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(57) ABSTRACT

Disclosed herein are embodiments of wear resistant alloys,
such as ferrous alloys, that can have reduced carbide con-
tents. In some embodiments, the alloys may have no car-
bides. In some, the alloy may have boride phases, such as
phases having high Mo+W content and/or high Fe+Cr
content. There can be reduced hardphases levels out of the
specifically disclosed boride phases in some embodiments.

(51) Imt.CL
C22C 38/54 (2006.01) In some embodiments, hypereutectic chromium borides can
C22C 38/44 (2006.01) have limited incorporation into the disclosed alloys.
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REDUCED CARBIDES FERROUS ALLOYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims from the benefit of U.S.
Application No. 62/649,767, filed Mar. 29, 2018 and entitled
“CARBIDE-FREE FERROUS ALLOYS”, which is incor-
porated by reference herein in its entirety.

BACKGROUND

Field

[0002] The disclosure relates generally to wear resistant
ferrous alloys having reduced carbide content.

Description of the Related Art

[0003] Abrasive and erosive wear is a major concern
across many industries including mining, oil and gas drill-
ing, mineral processing, concrete and asphalt production,
and other applications that involve abrasive media wearing
a surface. Applications where wear is an issue typically use
wear resistant materials to extend the life of critical com-
ponents. Wear resistant metal coatings, known as “hardfac-
ing”, bulk cast, or wrought wear resistant alloys are common
solutions to these wear problems. Wear resistant alloys
typically comprise various borides, carbides, and/or high
hardness matrix phases to achieve a desired level of wear
resistance while balancing other critical performance met-
rics such as toughness and cost.

[0004] Hardfacing is one example of a manufacturing
method which can be used to produce wear resistant parts.
However, there is frequently a degree of imprecision in these
processes when converting from the feedstock form (e.g.,
powder, wire, etc.) to the final coating, especially when
working with new materials. The imprecision can lead to
significant divergence from the desired chemistry, micro-
structure, thermodynamics, and performance of the resulting
material as compared to the original powder, especially with
complex alloys. However, while precision is increased with
conventional alloys with simple chemistries, they often fail
to meet modern performance requirements.

[0005] Useful wear resisting or hardbanding alloys can
comprise borides, which can increase wear resistance.
Boride comprising wear resistant alloys generally fall into
two categories: 1) alloys that comprise a single boride phase;
and 2) alloys that comprise one or more boride phases with
additional carbides.

[0006] U.S. Pat. No. 6,171,222, hereby incorporated by
reference in its entirety, teaches a wear resistant alloy system
that comprises chromium borides in a ferrous matrix. While
this system can achieve a wear resistant alloy, it is limited by
the maximum hardness achievable by borides that comprise
iron and chromium.

[0007] U.S. Pat. and Pub. No.’s 2014/0234154, 2015/
0354036, 7,935,198, 2016/0168670, and 2016/0024624, the
entirety of each of which is hereby incorporated by reference
in its entirety, teach alloys that comprise a combination of
hard boride and hard carbide phases that contribute to the
wear resistance of the alloys.

SUMMARY

[0008] The present disclosure includes, but is not limited
to, the following embodiments.
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[0009] Embodiment 1: A feedstock material configured to
form a microstructure comprising Fe, B: about 1 wt. % to
about 3.6 wt. %, C: about 0 wt. % to about 0.5 wt. %, Cr:
about 2 wt. % to about 15 wt. %, Mo: about 4 wt. % to about
15 wt. %, Ni: about 0 wt. % to about 3 wt. %, Mn: about 0
wt. % to about 3 wt. %, and Si: about 0 wt. % to about 2 wt.
%, wherein the feedstock material configured to form the
microstructure comprising a martensitic matrix character-
ized by having, under thermodynamic equilibrium condi-
tions a mole fraction of complex borides comprising =30 wt.
% Mo+W, wherein the mole fraction of the complex borides
is between about 5 and about 50%, a mole fraction of
chromium borides comprising =50 wt. % Fe+Cr, wherein the
mole fraction of the chromium borides is between about 5
and about 50%, and a mole fraction of hardphases other than
the complex borides and the chromium borides of less than
about 10%.

[0010] Embodiment 2: The feedstock material of Embodi-
ment 1, wherein C: about 0.05 wt. % to about 0.5 wt. %.
[0011] Embodiment 3: The feedstock material of Embodi-
ments 1 or 2, wherein the mole fraction of complex borides
is between 12.5 and 30.

[0012] Embodiment 4: The feedstock material of Embodi-
ments 1-3, wherein the mole fraction of chromium borides
is between 12.5 and 30.

[0013] Embodiment 5: The feedstock material of Embodi-
ments 1-4, wherein the feedstock material is configured to
form the microstructure comprising a mole fraction of
hypereutectic hard phases of less than about 10%.

[0014] Embodiment 6: The feedstock material of Embodi-
ment 5, wherein the mole fraction of hypereutectic hard
phases is less than about 1%.

[0015] Embodiment 7: The feedstock material of Embodi-
ments 1-6, wherein the feedstock material is configured to
form the microstructure comprising a mole fraction of all
hard phases of between about 5% and about 50%.

[0016] Embodiment 8: The feedstock material of Embodi-
ment 7, wherein the mole fraction of all hard phases is
between about 20% and about 50%.

[0017] Embodiment 9: The feedstock material of Embodi-
ment 8, wherein the mole fraction of all hard phases is
between about 35% and about 45%.

[0018] Embodiment 10: The feedstock material of
Embodiments 1-9, wherein the feedstock material is con-
figured to form the microstructure comprising a mole frac-
tion of primary carbides of less than about 1%.

[0019] Embodiment 11: The feedstock material of
Embodiments 1-10, wherein the mole fraction of hardphases
other than the complex borides and the chromium borides is
less than about 1%.

[0020] Embodiment 12: The feedstock material of
Embodiments 1-11, wherein the feedstock material is con-
figured to form microstructure having a martensitic matrix
which comprises Fe and is selected from the group consist-
ing of, in wt. %, B: 2.6, C: 0.2, Cr: 10, Mo: 7, B: 2.6, Cr:
8,Mo: 7, B: 2.6, Cr: 8, Mo: 10, B: 2.6, Cr: 6, Mo: 10, B: 2.6,
Cr: 4, Mo: 10, B: 2.6, Cr: 2, Mo: 10, B: 3.4, Cr: 5, Mo: 14,
B:2.8,C:0.2,Cr: 8, Mo: 7, Mn: 1, Si: 0.5, B: 3, C: 0.2, Cr:
6, Mo: 9, Mn: 1, 8i: 0.5,B: 3, C: 0.2, Cr: 8, Mo: 7,B: 3, C:
0.2, Cr: 8.7, Mo: 8.3, B: 3.4, C: 0.25, Cr: 9.7, Mo: 9.4, B:
2.8,C: 0.5, Cr: 8 Mo: 7,Mn: 1, Si: 0.5, B: 3, C: 0.5, Cr: 6,
Mo: 9, Mn: 1, Si: 0.5,B:3,C: 0.5, Cr: 8, Mo: 7, B: 3, C: 0.5,
Cr: 8.7, Mo: 8.3,B:3.2,C: 0.5, Cr: 8.7, Mo: 8.3, and B: 3.4,
C: 0.5, Cr: 9.7, Mo: 9.4.
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[0021] Embodiment 13: The feedstock material of any one
of Embodiments 1-12, wherein the feedstock material is
configured to form the microstructure having a composition
of B: about 3, C: about 0.2, Cr: about 8.7, and Mo: about 8.3,
or B: about 3.4, C: about 0.25, Cr: about 9.7, and Mo: about
9.4.

[0022] Embodiment 14: The feedstock material of any one
of Embodiments 1-13, wherein the feedstock material is a
powder.

[0023] Embodiment 15: The feedstock material of any one
of Embodiments 1-14, wherein a composition of the thermal
feedstock comprises: B: about 7.5 to about 8.8 wt %, C:
about 0.1 to about 1.0 wt %, Cr: about 18 to about 26 wt %,
and Mo: about 17 to about 25 wt %

[0024] Embodiment 16: A coating formed from the feed-
stock material of any one of Embodiments 1-15, the coating
having a martensitic matrix.

[0025] Embodiment 17: The coating of Embodiment 16,
wherein the coating has a hardness of at least S9HRC.
[0026] Embodiment 18: The coating of Embodiment 17,
wherein the coating has a hardness of at least 65HRC.
[0027] Embodiment 19: The coating of any one of
Embodiments 16-18, wherein the coating comprises a vol-
ume fraction of complex borides comprising =30 wt. %
Mo+W, wherein the volume fraction of the complex borides
is between about 5 and about 50%, a volume fraction of
chromium borides comprising =50 wt. % Fe+Cr, wherein the
volume fraction of the chromium borides is between about
5 and about 50%, and a volume fraction of hardphases other
than the complex borides and the chromium borides of less
than about 10%.

[0028] Embodiment 20: The coating of Embodiment 19,
wherein the volume fraction of complex borides is between
12.5 and 30.

[0029] Embodiment 21: The coating of any one of
Embodiments 16-20, further comprising a volume fraction
of hypereutectic hard phases of less than about 10%.
[0030] Embodiment 22: The coating of Embodiment 21,
wherein the volume fraction of hypereutectic hard phases is
less than about 1%.

[0031] Embodiment 23: The coating of any one of
Embodiments 16-23, wherein a volume fraction of all hard
phases is between about 20% and about 50%.

[0032] Embodiment 24: The coating of any one of
Embodiments 19-23, wherein the volume fraction of hard-
phases other than the complex borides and the chromium
borides is less than about 1%.

[0033] Embodiment 25: The coating of any one of
Embodiments 16-24, further comprising a weight percent of
carbon in the martensitic matrix of between about 0 and
about 0.45 wt. %.

[0034] Embodiment 26: The coating of Embodiment 25,
wherein the weight percent of carbon in the martensitic
matrix is between about 0.2 and about 0.37 wt. %

[0035] Embodiment 27: The coating of any one of
Embodiments 16-26, further comprising a percent of chro-
mium in the martensitic matrix of between 5 and 12 wt. %.
[0036] Embodiment 28: A method of forming a hardfacing
coating onto a substrate, the method comprising applying a
feedstock material to the substrate to form the coating, the
coating comprising Fe, B: about 1 wt. % to about 3.6 wt. %,
C: about 0 wt. % to about 0.5 wt. %, Cr: about 2 wt. % to
about 15 wt. %, Mo: about 4 wt. % to about 15 wt. %, Ni:
about 0 wt. % to about 3 wt. %, Mn: about 0 wt. % to about
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3 wt. %, and Si: about 0 wt. % to about 2 wt. %, wherein the
feedstock material is configured to form a martensitic matrix
which is characterized by having, under thermodynamic
equilibrium conditions a mole fraction of complex borides
comprising 230 wt. % Mo+W, wherein the mole fraction of
the complex borides is between about 5 and about 50%, a
mole fraction of chromium borides comprising =50 wt. %
Fe+Cr, wherein the mole fraction of the chromium borides
is between about 5 and about 50%, and a mole fraction of
hardphases other than the complex borides and the chro-
mium borides of less than about 10%.

[0037] Embodiment 29: The method of Embodiment 28,
wherein C: about 0.05 wt. % to about 0.5 wt. %.

[0038] Embodiment 30: The method of any one of
Embodiments 28-29, wherein the applying is a thermal
spray.

[0039] Embodiment 31: The method of any one of
Embodiments 28-29, wherein the applying is a bulk welding
process.

[0040] Embodiment 32: The method of any one of
Embodiments 28-31, wherein the substrate is a wear plate.

