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Description
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provi-
sional Application No. 61/921,380 filed on December 27,
2013 and titled High Strength High Thermal Conductivity
Wrought Nickel Alloy.

FIELD

[0002] The present disclosure relates generally to al-
loying metals, and, more particularly, to method for pro-
ducing a nickel alloy with increased thermal conductivity
combined with high temperature strength capability.

BACKGROUND

[0003] With each next generation of gas turbine en-
gines comes increased performance, durability and reli-
ability along with affordability. Those performance met-
rics are met with increased operating stresses, temper-
ature and speed. These factors place ever increasing
demands on Thermal Management System (TMS). Akey
componentinthe TMS is aheatexchanger for hot section
air-to-air exchanges. The heat exchanger requires
strength, temperature capability and high thermal con-
ductivity along with manufacturability and cost. Conven-
tional hot section heat exchanger materials are typically
made of a nickel alloy for their high temperature capability
and ease of fabrication. However, nickel alloys have sig-
nificantly lower thermal conductivity as compared to pure
nickel metal. Typical strengthening mechanisms used in
those alloys, such as solid solution strengthening and
precipitation hardening, cause significant electron scat-
tering and markedly lower thermal conductivity. In some
cases, the conventional nickel alloys have thermal con-
ductivities 1/I0th to 1/25th of that of pure nickel. But the
relatively low strength of pure nickel makes it undesirable
as an engineering or structural material.

[0004] As such, what is desired is one or more mate-
rials with high thermal conductivity and significant
strength characteristics.

SUMMARY

[0005] Disclosed and claimed hereinis a nickelalloying
process which includes providing a metal powder con-
taining substantially unalloyed nickel, forming a nickel
alloy from the metal powder, removing air and absorbed
water from the nickel alloy, and hot extruding the nickel
alloy. In one embodiment, the metal powder is produced
by blending a substantially unalloyed nickel powder with
an incoherent particle powder. In one embodiment, the
metal powder is produced by blending a nickel oxide pow-
der proportionally with a nickel-aluminum alloy powder.
In the above embodiments, the nickel alloy is formed by
a ball milling process. In one embodiment, the metal pow-
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der is a nickel-vanadium-carbon powder, and the nickel
alloy is formed by a melting and rapid solidifying process.
[0006] Otheraspects, features, and techniques will be
apparent to one skilled in the relevant art in view of the
following detailed description of the embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The drawings accompanying and forming part
of this specification are included to depict certain aspects
of the present disclosure. A clearer conception of the
present disclosure, and of the components and operation
of systems provided with the present disclosure, will be-
come more readily apparent by referring to the exempla-
ry, and therefore non-limiting, embodiments illustrated in
the drawings, wherein like reference numbers (if they oc-
curin more than one view) designate the same elements.
The present disclosure may be better understood by ref-
erence to one or more of these drawings in combination
with the description presented herein. It should be noted
that the features illustrated in the drawings are not nec-
essarily drawn to scale.

Fig. 1 is a plot diagram illustrating a weight fraction
of phases, vanadium carbide (VC) and nickel metal
as a function of temperature according one embod-
iment of the present disclosure.

Fig. 2 is a flow chart illustrating a process for pro-
ducing a nickel alloy according to one embodiment
of the present disclosure.

Figs. 3A-3C are flow charts illustrating details of the
processes shown in Fig. 2 according to embodi-
ments of the present disclosure.

DESCRIPTION

[0008] One aspectofthe disclosure relates to process-
es of manufacturing high strength and high thermal con-
ductivity wrought nickel alloy. Embodiments of the
present disclosure will be described hereinafter with ref-
erence to the attached drawings.

