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Abstract of the Disclosure

Three dimensionally large metallic structures comprised of submicron
grain sizes are produced by a process which includes directing a supersonic
powder jet against a substrate such that the powder adheres to the substrate and to
itself to form a dense cohesive deposit. The powder jet may be comprised of
refractory metal powders. The powder may be deposited by a supersonic jet and

may be extruded by Equi channel angular extrusion.
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Method of Manufacturing Bulk Metallic Structures with Submicron Grain Sizes
and Structures made with such Method

[0001] Problem to be Solved

{0002] Metals and metal alloys having a submicron or nanocrystalline structure are of
great interest to the commercial and military segment. They have novel
properties allowing for the development of completely new product
opportunities. To date though, making bulk nanocrystalline materials of metals of
interest has been problematic. Most of the success has occurred with thin films
and sprayed coatings. Some success has been achieved with high energy milling,
high deformation rate machining chips, equiangular extrusion, and easy glass
formers. But these all have severe drawbacks. There i1s a need for a simple, cost

effective means of making three dimensionally large, sub micron grain size,

crystalline structures.

[0003] Background of Invention

[0004] Metallic materials having a submicron, or nanocrystalline grain structure are of
great interest due to their unique properties which include extended ductility and
very high yield strengths. Much work has been done with thin films, coatings,

and powders to make nanocrystalline structures, but the means of making three

dimensionally large structures still remains elusive.

[0005] High energy milling is probably one of the most common ways of manufacturing

metal powders having a submicron size grain structure. One problem with this

approach is the powder frequently becomes heavily contaminated with

microscopic particles that result from the wear of the mill, attriter or grinding

media used in the process
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[0006] Another technique pioneered by Purdue University and now being
commercialized by Nanodynamics Inc. involves compacting machining chips
created at high deformation rates. The cold work induced in the machining
process resuits in nanocrystalline grain s1zes in the chips. Like high energy
milling this technique suffers contamination from the machining process and also
requires the use of expensive secondary operations (Hot Isostatic Pressing,
extrusion, explosive compaction, etc.) to consolidate the loose powder or chips
into a bulk solid. Many times, if not carefully controlled, this secondary

processing can damage the initial microstructure during consolidation.

[0007] Equi-channel angular extrusion (ECAE) is a high shear process where the metal
or alloy is forced through a die changing the direction of flow. Very high strains

are produced resulting in grain size refinement. However, the metal may have to
be passed through the die multiple times (3-4) to produce a submicron grain size

making the process work and cost intensive.

[0008] Others such as A.C. Hall, L.N. Brewer and T.J. Roemer, “Preparation of

Aluminum coatings Containing Homogeneous Nanocrystalline Microstructures

Using the cold Spray Process”, JTTEES 17:352-359 have shown that thin

coatings made from submicron grain sized powders retain this submicron grain
size when the coatings are made by cold spray. In certain instances with

aluminum they have even reduced the submicron grain size.

[0009] Summary of Invention

[0010] We have discovered that certain metal powders of conventional grain size,
substantially 5-10 microns and even larger, when projected at supersonic

velocity, at relatively low temperature and deposited on a substrate form a dense
solid having a submicron grain structure. This deposit can be made large in all
three dimensions and the substrate easily removed to leave only the

nanocrystalline deposit. This deposit differs from coatings in that refractory
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metal coatings are typically less than 0.5 mm thick, usually less than 0.1 mm and
rely on remaining attached to the substrate to maintain their physical integrity. In
this case the thickness dimension can be quite large up to 1-2 cm and beyond.

The large thickness allows the deposit to be removed from the substrate and used

in free standing applications.

10011] We have demonstrated this behavior for Ta, Nb and Mo metals (all BCC structure
and having a high melting point temperature), and believe it may be a universal

phenomena that 1s velocity sensitive.

[0012] The Drawings
[0013] Figure 1 shows a tubular tantalum perform made by cold spray;

[0014] Figure 2 1s an SEM micrograph of TaNb composite taken from a sputtering target
made by cold spray;

[0015] Figure 3 1s a macrophotograph of a MoT1 sputtering target; and

[0016] Figure 4 is a SEM magnification micrograph of a cold sprayed MoTi specimen.

[0017] Detailed Description

[0018] What we have discovered is a process for making three dimensionally large
structures having a submicron grain structure. This submicron grain structure is
also resistant to growth during processing at elevated temperatures which can be
used to improve interparticle bond strength, eliminate work hardening and
improve ductility. Additionally these deposits can be used as a starting material
tor ECAE processing reducing the number of passes required to 1 to develop a

fully densified, fine, uniform structure.
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[0019] In general, the process for producing three dimensionally large metallic structures
comprised of submicron range sizes includes directing a supersonic powder jet
against a substrate such that the powder adheres to the substrate and to itself to
form a dense cohesive deposit. As a result products could be made from such
deposits including, but not limited to, explosively formed projectiles, kinetic
energy penetrators and hydrogen membranes. In the process the powdered jet
may be comprised of refractory metal powders. The dense metal structure made
from metal powders having a submicron grain size micro structure could thereby
be useful as a refractory metal structure. The invention can be practiced where
the powder is deposited by a supersonic jet and extruded by Equi channel angular

extrusion. The deposit can remain attached to the substrate or could be removed

from the substrate.