[0041] Embodiment 33: A wear-resistant dual-boride
metallic coating comprising Fe, B: about 1 wt. % to about
3.6 wt. %, C: about 0 wt. % to about 0.5 wt. %, Cr: about
2 wt. % to about 15 wt. %, Mo: about 4 wt. % to about 15
wt. %, Ni: about 0 wt. % to about 3 wt. %, Mn: about 0 wt.
% to about 3 wt. %, Si: about 0 wt. % to about 2 wt. %, a
martensitic matrix, a volume fraction of complex borides
comprising 230 wt. % Mo+W, wherein the mole fraction of
the complex borides is between about 5 and about 50%, a
volume fraction of chromium borides comprising =50 wt. %
Fe+Cr, wherein the mole fraction of the chromium borides
is between about 5 and about 50%, and a volume fraction of
hardphases other than the complex borides and the chro-
mium borides of less than about 10%.

[0042] Embodiment 34: The coating of Embodiment 33,
wherein C: about 0.05 wt. % to about 0.5 wt. %.

[0043] Embodiment 35: The coating of Embodiments
33-34, wherein the volume fraction of complex borides is
between 12.5 and 30.

[0044] Embodiment 36: The coating of any one of
Embodiments 33-35, wherein the volume fraction of chro-
mium borides is between 12.5 and 30.

[0045] Embodiment 37: The coating of any one of
Embodiments 33-36, further comprising a volume fraction
of hypereutectic hard phases is less than about 10%.
[0046] Embodiment 38: The coating of Embodiment 37,
wherein the volume fraction of hypereutectic hard phases is
less than about 1%.

[0047] Embodiment 39: The coating of any one of
Embodiments 33-38, further comprising a volume fraction
of all hard phases of between about 5% and about 50%.
[0048] Embodiment 40: The coating of Embodiment 39,
wherein the volume fraction of all hard phases is between
about 20% and about 50%.

[0049] Embodiment 41: The coating of Embodiment 39,
wherein the volume fraction of all hard phases is between
about 35% and about 45%.

[0050] Embodiment 42: The coating of any one of
Embodiments 33-41, further comprising a volume fraction
of primary carbides of less than about 1%.
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[0051] Embodiment 43: The coating of any one of
Embodiments 33-42, further comprising a weight percent of
carbon in the martensitic matrix of between about 0 and
about 0.45 wt. %.

[0052] Embodiment 44: The coating of Embodiment 43,
wherein the weight percent of carbon in the martensitic
matrix is between about 0.2 and about 0.37 wt. %.

[0053] Embodiment 45: The coating of any one of
Embodiments 33-44, wherein the volume fraction of hard-
phases other than the complex borides and the chromium
borides is less than about 1%.

[0054] Embodiment 46: The coating of any one of
Embodiments 33-45, further comprising a percent of chro-
mium in the martensitic matrix of between 5 and 12 wt. %.
[0055] Embodiment 47: The coating of any one of
Embodiments 33-46, wherein the coating comprises Fe and
is selected from the group consisting of, in wt. %, B: 2.6, C:
0.2, Cr: 10, Mo: 7, B: 2.6, Cr: 8, Mo: 7, B: 2.6, Cr: 8, Mo:
10, B: 2.6, Cr: 6, Mo: 10, B: 2.6, Cr: 4, Mo: 10, B: 2.6, Cr:
2, Mo: 10, B: 3.4, Cr: 5, Mo: 14, B: 2.8, C: 0.2, Cr: 8, Mo:
7, Mn: 1, Si: 0.5, B: 3, C: 0.2, Cr: 6, Mo: 9, Mn: 1, Si: 0.5,
B:3,C:0.2,Cr: 8, Mo: 7,B: 3, C: 0.2, Cr: 8.7, Mo: 8.3, B:
34,C:025,Cr: 9.7, Mo: 9.4, B: 2.8, C: 0.5, Cr: 8, Mo: 7,
Mn: 1, Si: 0.5, B: 3, C: 0.5, Cr: 6, Mo: 9, Mn: 1, Si: 0.5, B:
3,C:05,Cr:8,Mo: 7,B:3,C: 0.5, Cr: 8.7, Mo: 8.3,B: 3.2,
C:0.5,Cr:8.7,Mo: 8.3,and B: 3.4, C: 0.5, Cr: 9.7, Mo: 9.4.
[0056] Embodiment 48: The coating of any one of
Embodiments 33-46, wherein a composition of the coating
is B: about 3, C: about 0.2, Cr: about 8.7, Mo: about 8.3, or
B: about 3.4, C: about 0.25, Cr: about 9.7, and Mo: about
9.4.

[0057] Embodiment 49: The coating of any one of
Embodiments 33-48, wherein the coating has a hardness of
at least 6OHRC.

[0058] Embodiment 50: The coating of Embodiment 49,
wherein the coating has a hardness of at least 65HRC.
[0059] Embodiment 51: The coating of any one of
Embodiments 33-50, wherein the coating is a hardfacing
overlay.

[0060] Embodiment 52: A powder configured to form the
coating of any one of Embodiments 33-51.

[0061] Embodiment 53: The powder of Embodiment 52,
wherein a composition of the powder is B: about 7.5 to about
8.8 wt %, C: about 0.1 to about 1.0 wt %, Cr: about 18 to
about 26 wt %, Mo: about 17 to about 25 wt %

[0062] Disclosed herein are embodiments of a ferrous
alloy that comprises under equilibrium or near equilibrium
solidification conditions at 1300K a mole fraction of borides
comprising =30 wt. % Mo+W between about 5 and about
50%, a mole fraction of borides comprising =50 wt. %
Fe+Cr between about 5 and about 50%, and a mole fraction
of hardphases with =1000HV other than borides comprising
=230 wt. % Mo+W and borides comprising =50 wt. % Fe+Cr
of less than about 10%.

[0063] In some embodiments, a mole fraction of hyper-
eutectic hard phases can be less than about 10%. In some
embodiments, a mole fraction of all hard phases can be
between about 5 and about 50%. In some embodiments, a
mole fraction of primary carbides can be less than about 1%.
In some embodiments, the matrix can comprise between
about 1 and about 25 wt. % chromium. In some embodi-
ments, a weight percent of carbon in the matrix can be
between about 0 and about 0.45 wt. %.
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[0064] In some embodiments, a composition of the alloy
can comprise Fe and, in wt. %: B: about 1 to about 3.6; C:
about 0 to about 0.5; Cr: about 2 to about 15; Mo: about 4
to about 15; Ni: about 0 to about 3; Mn: about 0 to about 3;
and Si: about 0 to about 2.

[0065] In some embodiments, the alloy can be a powder.
In some embodiments, the alloy can be a melt. In some
embodiments, the alloy can be a cored wire having an outer
sheath and a powder core. In some embodiments, the alloy
can be scrap. In some embodiments the alloy may be an
overlay or hardfacing.

[0066] Also disclosed herein are embodiments of a dual
boride phase ferrous alloy configured to form a wear resis-
tant material having a matrix, the matrix of the wear resistant
material comprising Fe and: a volume fraction of borides
comprising =30 wt. % Mo+W between about 5 and about
50%, a volume fraction of borides comprising =50 wt. %
Fe+Cr between about 5 and about 50%, and a volume
fraction of hardphases with =1000HV other than borides
comprising =30 wt. % Mo+W and borides comprising =50
wt. % Fe+Cr of less than about 10%.

[0067] In some embodiments, a volume fraction of hyper-
eutectic borides can be less than about 10%. In some
embodiments, a volume fraction of total hard phases can be
between about 5 and about 50%. In some embodiments, a
volume fraction of carbides can be less than about 1%. In
some embodiments, the matrix can comprise between about
1 and about 25 wt. % chromium.

[0068] In some embodiments, a composition of the wear
resistant material can comprise, in wt. %: B: about 1 to about
3.6; C: about 0 to about 0.5; Cr: about 2 to about 15; Mo:
about 4 to about 15; Ni: about 0 to about 3; Mn: about 0 to
about 3; and Si: about 0 to about 2.

[0069] Further disclosed herein are embodiments of a
ferrous alloy comprising Fe and, in wt. %: B: about 1.5 to
about 3.6; C: about 0.1 to about 0.5; Cr: about 2 to about 15;
and Mo: about 4 to about 12, wherein the ferrous alloy is
configured to form a wear resistant material having a dual-
phase boride structure.

[0070] In some embodiments, the alloy can further com-
prise, in wt. %: Ni: about O to about 3; Mn: about 0 to about
3; and Si: about 0 to about 2.

[0071] In some embodiments, the alloy can comprise Fe
and, in wt. %: B: 2.6, C: 0.2, Cr: 10, Mo: 7; B: 2.6, Cr: 8,
Mo: 7; B: 2.6, Cr: 8, Mo: 10; B: 2.6, Cr: 6, Mo: 10; B: 2.6,
Cr: 4, Mo: 10; B: 2.6, Cr: 2, Mo: 10; B: 3.4, Cr: 5, Mo: 14;
B:2.8,C:0.2,Cr: 8, Mo: 7, Mn: 1, Si: 0.5;B: 3, C: 0.2, Cr:
6, Mo: 9, Mn: 1, Si: 0.5; or B: 3, C: 0.2, Cr: 8, Mo: 7; B: 3,
C: 0.2, Cr: 8.7, Mo: 83; B: 34, C: 0.25, Cr: 9.7, Mo: 94.

BRIEF DESCRIPTION OF THE DRAWINGS

[0072] FIG. 1 shows a micrograph of an embodiment of a
disclosed alloy (X8).

[0073] FIG. 2 shows an equilibrium solidification diagram
of an embodiment of an alloy with the composition: B: 2.8,
C: 0.2, Cr: 8, Mn: 1, Mo: 7, and Si: 0.5 (X18).

[0074] FIG. 3 shows an equilibrium solidification diagram
of an alloy which does not meet all criteria disclosed herein
with the composition: B: 3.0, C: 0.8, Cr: 8, Mo: 6, and V: 2.

DETAILED DESCRIPTION

[0075] In this disclosure, embodiments of ferrous alloys
are described that can include two or more boride phases in
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addition to a matrix phase without forming carbides from the
liquid. Specifically, embodiments of the alloys can comprise
iron chromium borides and M,B and/or M;B, type borides
where a substantial portion of M is Mo or W. In some
embodiments, a substantial portion is =30 wt. % Mo+W (or
zabout 30 wt. % Mo+W).

[0076] This can confer several advantages over conven-
tional hardfacing and wear resistant alloy systems. Advan-
tages may include, but are not limited to: 1) not having to
balance carbon and a carbide forming element to achieve the
desired level of carbon in the ferrous matrix phase; 2)
reducing expensive alloying additions such boron carbide,
niobium, vanadium, and/or titanium; 3) more wear resis-
tance compared to alloys only comprising iron and/or chro-
mium borides; 4) higher impact performance compared to
alloys of similar wear resistance; 5) higher fluidity and
weldability due to lower refractory alloy content; and 6) lack
of high temperature phases that limit powder manufacture.

[0077] In some embodiments, alloys of this disclosure
specifically avoid the formation of carbides in the micro-
structure allowing for easier manufacturability while avoid-
ing the use of expensive carbide formers such as Ti, Nb, Zr,
Hf, V. In some embodiments, this disclosure teaches alloys
that can have additional boride phases with higher hardness
and thus greater wear resistance for a given boride fraction
compared to 6,171,222.

[0078] The term alloy can refer to the chemical composi-
tion of a powder used to form a metal component (e.g.,
coating, layer, etc.), the powder itself, the chemical compo-
sition of a melt used to form a casting component, the melt
itself, and the composition of the metal component formed
by the heating, sintering, and/or deposition of the powder,
including the composition of the metal component after
cooling (such as a coating). In some embodiments, the term
alloy can refer to the chemical composition forming the
powder disclosed within, the powder itself, the feedstock
itself, the wire, the wire including a powder, the combined
composition of a combination of wires, the composition of
the metal component formed by the heating and/or deposi-
tion of the powder, or other methodology, and the metal
component.