[0009] One embodiment of the present disclosure pro-
vides a process to obtain higher strength in nickel alloys
without significantly reducing the thermal conductivity of
the alloys. In one embodiment, a process for forming a
nickel alloy is based on dispersion strengthening of a
nickel metal, in which a uniform ultra- fine dispersion of
thermo-dynamically stable incoherent particles or precip-
itates is distributed in the nickel metal and produces in-
creased strength by significantly inhibiting dislocation
motion in the nickel. Specifically, Orowan Strengthening
conditions are sought. The strength increase is generally
proportional to the volume fraction (Vf) of the particles
present in the nickel metal up to an appropriate limit. Key
to dispersion strengthening is the size, distribution and
Vf of the incoherent precipitates. Typically, a particle ra-
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dius of about 10-20 nm, an interparticle spacing of about
100 nm or at least two times the particle size in a Vf of
about 0.05 are conducive to Orowan Strengthening.
[0010] Particles of the aforementioned size range re-
quire a high magnification electron microscope to be ob-
served. If they can be seen in an optical microscope at
lower magnification, then they are described as non-me-
tallic inclusions which are not suitable for engineering
materials. Incoherent particles or precipitates covered in
this disclosure include metal oxides, metal nitrides and
metal carbides.

[0011] A necessary characteristic of the incoherent
precipitates listed above is their thermodynamic stability
up to the melting point of the nickel metal and resistance
to coarsening over the thermo-mechanical processing
range of the nickel metal during component fabrication
and operation. Thermo-dynamic stability is reflected in
high negative Gibbs free energy of formation, -AG.
[0012] A key to high thermal conductivity of the disper-
sion strengthened nickel is to limit any conventional al-
loying (solid solution strengthening and precipitation
hardening) to less than 8 weight percent of combined
alloying elements. In so doing, the nickel matrix will main-
tain its high thermal conductivity to nearly 90 W/m. K.
[0013] Fig. 1is aplotdiagram illustrating a weight frac-
tion of phases, vanadium carbide (VC) and nickel metal
as a function of temperature according one embodiment
of the present disclosure. Line 110 represents pure Nick-
el, line 120 represents VC, and line 130 represents a
liquid phase of the VC. The VC forms during the solidifi-
cation from liquid to solid, and is stable from solidification
to room temperature. Strength of the VC dispersion
strengthened nickel metal can be adjusted according to
the weight fraction of the VC dispersion in the nickel met-
al. Ni-2.15V-0.5C is an exemplary lower level VC weight
fraction composition. -3V-0.7C is an exemplary higher
level VC weight fraction. For these two alloys, alloy de-
sign involves compositions whereby there is a one-to-
one ratio of vanadium to carbon as is accomplished by
atomic percent and not by weight percent.

[0014] Fig. 2 is a flow chart illustrating a process for
producing a nickel alloy according to one embodiment of
the present disclosure. The process begins with provid-
ing a metal powder containing substantially unalloyed
nickel powder in step 210. The substantially unalloyed
nickel powder is to ensure a base metal with high thermal
conductivity. A nickel alloy is formed in step 220 from the
metal powder. In one embodiment, the nickel alloy is
formed by a ball milling process under a specific atmos-
phere. The specific atmosphere can be gaseous and/or
cryo-liquid, to promote repetitive cold-welding, deforma-
tion and fracturing of powder particles. In other embodi-
ments, the ball milling process can be replaced by an
attrition process for a similar result, as an attritor is a high
energy ball mill.

[0015] The nickel alloy formed in step 220 is a com-
posite powder in which average dispersoid interparticle
spacing is approximately the same as welding inter-
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space, i.e., a uniform microstructural spacing of ultra-fine
dispersant. The nickel alloy is then placed in a suitable
metal container and evacuated to remove air and ab-
sorbed water in step 230. Stainless steel can be used to
make such metal container. Finally the resulting nickel
alloy is hot extruded to full density in step 240. In order
to control recrystallized grain size and shape of the nickel
alloy, a subsequent thermomechanical processing may
be employed. The nickel alloy produced according to the
embodiment of the present disclosure possesses a de-
sired microstructural condition for strength and high ther-
mal conductivity.