[0020] The invention could be practiced using a known cold spray system where, for
example, a heated gas, such as nitrogen, is used to accelerate the powder and
make a supersonic powder jet which is then directed against a substrate. When

the supersonic powder jet is directed against the substrate and the powder

adheres to the substrate and to itself, the resultant dense cohesive deposit results

in a three dimensionally large metallic structure comprised of submicron grain

sizes.

[0021] Experimental

[0022] The results shown below were all attained using a Kinetics 4000 cold spray

system. This is a standard commercially available system. In general, a cold

spray process comprises directing on a target a gas flow wherein the gas flow
forms a gas-powder mixture with a powder. A supersonic speed is imparted to
the gas flow. The jet of supersonic speed is directed onto the surface of a
substrate thereby cold spraying the substrate. PCT application U.S. 2008/062434
discloses cold spray techniques. All of the details of that application are

incorporated herein by reference thereto. In a practice of this invention heated
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nitrogen gas at temperatures of 500-800C and approximately 30 bars was used to

accelerate the powder and make a supersonic powder jet. The jet was typically

directed against a copper or steel substrate. The substrate was usually cylindrical,
cylinder like or planar in nature. Tubular, bowl like and flat disks and rectangles
were made. Metallographic samples were cut from the shapes and mechanically
polished. The microstructure was examined using a FIB SEM in both secondary
and back scatter mode. Special high purity tantalum, niobium and molybdenum

powders made by HC Starck for cold spray applications were used 1n these

experiments.

[0023] Figure 1 shows a tubular tantalum preform made by cold spray. The preform is
approximately 150 mm long, 85 mm outside diameter with a 14mm wall

thickness and weighs 8.8 Kg. It 1s an example of a three dimensionally large

structure.

[0024] Figure 2 1s an SEM micrograph of TaNb (50/50w/0) composite taken from a
sputtering target made by cold spray. The Ta appears as the light phase and the
Nb as the dark phase. The left side of the figure has the brightness and contrast
adjusted to reveal the details of the Ta microstructure, while the right side is
adjusted to reveal the Nb microstructure. Near the surface of the Ta powder
particle it 1s clear the microstructure 1s highly refined comprising of grains
typically less than 400-500 nanometers. Moving to the interior the structure
becomes more diffuse. We believe this 1s due to the gradient in strain produced
from the outside of the particle to the inside, because the interior undergoes less
deformation. This gradient can be eliminated simply by the use of finer powder
and perhaps even higher particle velocities, The right side of the micrograph

‘shows the microstructure of the surrounding Nb. While many of the grains are
still submicron in size it is clear the degree of refinement is significantly less than
what occurred in the Ta. Figure 2 includes at the bottom of both the left side and

the right side of the figure a bar which represents a one micron marker.
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[0025] Figure 3 is a macrophotograph of a MoTi (67/33w/0) 125 mm diameter sputtering
target. Like Figure 1 this just demonstrates the potential for cold spray to make

large, free standing objects.

[0026] Figure 4 is a high magnification micrograph of a cold sprayed MoT1 specimen.
The specimen has been vacuum annealed at 700 C for 1 and 2 hours. The light
phase is Mo, the dark phase is Ti. In the Mo the grain size 1s in the order of 500
nanometer while in the Ti the grains have grown to be approximately a

micrometer in size. Figure 4 illustrates a centrally located bar at the bottom of the

figure which represents a one micron marker.
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What is claimed is:

1. A process for producing three dimensionally large metallic structures
comprised of submicron grain sizes, the process comprising directing a supersonic
metal powder jet against a substrate, and the powder adhering to the substrate and
to i1tself to form a dense cohesive deposit having a submicron grain structure and

which is of large size in all three dimensions.

2. The process of claim 1 wherein the powder jet comprises refractory metal
powders.
3. The process of claim 2 wherein the three dimensionally large metallic

structure produced is a refractory metal structure.

4, The process of claim 1 wherein the powder is deposited by the supersonic
jet and extruded by Equi channel angular extrusion.

J. The process of claim 1 wherein the deposit is maintained attached to the
substrate when the three dimensionally large metallic structure is produced.

6. The process of claim 1 including separating the substrate and the deposit
from each other. '

7. The process of claim 1 wherein the three dimensionally large metallic
structure produced 1s a product selected from the group consisting of explosively
formed projectiles and kinetic energy penetrators and hydrogen membranes.

8. The process of claim 1 wherein the process uses a cold spray system and
wherein a heated gas 1s used to accelerate the powder and form a supersonic
powder jet.

9. The process of claim 1 1in which an annealing step is involved to increase

interparticle bonding and or ductility or to decrease work hardening.

10.  The process of claim 1 in which a thermal treatment step is involved to
increase interparticle bonding and or ductility or to decrease work hardening.
11.  The system of claim 1 wherein the powder is selected from the group
consisting of tantalum, niobium and molybdenum.

12. A three dimensionally large metallic structure comprised of submicron

grain sizes produced by the process of claim 1.
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13. A refractory metal structure produced by the process of claim 1.

14, A refractory metal structure produced by the process of claim 1, which has
been given an anneal or thermal treatment after spraying.

15. A product selected from the group consisting of explosively formed
projectiles and kinetic energy penetrators and hydrogen membranes produced by

the process of claim 1.
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