[0079] In some embodiments, alloys manufactured into a
solid or cored wire (a sheath containing a powder) for
welding or for use as a feedstock for another process may be
described by specific chemistries herein. For example, the
wires can be used for a thermal spray. Further, the compo-
sitions disclosed below can be from a single wire or a
combination of multiple wires (such as 2, 3, 4, or 5 wires).

[0080] Insome embodiments, the alloys can be applied by
a thermal spray process to form a thermal spray coating,
such as HVOF alloys. In some embodiments, the alloys can
be applied as a weld overlay. In some embodiments, the
alloys can be applied either as a thermal spray or as a weld
overlay, e.g., having dual use.

[0081] In some embodiments, wires can be used to form
the metal component. For example, pure element powders,
ferro alloy powders, and a metallic sheath can be used to
achieve a bulk compositions. In some embodiments, casting
can be used. Casting can utilize a range of feedstock
material, potentially including powders. For example, cast-
ing feedstock can include scrap steel, iron, ferro alloys in the
form of large pieces, and other pieces of pure elements,
thought the particular feedstock is not limiting.
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Metal Alloy Composition

[0082] In some embodiments, the alloy can be described
by specific compositions, in weight %, and including Fe. In
some embodiments, Fe can make the balance of the alloy. In
some embodiments, the disclosed compositions may be the
feedstock. In some embodiments, the disclosed composi-
tions may be the deposit formed from the feedstock.
[0083] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0084] B: 1 to 3 (or about 1 to about 3)
[0085] C: 0 to 0.75 (or about 0 to about 0.75)
[0086] Cr: 2 to 15 (or about 2 to about 15)
[0087] Mo: 4 to 15 (or about 4 to about 15)
[0088] Ni: 0 to 3 (or about O to about 3)
[0089] Mn: O to 3 (or about 0 to about 3)
[0090] Si: O to 2 (or about O to about 2)
[0091] Insome embodiments, the composition of the alloy

can include Fe and, in wt. %:

[0092] B: 1 to 3 (or about 1 to about 3)
[0093] C: 0.05 to 0.75 (or about 0 to about 0.75)
[0094] Cr: 2 to 15 (or about 2 to about 15)
[0095] Mo: 4 to 15 (or about 4 to about 15)
[0096] Ni: 0 to 3 (or about O to about 3)
[0097] Mn: O to 3 (or about 0 to about 3)
[0098] Si: 0 to 2 (or about O to about 2)
[0099] Insome embodiments, the composition of the alloy

can include Fe and, in wt. %:

[0100] B: 1 to 3 (or about 1 to about 3)

[0101] C: O to 0.5 (or about O to about 0.5)
[0102] Cr: 2 to 15 (or about 2 to about 15)
[0103] Mo: 4 to 15 (or about 4 to about 15)
[0104] Ni: 0 to 3 (or about O to about 3)

[0105] Mn: O to 3 (or about 0 to about 3)

[0106] Si: O to 2 (or about O to about 2)

[0107] Insome embodiments, the composition of the alloy

can include Fe and, in wt. %:

[0108] B: 1 to 3 (or about 1 to about 3)
[0109] C: 0.05 to 0.5 (or about O to about 0.5)
[0110] Cr: 2 to 15 (or about 2 to about 15)
[0111] Mo: 4 to 15 (or about 4 to about 15)
[0112] Ni: 0 to 3 (or about 0 to about 3)
[0113] Mn: O to 3 (or about O to about 3)
[0114] Si: O to 2 (or about O to about 2)
[0115] In some embodiments, the composition of the alloy

can include Fe and, in wt. %:

[0116] B: 1 to 3.6 (or about 1 to about 3.6)
[0117] C: 0 to 0.5 (or about O to about 0.5)
[0118] Cr: 2 to 15 (or about 2 to about 15)
[0119] Mo: 4 to 15 (or about 4 to about 15)
[0120] Ni: 0 to 3 (or about O to about 3)

[0121] Mn: O to 3 (or about 0 to about 3)

[0122] Si: O to 2 (or about O to about 2)

[0123] Insome embodiments, the composition of the alloy

can include Fe and, in wt. %:

[0124] B: 1 to 3.6 (or about 1 to about 3.6)
[0125] C: 0.05 to 0.5 (or about O to about 0.5)
[0126] Cr: 2 to 15 (or about 2 to about 15)
[0127] Mo: 4 to 15 (or about 4 to about 15)
[0128] Ni: 0 to 3 (or about O to about 3)
[0129] Mn: O to 3 (or about 0 to about 3)
[0130] Si: O to 2 (or about O to about 2)
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[0131] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0132] B: 1 to 3 (or about 1 to 3)

[0133] C: 0 to 0.5 (or about O to 0.5)

[0134] Cr: 2 to 15 (or about 2 to 15)

[0135] Mo: 4 to 12 (or about 4 to 12)
[0136] In some embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0137] B: 1 to 3 (or about 1 to 3)

[0138] C: 0.05 to 0.5 (or about 0 to 0.5)

[0139] Cr: 2 to 15 (or about 2 to 15)

[0140] Mo: 4 to 12 (or about 4 to 12)
[0141] In some embodiments, the composition of the alloy
can include Fe and, in wt. %:
[0142] B: 1 to 3.6 (or about 1 to 3.6)

[0143] C: 0 to 0.5 (or about O to 0.5)

[0144] Cr: 2 to 15 (or about 2 to 15)

[0145] Mo: 4 to 12 (or about 4 to 12)
[0146] In some embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0147] B: 1 to 3.6 (or about 1 to 3.6)

[0148] C: 0.05 to 0.5 (or about O to 0.5)

[0149] Cr: 2 to 15 (or about 2 to 15)

[0150] Mo: 4 to 12 (or about 4 to 12)
[0151] In some embodiments, the composition of the alloy
can also include, in wt. %:

[0152] Ni: 0 to 3 (or about O to 3)

[0153] Mn: 0 to 3 (or about O to 3)

[0154] Si: 0 to 2 (or about O to 2)
[0155] In some embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0156] B: 2 to 3.6 (or about 2 to about 3.6)

[0157] C: 0.1 to 0.4 (or about 0.1 to about 0.4)

[0158] Cr: 5.5 to 12 (or about 5.5 to about 12)

[0159] Mo: 6 to 11 (or about 6 to about 11)
[0160] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0161] B: 2.5 to 3.5 (or about 2.5 to about 3.5)

[0162] C: 0.15 to 0.35 (or about 0.15 to about 0.35)

[0163] Cr: 6 to 10 (or about 6 to about 10)

[0164] Mo: 6 to 10 (or about 6 to about 10)
[0165] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0166] B: 2.6 to 3.4 (or about 2.6 to about 3.4)

[0167] C: 0 to 0.5 (or about 0 to about 0.5)

[0168] Cr: 5to 11 (or about 5 to about 11)

[0169] Mo: 5 to 11 (or about 5 to about 11)
[0170] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0171] B: 2.6 to 3.4 (or about 2.6 to about 3.4)

[0172] C: 0.05 to 0.5 (or about O to about 0.5)

[0173] Cr: 5to 11 (or about 5 to about 11)

[0174] Mo: 5 to 11 (or about 5 to about 11)
[0175] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0176] B: 7.5 to 8.8 (or about 7.5 to about 8.8)

[0177] C: 0.1 to 1.0 (or about 0.1 to about 1.0)

[0178] Cr: 18 to 26 (or about 18 to about 26)

[0179] Mo: 17 to 25 (or about 17 to about 25)
[0180] Insome embodiments, the composition of the alloy
can include Fe and, in wt. %:

[0181] B:2.6,C: 0.2, Cr: 10, Mo: 7 (or B: about 2.6, C:

about 0.2, Cr: about 10, Mo: about 7)
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[0182] B: 2.6, Cr: 8, Mo: 7 (or B: about 2.6, Cr: about
8, Mo: about 7)

[0183] B: 2.6, Cr: 8, Mo: 10 (or B: about 2.6, Cr: about
8, Mo: about 10)

[0184] B: 2.6, Cr: 6, Mo: 10 (or B: about 2.6, Cr: about
6, Mo: about 10)

[0185] B: 2.6, Cr: 4, Mo: 10 (or B: about 2.6, Cr: about
4, Mo: about 10)

[0186] B: 2.6, Cr: 2, Mo: 10 (or B: about 2.6, Cr: about
2, Mo: about 10)

[0187] B: 3.4, Cr: 5, Mo: 14 (or B: about 3.4, Cr: about
5, Mo: about 14)

[0188] B:2.8,C:0.2,Cr: 8, Mo: 7, Mn: 1, Si: 0.5 (or B:
about 2.8, C: about 0.2, Cr: about 8§,

[0189] Mo: about 7, Mn: about 1, Si: about 0.5)

[0190] B:3,C: 0.2, Cr: 6, Mo: 9, Mn: 1, Si: 0.5 (or B:
about 3, C: about 0.2, Cr: about 6, Mo: about 9, Mn:
about 1, Si: about 0.5)

[0191] B:3,C:0.2,Cr: 8 Mo: 7 (or B: about 3, C: about
0.2, Cr: about 8, Mo: about 7)

[0192] B: 3, C: 0.2, Cr: 8.7, Mo: 8.3 (or B: about 3, C:
about 0.2, Cr: about 8.7, Mo: about 8.3)

[0193] B:3.2,C:0.2,Cr: 8.7, Mo: 8.3 (or B: about 3.2,
C: about 0.2, Cr: about 8.7, Mo: about 8.3)

[0194] B:3.4,C:0.25,Cr: 9.7, Mo: 9.4 (or B: about 3.4,
C: about 0.25, Cr: about 9.7, Mo: about 9.4)

[0195] B:2.8,C:0.5,Cr: 8, Mo: 7, Mn: 1, Si: 0.5 (or B:
about 2.8, C: about 0.5, Cr: about 8, Mo: about 7, Mn:
about 1, Si: about 0.5)

[0196] B:3,C: 0.5, Cr: 6, Mo: 9, Mn: 1, Si: 0.5 (or B:
about 3, C: about 0.5, Cr: about 6, Mo: about 9, Mn:
about 1, Si: about 0.5)

[0197] B:3,C:0.5,Cr: 8 Mo: 7 (or B: about 3, C: about
0.5, Cr: about 8, Mo: about 7)

[0198] B: 3, C: 0.5, Cr: 8.7, Mo: 8.3 (or B: about 3, C:
about 0.5, Cr: about 8.7, Mo: about 8.3)

[0199] B:3.2,C: 0.5, Cr: 8.7, Mo: 8.3 (or B: about 3.2,
C: about 0.5, Cr: about 8.7, Mo: about 8.3)

[0200] B:3.4,C:0.5,Cr: 9.7, Mo: 9.4 (or B: about 3.4,
C: about 0.5, Cr: about 9.7, Mo: about 9.4)

[0201] In any of the above compositional ranges where C
is identified as 0 to X, C may be included within the
composition and thus the above formulas can also be recited
as 0>CzX.

[0202] Alloys presented in Table 1 have been identified
and experimentally manufactured successfully as lab scale
ingots. Chemistries in this table represent nominal or target
chemistries for a given ingot alloy, and can have the fol-
lowing accuracy ranges: C+0.2; B+0.2; Crx1l; Moz=1; Mn,
Ni, and Si+0.5 wt %. These ingots can meet the specific
thermodynamic and microstructural embodiments described
in this disclosure. Included are Rockwell hardness values
measured in HRC, whereas the elements are recited in
weight %.