[0016] Figs. 3A-3C are flow charts illustrating details
of the processes shown in Fig. 2 according to embodi-
ments of the present disclosure. Referring to Fig. 3 A, in
one embodiment, the process of providing the metal pow-
der of Fig. 2 begins with providing an unalloyed nickel
powder in step 310. A selected incoherent particle pow-
der is provided in step 320. The incoherent particle can
be selected from metal oxides, metal nitrides and metal
carbides. The metal oxides include but not limited to cal-
cia, magnesia, alumina, ceria, silica, chromia, yttria and
thoria and certain mixed oxides in forms of garnates, etc.
The metal nitrides include but not limited to TiN, CrN,
A1N, etc. The metal carbides include but not limited to
vanadium carbide (VC), TiC, TaC, WC, HfC, etc.
[0017] Referring again to Fig. 3A, the unalloyed nickel
powder and the selected incoherent particle powder are
physically blended in step 330. The blended powder will
then be ready for subsequent processing steps as shown
inFig. 2. Itshould be realized the unalloyed nickel powder
used in step 310 can be replaced with a limited conven-
tionally alloyed nickel. As an example, a conventionally
mechanically alloy nickel alloy INCONEL MA 6000 is the
product of the process shown in Fig. 2. However, its con-
ventional alloy content as shown below is of significant
proportion as to markedly debit the thermal conductivity
of that alloy; 16 W/m.K for MA 6000 versus 90 W/m.K for
Ni INCONEL MA 6000: Ni-0.06C-15.0Cr-4.5Al-2.3Ti-
3.9W-1.5Fe-0.2N-0.57 total Oxygen with 1.1Y203 oxide
dispersion.

[0018] Referring to Fig. 3B, in one embodiment, the
process of providing the metal powder of Fig. 2 begins
with providing a nickel oxide powder with ultra-fine oxide
dispersion in step 340. A nickel and aluminum alloy pow-
der is provided in step 350. The nickel and aluminum
alloy powder can be made by conventional powder met-
allurgy methods, rotary atomization, or gas atomization.
The nickel oxide powder is proportionally blended with a
nickel and aluminum alloy powder in step 360. The pro-
portion is determined by a need for the nickel oxide pow-
derto react with the nickel-aluminum alloy powder to form
nickel metal and aluminum oxide. Such reaction can be
expressed as ((Ni + Al alloy powder) + (NiO oxide) reac-
tion) -> Ni metal + A1203 oxide dispersion.

[0019] Referring to Fig. 3C, in one embodiment, the
metal powder in step 210 of Fig. 2 is a nickel-vanadium-
carbon powder provided in step 370. The nickel-vanadi-
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um-carbon powder can be formulated with a certain level
of VC dispersion in the nickel powder for a desired nickel
alloy strength. Other nickel-refractory metal-carbon or
metal-nitrogen powder can also be used. Such metal-
carbon or metal-nitrogen powder can be formulated to
subsequently form a dispersion of MC carbides (e.g.
tungsten carbide or titanium carbide), metal nitrides, etc.
There are a number of carbides that can be formed in
metal alloys including Ni and Steels. Type depends on
the alloying additions and their ratios. In MC carbides,
the letter M represents metal and can be one or a mixture
of metal alloying additions. Examples include but not lim-
ited to: WC, VC, TiC, HfC; Cr7C3. (Cr, Mo, Fe)7C3 and
others; (Cr, M0)23C6; Mo2C and others; and Fe3C. Their
thermo-dynamic stabilities are in the order of (highest to
lowest): MC, M7C3, M23C6, M2C, M3C. In embodiments
of the present disclosure, MC carbides are preferred for
their high thermo-dynamic stability to maintain dispersion
strengthening to very high temperatures, while resisting
coarsening.

