comprising a
composition selected from the group consisting of FegB,,C;Si;,
(FeosCro.0)7oB17W2Cs,  FegBi7C5Sis, FegB;CW,, FegBi7Cs,  FegBy;Cs,
(Feo sCro.2)7sM0,W,B,,C:Si;, FegsB;CsWs, FegsBy;C5S1s,
(Feo.sCro2)7sMOsW,B14CsSi1,  (Feo4Cro.a)7aM0,W,B,,C,Si,Mn,,
FegsCrgMo,B,Cs,  (FeggCry,)7sM0,B1,CsSiy,  FeggCrgMo,By;CySiiAlL,
(Feo.sCro.2)7sW2B17CsSiy,  FegsBy;CsSiy,  (Feg gCro2)7sM0,W,B7C5S1;,
(Feo sCro.2)72M0,W,B;,C:8i,Gdy,  (FeyCro2)71M0,W,B,;C5351,Gd,,  and
(FeqoCro.2)7sM0o,W,B,,C,Si;.

18. A method of forming a wire, comprising:

providing a metal strip having a first composition;

providing a powder comprising a second composition; and

combining the first composition and the second composition
by rolling the metal strip together with the powder to form a wire
comprising a third composition, the third composition containing at
least 55 weight percent Fe and from two to seven additional
elements, the two to seven additional elements comprising at least

two element selected from the group consisting of C, Si and B.

19. The method of claim 18 wherein the powder comprises

a metallic glass.

23



CA 02486352 2004-11-15
WO 03/106718 PCT/US03/01341

20. The method of claim 18 wherein the third composition
comprises at least one transition elements selected from the group

consisting of W, Mo, Cr and Mn.

21. The method of claim 18 wherein ' the third composition
comprises C, Si and B.

22. The method of claim 21 wherein the C, Si and B are
present in the third composition at an atomic ratio of B,,C.SI,.

23. The method of claim 18 wherein the third composition
comprises at least one member selected from the group consisting
of FegB;CgS1s, (Feoglron)7eB1,WoGs,  FegBy,CsSis, FegB,C,W,,
FegB1,0s, FegsBi7Gs, (FegsCrg )7sMO,W,B,,C5Si;,  FegBy;,CsWo,
Feg3B,7,C5SIs, (Feo.aoro.z)mM°2W281405}8i1a (Feo.Crg.2)7sM0,W,B,,C,Si;Mn,,
FegCrgMo,B,Cs,  (Fey4Cry.),5sM0,B,;CsSiy, FegCrgMo,B,,C.Si,Al,,
(Fe0.5Cr02),sW,B1;,C5S1y,  FegBy;,CsSiy,  (Fey 3Crg 5)7,sM0,W,B,,CsSiy,
(FepsCro.2)7oMo,W,B,;CsS1,Gdy,  (FegsCry )71 Mo, W,B,;C:SiGd,,  and
(FeosCrg2)7sM0,W,B,;C,Si;.

24. The method of claim 18 wherein the wire comprises a
diameter of from about 0.035 inches to about 0.188 inches.

25. A wire comprising a total composition consisting
essentially of fewer than 11 elements, the fewer than 11 elements
comprising Fe and at least two elements selected from the group
consisting of C, Si and B, the Fe present in the total composition
being at least about 55% of the total composition by weight.
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26. The wire .of claim 25 further comprising:

a metal sheath comprising a first sub-composition; and

a core comprising a powder having a second sub-composition,
Wherein the first sub-composition and the second sub-composition

are collectively comprised by the total composition of the wire.

27. The wire of claim 26 wherein the powder comprises a

metallic glass.

28. The wire of claim 25 wherein the total composition
comprises a member selected from the group consisting of
FegsB1,C3Sis,  (FegsCro2)7oB17W2Co,  FegsBi7CsSIs, FegB,CoW,,
FegsB7Cs,  FegsBi7Cs, - (FegCro,)7sM0O,W,B1,CsSiy,  FeggBy7CsWs,
FegsB17CsSis, (FeosCro.2)76M0,W 5B 4,CsSiy, (FeqCro2)7sM0o,W,B45C,S1;Mn,,
Feg3CrgMo,B 7 s, (Feo.acro.2)75MozB17cssi1’ Feg;CrgMo,B;CsS14Al,
(FeosCros)7sW,B1,CsSiy,  FegsBy;CsSiy,  (Feg4Cro2)7sM0,W,B4;,CsSIy,
(Feo.sCro0)7oM0,W,B,;,C:Si,Gd,,  (FeygCry,)7:M0,W,B,;CsS1;Gd,,  and
(Feo.sCro.2)7sM0,W,B,,C,Siy.

29. A method of forming a hardened surface on a
substrate, comprising:

providing a solid mass comprising a first hardness;

processing the solid mass to form a powder;

applying the powder to a surface of a substrate to form a
layer having a second hardness, at least some of the Ilayer
comprising metallic glass; ana

converting at least some of the metallic glass to a crystalline
material having a nanocrystalline grain size, the converting
hardening the layer to form a hardened Ilayer having a third
hardness that is greater than the first hardness and greater than

the second hardness.

30. The method of claim 29 wherein the solid mass
comprises an ingot form.
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31. The method of claim 29 wherein the powder comprises

at least some amorphous structure.

32. The method of claim 29 wherein the converting
comprises heating the layer to a temperature between about 600°C
and a melting temperature of the metallic glass.

33. The method of claim 29 wherein the solid mass
comprises a first toughness, wherein the layer prior to the
converting comprises a second toughness, and wherein the
hardened layer comprises a third toughness, the second toughness
and the third toughness each being equal to or greater than the
:first toughness.