TABLE 1

Alloys meeting the specific thermodynamic and microstructural
criteria of this disclosure made into ingots

B C Cr Mn Mo Ni Si HRC
P59-X7 2.6 0.2 10 7 64
P59-X8 2.6 0 8 7 70
P59-X9 2.6 0 8 10 68
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TABLE 1-continued

Alloys meeting the specific thermodynamic and microstructural

criteria of this disclosure made into ingots
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TABLE 3

Bulk chemistry of a blended powder used to manufacture alloys
using a bulk welding process that meet the specific thermodynamic
and microstructural criteria of this disclosure.

Powder
. . to Wire
B C G Mmn Mo Ni Si HRC B C Cr Mn Mo Ni Si HRC Ratio
PS9X10 26 o p 10 55 P59-X18 83 0.19 234 4 21.77 017 61 131
Bulk Powder
P59-X11 26 0 4 10 57 P59-X18A 83 0.9 234 4 21.77 017 64  1.5:1
Bulk Power
P39-X12 260 2 10 3 P59-X18B 83 0.19 234 4 21.77 017 65 1.71
P59-X13 34 0 5 14 59 Bulk Power
P50-X18 28 02 Q 1 ; 05 P59-X18C 83 0.9 234 4 21.77 0.17 65 2:1
Bulk Power
P59-X19 3 0.2 6 1 9 0.5
X21 3 0.3 8.3 7.5 L
[0206] Table 3 shows chemistries of a powder, such as for
X28 34 03 11 5

[0203] Table 2 shows chemistries of a cored wire, such as
for use in arc welding, which can form deposits that can
meet the specific thermodynamic and microstructural
embodiments described in this disclosure. Included are
Rockwell hardness values measured in HRC, whereas the
elements are recited in weight %. The X18 wire can nomi-
nally result in the X18 ingot. Through normal dilution with
a steel substrate inherent in various welding processes, the
other wires can create compositions that meet the micro-
structural and thermodynamic embodiments in the rest of the
disclosure. The composition can be determined by factoring
in the dilution with a mild steel, low alloy steel, or high alloy
steel substrate. Different wires below (e.g., X18/X18A/
X18B) can produce welds with various amounts of borides
and different matrix chemistries that may result in changes
in performance. The composition can have the following
accuracy ranges: C+0.2; B+0.2; Crx1l; Mo=1; Mn, Ni, and
Six0.5 wt %.

TABLE 2

Feedstock wires where the wire and/or welding deposit meets the specific
thermodynamic and microstructural criteria of this disclosure.

B C Cr Mn Mo Ni Si HRC
P59-X18 Wire 4.7 035 13 1 11.6 0.5 65
P59-X18A Wire 54 04 12.5 1 13.4 05 67
P59-X18B Wire 53 05 12.5 1 13.4 05 66

[0204] The hardness listed in Table 2 shows the hardness
of the weld deposit formed from the wire.

[0205] Table 3 shows chemistries of a powder, such as for
use in bulk welding, which can form deposits that can meet
the specific thermodynamic and microstructural embodi-
ments described in this disclosure. Included are Rockwell
hardness values measured in HRC, whereas the elements are
recited in weight %. The hardness is measured from a bulk
weld deposit of the powder. The powders listed below may
form alloys that meet the thermodynamic and microstruc-
tural criteria in the rest of this disclosure. The composition
can have the following accuracy ranges: Cx0.2; Bx0.2;
Crzl; Mo=l1; Mn, Ni, and Si+0.5 wt %.

use different welding techniques, which can form deposits
that can meet the specific thermodynamic and microstruc-
tural embodiments described in this disclosure. Included are
Rockwell hardness values measured in HRC, whereas the
elements are recited in weight %. The composition can have
the following accuracy ranges: C+0.2; B+0.2; Crx1; Moz1;
Mn, Ni, and Siz0.5 wt %.

TABLE 4

Atomized powder chemistries where the powder and deposit
produced from said powder using PTA, laser, or other
welding process meets the specific thermodynamic and

microstructural criteria of this disclosure.

B C Cr Mn Mo Ni Si HRC

P59-X18A Atomized 30 02 85 10 75 0.5 66
Powder
[0207] In some embodiments, the alloys can have a hard-

ness greater to or equal to SSHRC (or about S5HRC). In
some embodiments, the alloys can have a hardness greater
to or equal to 60HRC (or about 60 HRC). In some embodi-
ments, the alloys can have a hardness greater to or equal to
65HRC (or about 65HRC). In some embodiments, the alloys
can have a hardness greater to or equal to 70HRC (or about
70HRC). In some embodiments, the alloys can have a
hardness less to or equal to 70HRC (or about 70HRC). In
some embodiments, the alloys can have a hardness less to or
equal to 65HRC (or about 65HRC).

[0208] The disclosed alloys can incorporate the above
elemental constituents to a total of 100 wt. %. In some
embodiments, the alloy may include, may be limited to, or
may consist essentially of the above named elements. In
some embodiments, the alloy may include 2% or less of
impurities. Impurities may be understood as elements or
compositions that may be included in the alloys due to
inclusion in the feedstock components, through introduction
in the manufacturing process.

[0209] Further, the Fe content identified in all of the
compositions described in the above paragraphs may be the
balance of the composition as indicated above, or alterna-
tively, the balance of the composition may comprise Fe and
other elements. In some embodiments, the balance may
consist essentially of Fe and may include incidental impu-
rities. In some embodiments, the compositions can have at
least 60 wt. % Fe (or at least about 60 wt. % Fe). In some
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embodiments, the composition can have between 60 and 80
wt. % Fe (or between about 60 and about 80 wt. % Fe).

Microstructural Criteria

[0210] In some embodiments, alloys of this disclosure
may be fully described by microstructural criteria. Alloys
can meet some or all of the described microstructural
criteria. In some embodiments, a dual-phase boride structure
may be formed, which has two types of borides.

[0211] The first three microstructural criteria of a dual
phase boride structure are: 1) Mo+W complex borides; 2)
Fe+Cr borides; and 3) a ferrous matrix with no additional
hard phases.

[0212] The first microstructural criteria is the volume
fraction of borides comprising a given wt. % Mo+W. In
some embodiments Mo+W can be =30 wt. % (or zabout 30
wt. %). In some embodiments Mo+W can be =35 wt. % (or
zabout 35 wt. %). In some embodiments Mo+W can be =40
wt. % (or zabout 40 wt. %). In some embodiments Mo+W
can be =45 wt. % (or zabout 45 wt. %). In some embodi-
ments Mo+W can be =50 wt. % (or zabout 50 wt. %). In
some embodiments Mo+W can be =55 wt. % (or zabout 55
wt. %). In some embodiments Mo+W can be =60 wt. % (or
zabout 60 wt. %). Mo and W can be interchangeable, and in
some embodiments either Mo or W may be 0. These will be
known as “complex borides”. This phase typically has the
chemical formula M,B or M;B,, where M is a mixture of
one or more metallic elements including substantial portions
of Mo and/or W. These borides can convey several advan-
tages over typical borides used in wear resistant alloys,
including those with a metallic constituent that comprises
predominantly iron and/or chromium. For example, com-
plex borides can form a finer grained lamellar eutectic
structure, which can lead to increased toughness and wear
performance. Complex borides can be extremely hard, often
over 2000HV, which can thereby increase wear resistance
for a given hard phase or boride fraction in an alloy.
Additionally, the complex boride phases may also be
spheroidized or partially spheroidized much more readily
than iron and chromium borides. This modification can
further increase toughness over conventional alloys allow-
ing for more applications or components using less material.
[0213] The complex boride volume fraction can be mea-
sured using XRD, EBSD, and/or quantitative metallography
techniques. In FIG. 1, showing a micrograph of Alloy X8, a
complex boride phase is [101]. XRD and/or EBSD can be
used to verify the structure of the boride as M,B or M,B,
type. Chemistry of the phase is identified using EDX or
similar spectroscopy techniques in a SEM.

[0214] The following description is applicable for any of
the Mo+W ranges discussed above. In some embodiments,
the complex boride volume fraction of the alloy can be
between 5 and 50% (or between about 5 and about 50%). In
some embodiments, the complex boride volume fraction of
the alloy can be between 5 and 35% (or between about 5 and
about 35%). In some embodiments, the complex boride
volume fraction of the alloy can be between 5 and 30% (or
between about 5 and about 30%). In some embodiments, the
complex boride volume fraction of the alloy can be between
5 and 20% (or between about 5 to about 20%). In some
embodiments, the complex boride volume fraction of the
alloy can be between 5 and 15% (or between about 5 to
about 15%). In some embodiments, the complex boride
volume fraction of the alloy can be between 10 and 15% (or
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between about 10 to about 15%). In some embodiments, the
complex boride volume fraction of the alloy can be between
7.5 and 15% (or between about 7.5 to about 15%). In some
embodiments, the complex boride volume fraction of the
alloy can be between 10 and 20% (or between about 10 to
about 20%). In some embodiments, the complex boride
volume fraction of the alloy can be between 10 and 15% (or
between about 10 to about 15%). In some embodiments, the
complex boride volume fraction of the alloy can be between
10 and 25% (or between about 10 to about 25%). In some
embodiments, the complex boride volume fraction of the
alloy can be between 12.5 and 30% (or between about 12.5
to about 30%).

[0215] The second microstructural criteria is the volume
fraction of borides comprising Fe+Cr. In some embodiments
Fe+Cr can be =40 wt. % (or zabout 40 wt. %). In some
embodiments Fe+Cr can be =50 wt. % (or zabout 50 wt. %).
In some embodiments Fe+Cr can be =60 wt. % (or zabout
60 wt. %). In some embodiments Fe+Cr can be =70 wt. %
(or zabout 70 wt. %). In some embodiments Fe+Cr can be
=75 wt. % (or zabout 75 wt. %). In some embodiments
Fe+Cr can be =80 wt. % (or zabout 80 wt. %). In some
embodiments, Fe or Cr could be 0. In some embodiments,
this criteria could also meet <30% Mo+W (or <about 30%
Mo+W). These will be known as “chromium borides”. This
phase typically has the chemical formula Cr,B or M,B, with
M being Fe+Cr. These borides convey several advantages.
Chromium borides are readily formed by low cost elements
(Cr and Fe) reducing cost of the alloy. Also, chromium and
iron are less refractory than W, Mo, Ti, Nb, Hf, Zr, and Ta
used to form other hard phases such as borides or carbides.
This can improve mixing, weldability, lowers melting tem-
perature, and minimizes the use of less available alloying
additions

[0216] The chromium boride volume fraction is measured
using XRD, EBSD, and/or quantitative metallography tech-
niques. In FIG. 1, this is the phase labeled [102]. XRD
and/or EBSD can be used to verify the structure of the boride
as M,B or Cr,B type. Chemistry of the phase is identified
using EDX or similar spectroscopy techniques in a SEM.

[0217] The following description is applicable to any of
the Fe+Cr ranges discussed above. In some embodiments,
the chromium boride volume fraction of the alloy can be
between 5 and 50% (or between about 5 and about 50%). In
some embodiments, the chromium boride volume fraction of
the alloy can be between 5 and 35% (or between about 5 and
about 35%). In some embodiments, the chromium boride
volume fraction of the alloy can be between 5 and 30% (or
between about 5 and about 30%). In some embodiments, the
chromium boride volume fraction of the alloy can be
between 5 and 20% (or between about 5 and about 20%). In
some embodiments, the chromium boride volume fraction of
the alloy can be between 5 and 15% (or between about 5 and
about 15%). In some embodiments, the chromium boride
volume fraction of the alloy can be between 10 and 20% (or
between about 10 to about 20%). In some embodiments, the
chromium boride volume fraction of the alloy can be
between 15 and 25% (or between about 15 to about 25%).
In some embodiments, the chromium boride volume fraction
of the alloy can be between 20 and 30% (or between about
20 to about 30%). In some embodiments, the chromium
boride volume fraction of the alloy can be between 10 and
15% (or between about 10 to about 15%). In some embodi-
ments, the chromium boride volume fraction of the alloy can
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be between 10 and 25% (or between about 10 to about 25%).
In some embodiments, the chromium boride volume fraction
of'the alloy can be between 12.5 and 30% (or between about
12.5 to about 30%).