[0020] Referring again to Fig. 3C, as a way to form the
nickel alloy in step 220 of Fig. 2, the nickel-vanadium-
carbon powder is melted in step 380, and then rapidly
solidified in step 390. The rapidly solidification may be
implemented by rotary atomization using high specific
heat inert quench gases like Helium, Hydrogen, or mix-
tures of these gases with more economical Argon or Ni-
trogen. Quench rate of 105 degree Celsius/second or
higher should be used to control the nucleation and pre-
cipitation of the uniform ultra- fine dispersion necessary
for the strength of the resulting nickel alloy. For producing
fine rapidly cooled powder high rotational speeds is pre-
ferred. The rapidly solidified powder should also be made
to -240 mesh powder size fraction or finer to ensure that
a desired rapid solidification rate can be obtained for a
desired dispersion.

[0021] It should also be recognized that the methodol-
ogy of the present disclosure for retaining good thermal
conductivity of Ni, while increasing the high temperature
strength, can be applied to situations where other phys-
ical properties of the metal base are retained and utilized
at high temperatures. For example, conversely, the elec-
trical resistivity of pure Niis about 1/10th of such Ni-based
alloys. Aside from heat, high temperature strength DS Ni
in electrical/power applications has better electrical con-
ductivity than Ni-base alloys, and may be used toimprove
related performance. Other physical properties like Co-
efficient of Thermal Expansion and Specific Heat stay
approximately the same between Ni and most of its alloys
(excluding certain Fe-Ni-base low CTE compositions),
i.e., these properties do not adversely influence the
present disclosure.

[0022] While this disclosure has been particularly
shown and described with references to exemplary em-
bodiments thereof, it shall be understood by those skilled
in the art that various changes in form and details may
be made therein without departing from the spirit of the
claimed embodiments.
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Claims

1.

A nickel alloying process comprising:

providing a nickel-vanadium-carbon powder;
forming a nickel alloy from the nickel-vanadium-
carbon powder;

removing air and absorbed water from the nickel
alloy; and

hot extruding the nickel alloy.

The nickel alloying process of claim 1, wherein the
forming the nickel alloy comprises melting the nickel-
vanadium-carbon powder; and rapidly solidifying the
melted nickel-vanadium-carbon powder.

The nickel alloying process of claim 2, wherein the
melting is a vacuum induction melting.

The nickel alloying process of claim 2, wherein the
rapidly solidifying is performed by rotary atomization
using a high specific heat inert quench gas and high
rotational speeds to produce fine rapidly cooled pow-
der.

The nickel alloying process of claim 4, wherein the
heatinert quench gas is selected from the group con-
sisting of Helium, Hydrogen, Argon, Nitrogen and a
combination thereof.

The nickel alloying process of claim 1, wherein the
removing air and water is performed in a stainless
steel container.

The nickel alloying process of claim 1, further com-
prising a thermomechanical processing for control-
ling recrystallized grain size and shape of the nickel
alloy.

The nickel alloying process or claim 1, wherein the
hot extruding includes extruding to substantially full
density and prescribed dispersion strengthened con-
dition.
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Fig. 1
210~ Providing a metal powder confaining substantially
unalloyed nickel power
220~ Rall milling the metal powder under a specific
atmosphere io form anickel alloy
230~  Removing air and absorbed water from the nickel alioy
240~ Hot extruding the nickel alloy

Fig. 2
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310 Providing an unalioyed nickel powder
320~ Providing an incoherent particle powder
330 —_| Physically blending the unalloyed nickel powder with
the incoherent particle powder
Fig. 3A
340 Providing a nickel wide powder with wltra-fine oxide
dispersion
350 Providing a nickel-aluminum alloy powder
360~ Blending the nickel oxide powder proportionally with

the nickel-aluminum slioy powder

Fig. 38
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370~ Providing a nickel-vanadiurm-carbon powder

380~1  Melting the nickel-vanadium-carbon powder

380 ] Rapidly solidifying the melted nickel powder

Fig. 3C
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