34. The method of <claim 29 wherein the solid mass
comprises a composition of from 3 to 11 elements, the composition
comprising at least about 55 percent iron by weight, and at least
two of B, C and Si.

35. The method of <claim 33 wherein the composition

comprises fewer than nine elements.

36. The method of claim 33 -~wherein the composition

comprises at least one transition metal.
37. The method of claim 29 wherein the layer is formed

on the surface of a substrate in an absence of an interfacial
layer.
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38. The method of <claim 29 wherein the solid mass
comprises a composition selected from the group consisting of
FeesMo,Si;, FegCrsMo,, FegMoAl,, (FeggCris)eiBi7Wa,  (Feo MO, 5)g3B 17,
Fe.B,Si;, FegCrgMo,Cs, Feg,Mo,Co, FegsMo,,, FegCrgMo,Byy, FegsB,y,,
FeesBi7Sis, FeesBi7Ca  FegsBi7CsSis,  (FeosCron)7oBisWoGCs  FegBy;C5Sis,
FeesB17CoW,  FegsBi,Cs  FegBy:Cs,  (FegCrg2)7,M0,W,B1,CsSiy,
FegsB,CsWs, FegsBi;CsSis,  (Feg 3Crg2)76M0,W,B,,CsS1y,
(Feo . sCry.2)7aMo,W,B,;C,Si;Mn,, FegsCrgMo,B,;Cs,
(Feo.sCro.2)7sM0,B;C5Siy, FegCrgMoyB,;CsSijAl,,  (FegsCro.2)7sW2B17CsSH,
FeesB17CsSiy, (FeqsCro)7sM0o,W,B,,CsSiy, (Feg sCry2)7.M0,W,B,,C;Si;Gd;,
(Feo sCro.2)74M0,W,B;,C:Si;Gd,, and (Feq gCro 2)74M0,W,B,;,C,Sl;.

39. The method of claim 29 wherein the first hardness is
at least about 9.2 GPa.

40. The method of 'claim 29 wherein the applying the
powder to the surface comprises at least one of plasma spray
thermal deposition, diamond jet thermal deposition and high-velocity

oxy-fuel thermal deposition.

41. The method of claim 29 further comprising:

prior to the applying the powder to the surface, combining
the powder with a metal strip to form a wire, the wire having a
final composition comprising at least 55% iron by weight and at

least one element selected from the group consisting of Si, C, P
and B; and

wherein the applying the powder to the surface comprises at
least one of twin-roll wire arc deposition, single-roll wire arc

deposition and high-velocity wire arc deposition.
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42. A method of protecting a surface, comprising:

providing a surface; and

applying an initially-formed layer of a material on the surface,
the material comprising at least 55% Fe by weight and fewer than
10 additional elements, the fewer | than 10 additional elements
comprising at least two of B, C and Si, the initially-formed layer
comprising an initial hardness of at least about 9.2 GPa, having

a tensile elongation of from about 0.5% to about 60%.

43. The method of claim 41 wherein the surface Is a

metallic surface.

44. The method of claim 41 wherein the initially-formed

layer comprises an amorphous structure.

45. The method of claim 41 further comprising:
converting the initially-formed layer into a hardened layer
comprising an increased hardness, the increased hardness being

greater than the initial hardness.

46. The method of claim 44 wherein the hardened layer
comprisies a nanocomposite microstructure having a grain size of

from about 75 nm to about 125 nm, and having second phase

precipitates of about 20 nm at grain boundaries.

47. A hardfacing material comprising:

an Fe-based alloy comprising at least one of C, B and Si
and comprising fewer than eleven elements; and

at least some devitrified structure comprising a nanocrystalline
grain size, the hardfacing material having a hardness of at least

about 9.2 GPa, having a tensile elongation of from about 5% to
about 180%.
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48. A hardfacing material comprising an Fe-based alloy
comprising at least one of C, B and Si and comprising fewer than
eleven elements, the hardfacing material having at least some
amorphous glass structure, having a hardness of at least about
least about 9.2 GPa, having a tensile elongation of from about
0.5% to about 60%.

49. The hardfacing material of claim 47 wherein the Fe-
based alloy comprises C, B and Si present in the alloy at an

atomic ratio of B,,C;Si,.

50. The hardfacing material of claim 47 wherein the Fe-
based alloy comprises a composition selected from the group
consisting of Fe,Mo,Si;, FeeCraMo, FegMoAl,  (FeqsCroz)sBiWa
(FeosM0g0)esBi7s  FegsBi/Siy,  FegCrgMo,Cs,  FegsMo,Cs,  FegMoy,
FeesCrsMo,B,,,  FegBy;,  FegBy;Sis,  FegBy;Cy  FegsBy;CsSis,
(Feo.5Cro.2)70B17W,Cs,  FegsBi7CsSis, FegBi;C.W,,  FeggBi;Cs  FegByrCs,
(Feo sCro.n),sM0,W,B,C;Siy, FegB;CsW;5, FegsBy7;C5S15,
(Feo.3Cro.2)76M0,W,B,,C5Si;, (Feq Crg5)7sM0,W,B;6C,S1,Mn,,
FeesCrgMo,B,,Cs,  (FeygCrg),sM0,B1;C5Siy,  FegsCrgMo,By;CsS14Al,
(Feo.sCro.2)7sW,B7CsSiy,  FegBy;CsSiy,  (FeggCrg2)7sM0,W,B,;,CsS1;,
(FeosCro.z)72M0,W,B,,CsSi;Gd,,  (Fe,4Cry,)71M0,W,B,;,C5Si;Gd,,  and
(Feo.Cro.0)74M0O,W,B;,C,Si;.

51. The hardfacing material of claim 47 comprising a

porosity of less than or equal to about 5%.

52. The hardfacing material of claim 47 comprising a

porosity of less than or equal to about 1%.
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