[0218] The third microstructural criteria is the volume
fraction of other hardphases in the alloy where hardphases
are defined as phases with =1000HV (or zabout 1000HV).
These phases may include carbides, borocarbides, interme-
tallics, and other boride phases not specifically identified in
the first two criteria that form from the solid during solidi-
fication. Hard phases that precipitate from the solid are
specifically excluded from this criteria, such as pearlite,
bainite, proeutectoid cementite, and others. Borocarbide
phases can be problematic as they typically form an inter-
connected eutectic structure, minimizing areas of tough
matrix critical to impeding crack formation. This can lead to
a less impact resistant alloy for a given level of hard phases.
Further, embrittling borocarbides can be softer than boride
phases leading to reduced wear performance for a given
level of alloying with boron. Typically these phases have the
formula M,;(C,B)s where M can be substantially iron and/or
chromium.

[0219] The volume fraction of other hardphases is mea-
sured as the sum of all phases that are not M,B, M;B,, Cr,B,
and iron based matrix phases such as austenite, ferrite, and
martensite. M,B, M;B,, Cr,B may not be stoichiometric so
normal variation is allowed for. Hardphases may also be
defined as having a hardness of greater than 1000HV (or
greater than about 1000HV). For example, there may be
vacancies in the crystal structure of these phases so the exact
chemistry may be something like M, (B, ;. Also included in
the other hardphase criteria are M,B, M;B,, Cr,B phases
where the chemistry does not meet the specific requirements
of the first two criteria. This volume fraction is measured
using one or more of XRD, EBSD, EDS, and quantitate
metallographic techniques. In FIG. 1, the volume fraction of
other hardphases is 0%.

[0220] In some embodiments, the total volume fraction of
other hardphases can be less than 10% (or less than about
10%). In some embodiments, the total volume fraction of
other hardphases can be less than 5% (or less than about
5%). In some embodiments, the total volume fraction of
other hardphases can be less than 2.5% (or less than about
2.5%). In some embodiments, the total volume fraction of
other hardphases can be less than 1% (or less than about
1%). In some embodiments, the total volume fraction of
other hardphases can be 0% (or about 0%).

[0221] In some embodiments, the total volume fraction of
carbides can be less than 10% (or less than about 10%). In
some embodiments, the total volume fraction of carbides
can be less than 5% (or less than about 5%). In some
embodiments, the total volume fraction of carbides can be
less than 2.5% (or less than about 2.5%). In some embodi-
ments, the total volume fraction of carbides can be less than
1% (or less than about 1%). In some embodiments, the total
volume fraction of carbides can be 0% (or about 0%).

[0222] The fourth microstructural criteria is the volume
fraction of hypereutectic borides. Hypereutectic complex
borides form as blocky near spherical phases with a near 1:1
aspect ratio. Hypereutectic chromium borides can form as
long rod shaped phases, typically >100 um and have a high
aspect ratio. These phases can contribute disproportionately
to lowering the toughness and impact resistance of the alloy
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for a given level of wear resistance. Thus it can be advan-
tageous to minimize the volume fraction of these phases.

[0223] The volume fraction of hypereutectic borides is
measured using quantitative microscopy by one skilled in
the art, and is labeled [103] in FIG. 1.

[0224] In some embodiments, the hypereutectic boride
volume fraction of the alloy can be =20% (or =about 20%).
In some embodiments, the hypereutectic boride volume
fraction of the alloy can be <15% (or =about 15%). In some
embodiments, the hypereutectic boride volume fraction of
the alloy can be <10% (or =about 10%). In some embodi-
ments, the hypereutectic boride volume fraction of the alloy
can be <7.5% (or =about 7.5%). In some embodiments, the
hypereutectic boride volume fraction of the alloy can be
=5% (or =about 5%). In some embodiments, the hypereu-
tectic boride volume fraction of the alloy can be <2.5% (or
<about 2.5%). In some embodiments, the hypereutectic
boride volume fraction of the alloy can be <1% (or <about
1%). In some embodiments, the hypereutectic boride vol-
ume fraction of the alloy can be 0% (or about 0%).

[0225] The fifth microstructural criterion is the volume
fraction of carbides that form from the liquid (e.g., primary
carbides). In some embodiments, this is the also the volume
of all carbides in the final matrix Eliminating or minimizing
the volume fraction of this phase can allow precise control
over the microstructural and performance properties of the
resulting material. Carbides can confer several disadvan-
tages depending on their specific composition and micro-
structural morphology. Iron and chromium carbides, such as
M,C,, are only ~1600HV in hardness. Also, they seldom
form at equilibrium leaving excess carbon and or chrome
remaining in the matrix of the alloy leading to retained
austenite or requiring long heat treatment cycles to reach
equilibrium. This can lead to reduced wear performance or
high processing costs. In the case of the MC carbides, they
often form at very high temperatures resulting in reduced
fluidity during welding, casting, or other processes. This can
pose significant costs to quality of end products using these
alloys. Alloys in this disclosure minimize or eliminate the
formation of carbides to avoid these issues.

[0226] The carbide volume fraction of carbides measured
using XRD, EBSD, and/or quantitative metallography tech-
niques. Not included in this definition are carbides precipi-
tated from the solid including those found in pearlitic or
bainitic structures, proeutectoid cementite, or other second-
ary carbides formed from the solid during a heat treatment
cycle or during solidification. This non-included carbides
may be beneficial to form a bainitic or pearlitic matrix
structure.

[0227] FIG. 1 shows an alloy with no carbides that form
from the liquid.

[0228] In some embodiments, the carbide volume fraction
of the alloy can be =5% (or =about 5%). In some embodi-
ments, the carbide volume fraction of the alloy can be <3%
(or =about 3%). In some embodiments, the carbide volume
fraction of the alloy can be =2% (or =about 2%). In some
embodiments, the carbide volume fraction of the alloy can
be =1% (or =about 1%). In some embodiments, the carbide
volume fraction of the alloy can be 0.5% (or <about 0.5%).
In some embodiments, the carbide volume fraction of the
alloy can be =0.25% (or =about 0.25%). In some embodi-
ments, the carbide volume fraction of the alloy can be
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=0.10% (or =about 0.10%). In some embodiments, the
carbide volume fraction of the alloy can be 0% (or about
0%).

[0229] The sixth microstructural criteria is the total hard-
phase fraction of the alloy. This is defined as the sum of all
borides, carbides, borocarbides, and nitrides. This criteria
allows the prediction of the wear resistance of a given alloy
as higher hardphase fraction generally leads to improved
wear resistance. In FIG. 1, this would be the sum of the
complex boride volume fraction [101] and the chromium
boride volume fraction [102].

[0230] In some embodiments, the total hardphase fraction
of the alloy can be between 15 and 55% (or between about
15 and about 55%). In some embodiments, the total hard-
phase fraction of the alloy can be between 25 and 45% (or
between about 25 and about 45%). In some embodiments,
the total hardphase fraction of the alloy can be between 35
and 55% (or between about 35 and about 55%). In some
embodiments, the total hardphase fraction of the alloy can be
between 35 and 45% (or between about 35 and about 45%).
[0231] The seventh microstructural criteria is the weight
percent of chromium in the ferrous matrix. Chromium is an
alloying constituent which can contribute to the corrosion
resistance of an alloy in various environments. Having a
chromium free or low chromium matrix may be detrimental
to the performance of alloys described in this disclosure
where corrosion is a significant factor, especially where
erosion/corrosion and/or abrasion/corrosion synergies con-
tribute significantly to premature failure of conventional
materials. Conversely, excessive chromium can destabilize
the austenitic phase during solidification promoting the
formation of a ferritic matrix. Ferritic matrices may not be
advantageous due to their lower hardness compared to
predominantly martensitic and/or bainitic matrices.

[0232] In some embodiments, the weight percent of chro-
mium in the matrix can be between 1 and 25 wt. % (or
between about 1 and about 25 wt. %). In some embodiments,
the weight percent of chromium in the matrix can be
between 3 and 20 wt. % (or between about 3 and about 20
wt. %). In some embodiments, the weight percent of chro-
mium in the matrix can be between 5 and 15 wt. % (or
between about 5 and about 15 wt. %). In some embodiments,
the weight percent of chromium in the matrix can be
between 5 and 12 wt. % (or between about 5 and about 12
wt. %).

[0233] In some embodiments, the microstructure may be
martensite, however the final microstructure may be ferrite,
pearlite, austenite, bainite, etc., and the particular final
microstructure is not limiting.

Thermodynamic Criteria

[0234] In some embodiments, alloys of this disclosure
may be fully described by thermodynamic criteria. Alloys
can meet some or all of the described thermodynamic
criteria. The thermodynamic criteria can predict the near
equilibrium microstructure formed during welding, casting,
etc. The microstructure criteria can then drive the perfor-
mance characteristics of the alloy in some embodiments.

[0235] The first three thermodynamic criteria of a dual
phase boride structure are: 1) Mole fraction of Mo+W
complex borides; 2) Mole fraction of Fe+Cr borides; and 3)
a ferrous matrix with no additional hard phases. These
thermodynamic characteristics can be strong predictors of
the eventual microstructural features when deposited as a

Jun. 3, 2021

weld, cast, or other methods. The calculated and/or mea-
sured mole fraction of borides described in the first two
criteria can lead to a very similar volume fraction in the
resulting microstructure. Avoiding other hard phases as
described in criteria three can result in a microstructure that
comprises mostly borides of the first two criteria and a
ferrous matrix.

[0236] Additional thermodynamic criteria can include: 4)
hypereutectic boride mole fraction, 5) mole fraction of
carbides that form from the liquid, 6) total hardphase mole
fraction of the alloy, 7) wt. % chromium in the matrix, 8)
percent carbon in the matrix, and 9) difference in formation
temperature of two boride phases and liquidus.

[0237] Criteria 4 can be an indicator of the toughness of
the alloy with higher hypereutectic boride fractions gener-
ally reducing toughness. Criteria 5 can predict the phase
fraction of carbides that can have microstructural effects that
reduce performance. Criteria 6 can be a predictor of wear
performance with higher hardphase content generally lead-
ing to improved wear performance. Criteria 7 can predict
corrosion resistance of the alloy which is important in
applications where both abrasion/erosion and corrosion are
present. Criteria 8, percent carbon in the ferrous matrix, can
also be a predictor of non-advantageous phases during
cooling and the eventual hardness of the bulk alloy. Exces-
sive carbon, in the presence of free boron during cooling,
can lead to the formation of embrittling borocarbides which
significantly limit the toughness of the resulting alloy. Too
little carbon on the other hand can impede the formation of
sufficiently hard martensite or martensite at all both lower-
ing bulk hardness of the alloy and its eventual wear perfor-
mance. Criteria 9 can be a strong predictor of a fine
microstructural morphology where an alloy that comprises
two boride phases that form very close to the liquidus
temperature from the liquid during solidification will have a
finer structure than an alloy with the same phases present
that has a larger difference between formation temperatures
and liquidus.

[0238] The first thermodynamic criteria is the mole frac-
tion of borides comprising a given wt. % Mo+W. In some
embodiments Mo+W can be =30 wt. % (or zabout 30 wt.
%). In some embodiments Mo+W can be =235 wt. % (or
zabout 35 wt. %). In some embodiments Mo+W can be =40
wt. % (or zabout 40 wt. %). In some embodiments Mo+W
can be =45 wt. % (or zabout 45 wt. %). In some embodi-
ments Mo+W can be =50 wt. % (or zabout 50 wt. %). In
some embodiments Mo+W can be =55 wt. % (or zabout 55
wt. %). In some embodiments Mo+W can be =60 wt. % (or
zabout 60 wt. %). These will be known as “complex
borides”. This phase typically has the chemical formula
M,B or M;B, where M is a mixture of one or more metallic
elements including =30 wt. % Mo and/or W. These borides
can convey several advantages over typical borides used in
wear resistant alloys including those with a metallic con-
stituent that comprises predominantly iron and/or chro-
mium. Complex borides form a finer grained lamellar eutec-
tic structure leading to increased toughness and wear
performance. Complex borides can be substantially harder,
often over 2000HV increasing wear resistance for a given
hard phase or boride fraction in an alloy. In FIG. 2, M;B,
phase with the predicted chemistry is typically 2000-2200
HV.

[0239] The complex boride mole fraction is measured as
the sum of all borides meeting the above chemical and
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structural classification at 1300K during solidification [201],
as shown in the phase diagram of Alloy X18 in FIG. 2. In the
case of the alloy described by FIG. 2, the chemistry of the
M,B, phase comprises 66.9 wt. % Mo+W and the mole
fraction of complex boride is measured at 9.9%.

[0240] The following description is applicable for any of
the Mo+W ranges discussed above. In some embodiments,
the complex boride mole fraction of the alloy can be
between 5 and 50% (or between about 5 and about 50%). In
some embodiments, the complex boride mole fraction of the
alloy can be between 5 and 35% (or between about 5 and
about 35%). In some embodiments, the complex boride
mole fraction of the alloy can be between 5 and 30% (or
between about 5 and about 30%). In some embodiments, the
complex boride mole fraction of the alloy can be between 5
and 20% (or between about 5 and about 20%). In some
embodiments, the complex boride mole fraction of the alloy
can be between 5 and 15% (or between about 5 and about
15%). In some embodiments, the complex boride mole
fraction of the alloy can be between 10 and 15% (or between
about 10 to about 15%). In some embodiments, the complex
boride mole fraction of the alloy can be between 7.5 and
15% (or between about 7.5 to about 15%). In some embodi-
ments, the complex boride mole fraction of the alloy can be
between 10 and 20% (or between about 10 to about 20%).
In some embodiments, the complex boride mole fraction of
the alloy can be between 10 and 15% (or between about 10
to about 15%). In some embodiments, the complex boride
mole fraction of the alloy can be between 10 and 25% (or
between about 10 to about 25%). In some embodiments, the
complex boride mole fraction of the alloy can be between
12.5 and 30% (or between about 12.5 to about 30%).
[0241] The second thermodynamic criteria is the mole
fraction of borides comprising Fe+Cr. In some embodiments
Fe+Cr can be =40 wt. % (or zabout 40 wt. %). In some
embodiments Fe+Cr can be =50 wt. % (or zabout 50 wt. %).
In some embodiments Fe+Cr can be =60 wt. % (or zabout
60 wt. %). In some embodiments Fe+Cr can be 270 wt. %
(or zabout 70 wt. %). In some embodiments Fe+Cr can be
=75 wt. % (or zabout 75 wt. %). In some embodiments
Fe+Cr can be =80 wt. % (or zabout 80 wt. %). These will
be known as “chromium borides”. This phase typically has
the chemical formula Cr,B or M,B. These borides convey
several advantages. Chromium borides are readily formed
by low cost elements (Cr and Fe) reducing cost of the alloy.
Also chromium and iron are less refractory than W, Mo, Ti,
Nb, Hf, Zr, and Ta used to form other hard phases such as
borides or carbides. This improves mixing, weldability,
lowers melting temperature, and minimizes the use of less
available alloying additions.

[0242] The chromium boride mole fraction is measured
during equilibrium solidification conditions at 1300K [202]
in FIG. 2. In the case of the alloy described in FIG. 2, the
chromium boride chemistry comprises 87 wt. % Fe+Cr and
the mole fraction is measured as 26% at 1300K.

[0243] The following description is applicable for any of
the Fe+Cr ranges discussed above. In some embodiments,
the chromium boride mole fraction of the alloy can be
between 5 and 50% (or between about 5 and about 50%). In
some embodiments, the chromium boride mole fraction of
the alloy can be between 5 and 35% (or between about 5 and
about 35%). In some embodiments, the chromium boride
mole fraction of the alloy can be between 5 and 30% (or
between about 5 and about 30%). In some embodiments, the
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chromium boride mole fraction of the alloy can be between
5% and 20% (or between about 5 and about 20%). In some
embodiments, the chromium boride mole fraction of the
alloy can be between 5% and 15% (or between about 5 and
about 15%). In some embodiments, the chromium boride
mole fraction of the alloy can be between 15 and 30% (or
between about 15 and about 30%). In some embodiments,
the chromium boride mole fraction of the alloy can be
between 10 and 20% (or between about 10 to about 20%).
In some embodiments, the chromium boride mole fraction
of the alloy can be between 15 and 25% (or between about
15 to about 25%). In some embodiments, the chromium
boride mole fraction of the alloy can be between 20 and 30%
(or between about 20 to about 30%). In some embodiments,
the chromium boride mole fraction of the alloy can be
between 10 and 15% (or between about 10 to about 15%).
In some embodiments, the chromium boride mole fraction
of the alloy can be between 10 and 25% (or between about
10 to about 25%). In some embodiments, the chromium
boride mole fraction of the alloy can be between 12.5 and
30% (or between about 12.5 to about 30%).

[0244] The third thermodynamic criteria is the mole frac-
tion of other hardphases in the alloy where hardphases are
defined as phases with =1000HV. These phases may include
carbides, borocarbides, intermetallics, and other boride
phases not specifically identified in the first two criteria that
form from the solid during solidification. Hard phases that
precipitate from the solid are specifically excluded from this
criteria. Borocarbide phases can form an interconnected
eutectic structure minimizing areas of tough matrix to
impede crack formation. This can lead to a less impact
resistant alloy for a given level of hard phases. Further,
embrittling borocarbides can be softer than desirable boride
phases leading to reduced wear performance for a given
level of alloying with boron. Typically these phases have the
formula M,;(C,B)s where M is substantially iron and/or
chromium. Additional hardphases may also include MC type
carbides and M,C; type carbides.

[0245] The mole fraction of other hardphases is measured
as the sum of all phases, that form from the liquid, that are
not M,B, M;B,, Cr,B, and iron based matrix phases such as
austenite, ferrite, martensite. M,B, M;B,, Cr,B may not be
stoichiometric so normal variation is allowed for. Also
included in the other hardphase criteria are M,B, M;B,,
Cr,B phases where the chemistry does not meet the specific
requirements of the first two criteria. This mole fraction is
measured at 1300K under equilibrium solidification condi-
tions. In FIG. 2 the only other hardphase present that forms
from the liquid is Fe;B resulting in a mole fraction of other
hardphases of 1.9% [205].

[0246] In some embodiments, the total mole fraction of
other hardphases can be less than 10% (or less than about
10%). In some embodiments, the total mole fraction of other
hardphases can be less than 5% (or less than about 5%). In
some embodiments, the total mole fraction of other hard-
phases can be less than 2.5% (or less than about 2.5%). In
some embodiments, the total mole fraction of other hard-
phases can be less than 1% (or less than about 1%). In some
embodiments, the total mole fraction of other hardphases
can be 0% (or about 0%).

[0247] The fourth thermodynamic criteria is the mole
fraction of hypereutectic borides. Hypereutectic complex
borides form as blocky near spherical phases with a near 1:1
aspect ratio. Hypereutectic chromium borides form as long
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rod shaped phases, typically >100 um and have a high aspect
ratio. These phases can contribute disproportionately to
lowering the toughness and impact resistance of the alloy for
a given level of wear resistance. Thus it is often advanta-
geous to minimize the volume fraction of these phases.

[0248] The mole fraction of hypereutectic borides is mea-
sured as the sum of all borides at the liquidus temperature
during equilibrium solidification. In the case of FIG. 2, all
borides form at or at a lower temperature than the liquidus
[203] resulting in a hypereutectic boride fraction of 0%.

[0249] In some embodiments, the hypereutectic boride
mole fraction of the alloy can be <10% (or =about 10%). In
some embodiments, the hypereutectic boride mole fraction
of the alloy can be =7.5% (or =about 7.5%). In some
embodiments, the hypereutectic boride mole fraction of the
alloy can be =5% (or <about 5%). In some embodiments, the
hypereutectic boride mole fraction of the alloy can be <2.5%
(or =about 2.5). In some embodiments, the hypereutectic
boride mole fraction of the alloy can be 1% (or =about 1%).
In some embodiments, the hypereutectic boride mole frac-
tion of the alloy can be 0% (or about 0%).

[0250] The fifth thermodynamic criterion is the mole
fraction of carbides that form from the liquid. Both eutectic
and hypereutectic carbides meet this definition. Eliminating
or minimizing the mole fraction of this phase allows precise
control over the thermodynamic, microstructural, and per-
formance properties of the resulting material. Carbides con-
fer several disadvantages depending on their specific com-
position and microstructural morphology. Iron and
chromium carbides such as the M,C; type are only
~1600HV in hardness. Also, they seldom form at equilib-
rium leaving excess carbon and or chrome remaining in the
matrix of the alloy leading to retained austenite or requiring
long and expensive heat treatment cycles to reach equilib-
rium. This can lead to reduced wear performance or high
processing costs. In the case of the MC type carbides, they
often form at very high temperatures resulting in reduced
fluidity during welding, casting, or other processes. This can
pose significant costs to quality of end products using these
alloys. Alloys in this disclosure minimize or eliminate the
formation of carbides to avoid these issues.

[0251] The carbide mole fraction is measured as the sum
of all carbides present at the solidus [301] during equilib-
rium solidification conditions. In the alloy of FIG. 3, which
forms carbides from liquids and does not meet the micro-
structural and thermodynamic criterial discussed herein, this
would be measured as the mole faction of VC at the solidus
[302] or 3.2%. In the alloy of FIG. 2, there is no carbide
phase present at the solidus so the carbide mole fraction is
0%.

[0252] In some embodiments the carbide mole fraction of
the alloy can be =5% (or =about 5%). In some embodiments
the carbide mole fraction of the alloy can be 3% (or =about
3%). In some embodiments the carbide mole fraction of the
alloy can be <2% (or =about 2%). In some embodiments the
carbide mole fraction of the alloy can be =1% (or =about
1%). In some embodiments the carbide mole fraction of the
alloy can be =0.5% (or =about 0.5%). In some embodiments
the carbide mole fraction of the alloy can be =0.25% (or
=zabout 0.25%). In some embodiments the carbide mole
fraction of the alloy can be =0.10% (or =about 0.10%). In
some embodiments the carbide mole fraction of the alloy
can be 0% (or about 0%).
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[0253] The sixth thermodynamic criteria is the total hard-
phase fraction of the alloy. This is defined as the sum of all
borides, carbides, borocarbides, and nitrides measured under
equilibrium solidification conditions at 1300K. This criteria
can allow the prediction of the wear resistance of a given
alloy as higher hardphase fraction generally leads to
improved wear resistance.

[0254] In FIG. 2, this is measured as the sum of complex
borides [201] 9.9% and chromium borides [202] 26% yield-
ing a total hardphase mole fraction of 35.9%.

[0255] In some embodiments, the total hardphase mole
fraction of the alloy can be between 15 and 55% (or between
about 15 and about 55%). In some embodiments, the total
hardphase mole fraction of the alloy can be between 25 and
45% (or between about 25 and about 45%). In some embodi-
ments, the total hardphase mole fraction of the alloy can be
between 35 and 55% (or between about 35 and about 55%).
In some embodiments, the total hardphase mole fraction of
the alloy can be between 35 and 45% (or between about 35
and about 45%).

[0256] The seventh thermodynamic criteria is the weight
percent of chromium in the ferrous matrix measured at
1300K during equilibrium solidification. Chromium is an
alloying constituent which can contribute to the corrosion
resistance of an alloy in various environments. Having a
chromium free or low chromium matrix may be detrimental
to the performance of alloys described in this disclosure
where corrosion is a significant factor, especially where
erosion/corrosion and/or abrasion/corrosion synergies con-
tribute significantly to premature failure of conventional
materials. Conversely, excessive chromium can destabilize
the austenitic phase during solidification promoting the
formation of a ferritic matrix. Ferritic matrices may be
non-advantageous due to their lower hardness compared to
predominantly martensitic and/or bainitic matrices.

[0257] The weight percent of chromium in the matrix
phase is measured at 1300K during equilibrium solidifica-
tion conditions. In FIG. 2, the matrix phase present is an
austenitic FCC phase [204] has 1.5 wt. % chromium.
[0258] In some embodiments, the weight percent of chro-
mium in the matrix can be between 1 and 25 wt. % (or
between about 1 and about 25 wt. %). In some embodiments,
the weight percent of chromium in the matrix can be
between 3 and 20 wt. % (or between about 3 and about 20
wt. %). In some embodiments, the weight percent of chro-
mium in the matrix can be between 5 and 15 wt. % (or
between about 5 and about 15 wt. %). In some embodiments,
the weight percent of chromium in the matrix can be
between 5 and 12 wt. % (or between about 5 and about 12
wt. %).

[0259] The eighth thermodynamic criteria is the weight
percent of carbon in the matrix at 1300K during equilibrium
solidification conditions. Controlling the level of carbon in
the matrix can be advantageous for several reasons. 1) A
high enough level of carbon is necessary to form a suffi-
ciently hard martensitic matrix; 2) Excessive carbon in the
matrix may lead to undesirable levels of retained austenite;
and 3) Excessive carbon promotes the formation of boro-
carbide phases in this alloy system that can reduce toughness
and impact resistance.

[0260] The weight percent of carbon in the matrix phase is
measured at 1300K during equilibrium solidification condi-
tions. In FIG. 2, the matrix phase present is an austenitic
FCC phase [204] that includes 0.3 wt. % carbon. This could
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also represent, but does not necessarily define, the carbon %
in liquid. The free carbon can occur without forming car-
bides as the carbon can be soluble in iron solid selution and
may also substitute for some of the boron in borides.
[0261] In some embodiments, the weight percent of car-
bon in the matrix can be between 0 and 0.45 wt. % (or
between about 0 and about 0.45 wt. %). In some embodi-
ments, the weight percent of carbon in the matrix can be
between 0.05 and 0.45 wt. % (or between about 0.05 and
about 0.45 wt. %). In some embodiments, the weight percent
of carbon in the matrix can be between 0.1 and 0.42 wt. %
(or between about 0.1 and about 0.42 wt. %). In some
embodiments, the weight percent of carbon in the matrix can
be between 0.15 and 0.4 wt. % (or between about 0.15 and
about 0.4 wt. %). In some embodiments, the weight percent
of carbon in the matrix can be between 0.2 and 0.37 wt. %
(or between about 0.2 and about 0.37 wt. %).

[0262] An additional thermodynamic criteria, at or near
equilibrium solidification conditions, can track the differ-
ence between boride formation temperatures and the liqui-
dus. Alloys in this disclosure comprise two crystallographi-
cally and chemically distinct borides that form close to the
liquidus temperature. This can give a fine grained structure
good for wear and impact conditions in service. Specifically
excluded from this criteria are formation temperatures of
carbides. This criteria is to be known as “boride/liquidus
melt range”. Where the first boride to form from the liquid
during solidification is “Boride 1” and the second boride to
form from the liquid is “Boride 2”.

[0263] This criteria can be defined as the maximum dif-
ference between each of 2 boride formation temperatures
and the liquidus, in absolute value. For example, in the
solidification diagram of X18 alloy (FIG. 2), Boride 1
(M;B, formed at about 1500K) formation temperature [206]
minus liquidus [203] (0 deg K.) and Boride 2 (Cr,B formed
at around 1450K) formation temperature [207] minus lig-
uidus [203] (50 deg K.) would be calculated in absolute
value. The maximum value is 50 deg K. so boride/liquidus
melt range would be 50 deg K. The FCC matrix can be
formed around 1500K. In FIG. 3 no “Boride 2” forms so the
value of boride/liquidus melt range is infinite.

[0264] In some embodiments the boride/liquidus melt
range can be <150K (or =about 150K). In some embodi-
ments the boride/liquidus melt range can be <125K (or
=about 125K). In some embodiments the boride/liquidus
melt range can be =100K (or =about 100K). In some
embodiments the boride/liquidus melt range can be <75K
(or =about 75K). In some embodiments the boride/liquidus
melt range can be <50K (or =about 50K). In some embodi-
ments the boride/liquidus melt range can be <25K (or =about
25K).

Applications and Processes for Use:

[0265] The alloys described in this patent can be used in
a variety of applications and industries. Some non-limiting
examples of applications of use include:

[0266] Surface mining applications include the following
components and coatings for the following components:
Wear resistant sleeves and/or wear resistant hardfacing for
slurry pipelines, mud pump components including pump
housing or impeller or hardfacing for mud pump compo-
nents, ore feed chute components including chute blocks or
hardfacing of chute blocks, separation screens including but
not limited to rotary breaker screens, banana screens, and
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shaker screens, liners for autogenous grinding mills and
semi-autogenous grinding mills, ground engaging tools and
teeth and hardfacing for ground engaging tools and teeth,
shrouds and adapters, wear plate and rock boxes including
for buckets and dumptruck liners, heel blocks and hardfac-
ing for heel blocks on mining shovels, grader blades and
hardfacing for grader blades, stacker reclaimers, sizer crush-
ers, jaw crushers, ripper teeth, cutting edges, general wear
packages for mining components and other comminution
components.

[0267] Downstream oil and gas applications include the
following components and coatings for the following com-
ponents: Downhole casing and downhole casing, drill pipe
and coatings for drill pipe including hardbanding, mud
management components, mud motors, fracking pump
sleeves, fracking impellers, fracking blender pumps, stop
collars, drill bits and drill bit components, directional drill-
ing equipment and coatings for directional drilling equip-
ment including stabilizers and centralizers, blow out pre-
venters and coatings for blow out preventers and blow out
preventer components including the shear rams, oil country
tubular goods and coatings for oil country tubular goods.

[0268] Upstream oil and gas applications include the fol-
lowing components and coatings for the following compo-
nents: Process vessels and coating for process vessels
including steam generation equipment, amine vessels, dis-
tillation towers, cyclones, catalytic crackers, general refinery
piping, corrosion under insulation protection, sulfur recov-
ery units, convection hoods, sour stripper lines, scrubbers,
hydrocarbon drums, and other refinery equipment and ves-
sels.

[0269] Pulp and paper applications include the following
components and coatings for the following components:
Rolls used in paper machines including yankee dryers,
through air dryers, and other dryers, calendar rolls, machine
rolls, press rolls, winding rolls, digesters, pulp mixers,
pulpers, pumps, boilers, shredders, tissue machines, roll and
bale handling machines, fiber guidance systems such as
deflector blades, doctor blades, evaporators, pulp mills, head
boxes, wire parts, press parts, M.G. cylinders, pope reels,
winders, vacuum pumps, deflakers, and other pulp and paper
equipment,

[0270] Power generation applications include the follow-
ing components and coatings for the following components:
boiler tubes, precipitators, fireboxes, turbines, generators,
cooling towers, condensers, chutes and troughs, augers, bag
houses, ducts, ID fans, coal piping, and other power gen-
eration components.

[0271] Agriculture applications include the following
components and coatings for the following components:
chutes, base cutter blades, sugar cane harvesting knives,
hammers, troughs, primary fan blades, secondary fan blades,
augers, components common to mining applications, and
other agricultural applications.

[0272] Construction applications include the following
components and coatings for the following components:
cement chutes, cement piping, bag houses, mixing equip-
ment and other construction applications

[0273] Machine element applications include the follow-
ing components and coatings for the following components:
Shaft journals, hydraulic cylinders, paper rolls, gear boxes,
drive rollers, impellers, rebuilding of engine decks, propeller
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shafts and other shafts, general reclamation and dimensional
restoration applications and other machine element applica-
tions

[0274] Steel applications include the following compo-
nents and coatings for the following components: cold
rolling mills, hot rolling mills, wire rod mills, galvanizing
lines, continue pickling lines, continuous casting rolls and
other steel mill rolls, and other steel applications.

[0275] The alloys described in this patent can be produced
and or deposited in a variety of techniques effectively. Some
non-limiting examples of processes include:

[0276] Thermal spray process including those using a wire
feedstock such as twin wire arc, spray, high velocity arc
spray, combustion spray and those using a powder feedstock
such as high velocity oxygen fuel, high velocity air spray,
plasma spray, detonation gun spray, and cold spray. Wire
feedstock can be in the form of a metal core wire, solid wire,
or flux core wire. Powder feedstock can be either a single
homogenous alloy or a combination of multiple alloy pow-
der which result in the desired chemistry when melted
together.

[0277] Welding processes including those using a wire
feedstock including but not limited to metal inert gas (MIG)
welding, tungsten inert gas (TIG) welding, arc welding,
submerged arc welding, open arc welding, bulk welding,
laser cladding, and those using a powder feedstock including
but not limited to laser cladding and plasma transferred arc
welding. Wire feedstock can be in the form of a metal core
wire, solid wire, or flux core wire. Powder feedstock can be
either a single homogenous alloy or a combination of
multiple alloy powder which result in the desired chemistry
when melted together.

[0278] Casting processes including processes typical to
producing cast iron including but not limited to sand casting,
permanent mold casting, chill casting, investment casting,
lost foam casting, die casting, centrifugal casting, glass
casting, slip casting and process typical to producing
wrought steel products including continuous casting pro-
cesses.

[0279] Post processing techniques including but not lim-
ited to rolling, forging, surface treatments such as carburiz-
ing, nitriding, carbonitriding, heat treatments including but
not limited to austenitizing, normalizing, annealing, stress
relieving, tempering, aging, quenching, cryogenic treat-
ments, flame hardening, induction hardening, differential
hardening, case hardening, decarburization, machining,
grinding, cold working, work hardening, and welding
[0280] From the foregoing description, it will be appreci-
ated that inventive products and approaches for reduced
carbide ferrous alloys are disclosed. While several compo-
nents, techniques and aspects have been described with a
certain degree of particularity, it is manifest that many
changes can be made in the specific designs, constructions
and methodology herein above described without departing
from the spirit and scope of this disclosure.

[0281] Certain features that are described in this disclosure
in the context of separate implementations can also be
implemented in combination in a single implementation.
Conversely, various features that are described in the context
of a single implementation can also be implemented in
multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described
above as acting in certain combinations, one or more fea-
tures from a claimed combination can, in some cases, be
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excised from the combination, and the combination may be
claimed as any subcombination or variation of any subcom-
bination.

[0282] Moreover, while methods may be depicted in the
drawings or described in the specification in a particular
order, such methods need not be performed in the particular
order shown or in sequential order, and that all methods need
not be performed, to achieve desirable results. Other meth-
ods that are not depicted or described can be incorporated in
the example methods and processes. For example, one or
more additional methods can be performed before, after,
simultaneously, or between any of the described methods.
Further, the methods may be rearranged or reordered in other
implementations. Also, the separation of various system
components in the implementations described above should
not be understood as requiring such separation in all imple-
mentations, and it should be understood that the described
components and systems can generally be integrated
together in a single product or packaged into multiple
products. Additionally, other implementations are within the
scope of this disclosure.

[0283] Conditional language, such as “can,” “could,”
“might,” or “may,” unless specifically stated otherwise, or
otherwise understood within the context as used, is generally
intended to convey that certain embodiments include or do
not include, certain features, elements, and/or steps. Thus,
such conditional language is not generally intended to imply
that features, elements, and/or steps are in any way required
for one or more embodiments.

[0284] Conjunctive language such as the phrase “at least
one of X, Y, and Z,” unless specifically stated otherwise, is
otherwise understood with the context as used in general to
convey that an item, term, etc. may be either X, Y, or Z.
Thus, such conjunctive language is not generally intended to
imply that certain embodiments require the presence of at
least one of X, at least one of Y, and at least one of Z.
[0285] Language of degree used herein, such as the terms
“approximately,” “about,” “generally,” and “substantially”
as used herein represent a value, amount, or characteristic
close to the stated value, amount, or characteristic that still
performs a desired function or achieves a desired result. For
example, the terms “approximately”, “about”, “generally,”
and “substantially” may refer to an amount that is within less
than or equal to 10% of, within less than or equal to 5% of,
within less than or equal to 1% of, within less than or equal
to 0.1% of, and within less than or equal to 0.01% of the
stated amount. If the stated amount is O (e.g., none, having
no), the above recited ranges can be specific ranges, and not
within a particular % of the value. For example, within less
than or equal to 10 wt./vol. % of, within less than or equal
to 5 wt./vol. % of, within less than or equal to 1 wt./vol. %
of, within less than or equal to 0.1 wt./vol. % of, and within
less than or equal to 0.01 wt./vol. % of the stated amount.
[0286] Some embodiments have been described in con-
nection with the accompanying drawings. The figures are
drawn to scale, but such scale should not be limiting, since
dimensions and proportions other than what are shown are
contemplated and are within the scope of the disclosed
inventions. Distances, angles, etc. are merely illustrative and
do not necessarily bear an exact relationship to actual
dimensions and layout of the devices illustrated. Compo-
nents can be added, removed, and/or rearranged. Further, the
disclosure herein of any particular feature, aspect, method,
property, characteristic, quality, attribute, element, or the
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like in connection with various embodiments can be used in
all other embodiments set forth herein. Additionally, it will
be recognized that any methods described herein may be
practiced using any device suitable for performing the
recited steps.

[0287] While a number of embodiments and variations
thereof have been described in detail, other modifications
and methods of using the same will be apparent to those of
skill in the art. Accordingly, it should be understood that
various applications, modifications, materials, and substitu-
tions can be made of equivalents without departing from the
unique and inventive disclosure herein or the scope of the
claims.

1. A feedstock material configured to form a microstruc-
ture comprising:

Fe;

B: about 1 wt. % to about 3.6 wt. %;

C: greater than 0 wt. % and up to about 0.5 wt. %;

Cr: about 2 wt. % to about 15 wt. %;

Mo: about 4 wt. % to about 15 wt. %;

Ni: greater than 0 wt. % and up to about 3 wt. %;

Mn: greater than 0 wt. % and up to about 3 wt. %; and

Si: greater than 0 wt. % and up to about 2 wt. %;

wherein the feedstock material is configured to form the
microstructure comprising a martensitic matrix charac-
terized by having, under thermodynamic equilibrium
conditions:

a mole fraction of complex borides comprising =30 wt. %
Mo+W, wherein the mole fraction of the complex
borides is between about 0.05 and about 0.50;

a mole fraction of chromium borides comprising =50 wt.
% Fe+Cr, wherein the mole fraction of the chromium
borides is between about 0.05 and about 0.50; and

a mole fraction of hard phases other than the complex
borides and the chromium borides of less than about
0.10.

2. The feedstock material of claim 1, wherein C is about

0.05 wt. % to about 0.5 wt. %.

3. (canceled)

4. (canceled)

5. The feedstock material claim 1, wherein the feedstock
material is configured to form the martensitic matrix com-
prising a mole fraction of hypereutectic hard phases of less
than about 0.10.

6. (canceled)

7. The feedstock material of claim 1, wherein the feed-
stock material is configured to form the martensitic matrix
comprising a mole fraction of all hard phases of between
about 0.05 and about 0.50.

8. (canceled)

9. (canceled)

10. The feedstock material of claim 1, wherein the feed-
stock material is configured to form the martensitic matrix
comprising a mole fraction of primary carbides of less than
about 0.01%.

11. The feedstock material of claim 1, wherein the mole
fraction of hard phases other than the complex borides and
the chromium borides is less than about 0.01.

12. The feedstock material of claim 1, wherein the feed-
stock material is configured to form the martensitic matrix
which comprises Fe and a combination of elements selected
from the group consisting of, in wt. %:

B: 2.6, C: 0.2, Cr: 10, Mo: 7,

B: 2.6, Cr: 8, Mo: 7,
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: 2.6, Cr: 8, Mo: 10;
2.6, Cr: 6, Mo: 10;
2.6, Cr: 4, Mo: 10;
2.6, Cr: 2, Mo: 10;
34, Cr: 5, Mo: 14;
2.8, C: 0.2, Cr: 8, Mo: 7, Mn: 1, Si: 0.5;

3, C: 0.2, Cr: 6, Mo: 9, Mn: 1, Si: 0.5;
3,C: 0.2, Cr: 8, Mo: 7,
3,C: 0.2, Cr: 8.7, Mo: 8.3;
4, C: 0.25, Cr: 9.7, Mo: 9.4,
.8, C: 0.5, Cr: 8, Mo: 7, Mn: 1, Si: 0.5;
C: 0.
,C: 0.5, Cr: 8, Mo: 7
,C: 05, Cr: 8.7, Mo: 8.3;
2, C: 0.5, Cr: 87, Mo: 83; and
:3.4,C: 0.5, Cr: 9.7, Mo: 94.
13. (canceled)
14. The feedstock material of claim 1, wherein the feed-
stock material is a powder.
15. (canceled)
16. (canceled)
17. (canceled)
18. (canceled)
19. (canceled)
20. (canceled)
21. (canceled)
22. (canceled)
23. (canceled)
24. (canceled)
25. (canceled)
26. (canceled)
27. (canceled)
28. A method of forming a hardfacing coating onto a
substrate, the method comprising:
applying a feedstock material to the substrate to form the
coating, the coating comprising:

Fe;

B: about 1 wt. % to about 3.6 wt. %;

C: greater than 0 wt. % and up to about 0.5 wt. %;

Cr: about 2 wt. % to about 15 wt. %;

Mo: about 4 wt. % to about 15 wt. %;

Ni: greater than 0 wt. % and up to about 3 wt. %;

Mn: greater than O wt. % and up to about 3 wt. %; and

Si: greater than 0 wt. % and up to about 2 wt. %;

wherein the feedstock material is configured to form a
martensitic matrix which is characterized by having,
under thermodynamic equilibrium conditions:

a mole fraction of complex borides comprising =30 wt.
% Mo+W, wherein the mole fraction of the complex
borides is between about 0.05 and about 0.50;

a mole fraction of chromium borides comprising =50
wt. % Fe+Cr, wherein the mole fraction of the
chromium borides is between about 0.05 and about
0.50; and

a mole fraction of hard phases other than the complex
borides and the chromium borides of less than about
0.10.

29. The method of claim 28, wherein C is about 0.05 wt.
% to about 0.5 wt. %.

30. The method of claim 28, wherein the applying com-
prises applying a thermal spray.

31. The method of claim 28, wherein the applying com-
prises applying using a bulk welding process.

3
2
3, 5, Cr: 6, Mo: 9, Mn: 1, Si: 0.5;
3
3
3
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32. The method of claim 28, wherein the substrate is a
wear plate.

33. A wear-resistant dual-boride metallic coating com-
prising:

Fe;

B: about 1 wt. % to about 3.6 wt. %;

C: greater than 0 wt. % and up to about 0.5 wt. %;

Cr: about 2 wt. % to about 15 wt. %;

Mo: about 4 wt. % to about 15 wt. %;

Ni: greater than 0 wt. % and up to about 3 wt. %;

Mn: greater than 0 wt. % and up to about 3 wt. %;

Si: greater than 0 wt. % and up to about 2 wt. %;

a martensitic matrix;

a volume fraction of complex borides comprising =30 wt.
% Mo+W, wherein the volume fraction of the complex
borides is between about 0.05 and about 0.50;

a volume fraction of chromium borides comprising =50
wt. % Fe+Cr, wherein the volume fraction of the
chromium borides is between about 0.05 and about
0.50; and

a volume fraction of hard phases other than the complex
borides and the chromium borides of less than about
0.10.

34. The coating of claim 33, wherein C is about 0.05 wt.

% to about 0.5 wt. %.

35. (canceled)

36. (canceled)

37. The coating of claim 33, further comprising a volume
fraction of hypereutectic hard phases is less than about 0.10.

38. (canceled)

39. The coating of claim 33, wherein a volume fraction of
all hard phases is between about 0.05 and about 0.50.

40. (canceled)

41. (canceled)

42. The coating of claim 33, further comprising a volume
fraction of primary carbides of less than about 0.01.

43. The coating of claim 33, further comprising a weight
percent of carbon in the martensitic matrix is greater than of
between about 0 and up to about 0.45 wt. %.

44. (canceled)
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45. The coating of claim 33, wherein the volume fraction
of hard phases other than the complex borides and the
chromium borides is less than about 0.01.

46. The coating of claim 33, wherein a percent of chro-
mium in the martensitic matrix is between 5 wt. % and 12
wt. %.

47. The coating of any one of claim 33, wherein the
coating comprises a combination of elements selected from
the group consisting of, in wt. %:

: 2.6, C: 0.2, Cr: 10, Mo: 7,
: 2.6, Cr: 8, Mo: 7;
: 2.6, Cr: 8, Mo: 10;
: 2.6, Cr: 6, Mo: 10;
2.6, Cr: 4, Mo: 10;
2.6, Cr: 2, Mo: 10;
34, Cr: 5, Mo: 14;
2.8, C: 0.2, Cr: 8, Mo: 7, Mn: 1, Si: 0.5;
3, C: 0.2, Cr: 6, Mo: 9, Mn: 1, Si: 0.5;
3,C: 0.2, Cr: 8, Mo: 7,
3,C: 0.2, Cr: 8.7, Mo: 8.3;
4, C: 0.25, Cr: 9.7, Mo: 9.4,
.8, C: 0.5, Cr: 8, Mo: 7, Mn: 1, Si: 0.5;
C: 0.
,C: 0.5, Cr: 8, Mo: 7
,C: 05, Cr: 8.7, Mo: 8.3;
2, C: 0.5, Cr: 87, Mo: 83; and
:3.4,C: 0.5, Cr: 9.7, Mo: 94.

48. (canceled)

49. The coating of claim 33, wherein the coating has a
hardness of at least 60HRC.

50. (canceled)

51. The coating of claim 33, wherein the coating is a
hardfacing overlay.

52. A powder configured to form the coating of claim 33.

53. (canceled)

3
2
3, 5, Cr: 6, Mo: 9, Mn: 1, Si: 0.5;
3
3
3
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