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The cold gas-dynamic spray method produces coatings or deposits by introducing solid feedstock particles
into a supersonic gas stream developed through the use of a converging-diverging (de Laval) nozzle. The
particles thus accelerated impact on a substrate surface and develop into a dense deposit through a process
believed to be similar to cold compaction. The work reported here explores the internal nature and physical
characteristics of copper deposits produced by the cold gas-dynamic spray method using two vastly different
starting powders: in one case, a “spongy” copper obtained by a direct-reduction process, and in the second,
a denser, more spheroidal particulate produced by gas atomization. Optical and electron microscopies
(scanning electron microscopy [SEM] and transmission electron microscopy [TEM]) were used to observe
details of microstructure in the feedstock particles and deposits. Young’s modulus and residual stress
measurements for the deposits were obtained through mechanical means, and measurements of hardness
and electrical conductivity are reported. The internal structure of the cold-spray deposit was influenced by
the surface purity of the feedstock material.

from metallic particles in solid form, was shown by Rocheville.
The process eptoyed a supersonic nozzle into which solid par-
ticles of the feedstock material were introduced and accelerate
toward a substrate, where they impinged to produce thin surfag
1. Introduction coatings, or were directly embedded as isolated particles in sma
depressions on the substrate surface.
In the majority of practical applications of thermal-spray The development of a method for producing thick deposits of
technology, the spray process is characterized by a liquefactiorvarious metals from “cold” jets was reported by Alkhinebal.
step of feedstock material in the form of powder or wire, fol- in 1990 and later in a U.S. Patéfitin this particular approach
lowed by projection of the droplets so generated onto a substratto impact fusion, solid particles in the preferable size range o
where rapid solidification and material buildup occur. One con- 10 to 50um are introduced by means of a pressurized powde
tribution to the intrinsic residual stress state in thermal-spray feeder into the high-pressure, high-temperature chamber of
coatings results from the quenching stress accompanying theconverging-diverging (de Laval) nozzle and are accelerated intg
rapid solidification and cooling process of droplets coalescing ona supersonic stream by the propellant gas, which has been el
the developing layéH. Additionally, the thermal energy required  trically preheated prior to introduction into the nozzle. There is
for producing molten feedstock droplets generally through use ofno combustion process or electrical discharge in the spray devig
flames, plasmas, or arcs causes some degree of oxidation in moitself. A unique attribute of cold gas-dynamic spraying is its
metals used to develop thermal-spray coatings and in thermaability to generate a wide range of deposited layer thicknesse
degradation or sublimation of compounds such as metal car-ranging from tens of microns up to as much as a centimeter. |
bides. Oxidation of the coating may be reduced or eliminatedthis regard, the process extends beyond the concept of “coa
through use of vacuum or inert gas-filled chambers or by inerting” of a substrate and includes the capability of developing
gas shrouding. three-dimensional structures. In a recent development, Gabg
Production of coatings with favorable states of residual stressand Tapphor# reported a spray forming process using a low-
have been obtained previously through use of detonatioffiguns temperature gas stream and solid particle introduction into an aq
or HVOF (high-velocity oxy-fuel) torchéd which achieve con- celerating jet. Bhagatt al® reported the use of the cold spray
ditions where the state of the particles at impact may be semi-process for production of nickel-bronze layers used for wear re
solid. A mapping of the pressure/temperature regimes forsistance. The work presented here follows several earlier, mo
high-velocity, oxyfuel deposition was proposed by Browrthg,  general reports on cold gas-dynamic spraying conducted as pa
where the microstructure tife developing coating was relatedto  of a consortium prograrf#?:1212 This work focuses on the mi-
the physical state of pastes on impact. The region of equiaxed, crostructural and physical characteristics of copper deposit
nonliquid particle coalescence was defined as “impact fusion” made by cold gas-dynamic spraying using two morphologicall
to distinguish it from coating formation obtained from more different copper powders as feedstock materials. Microscopig
liquidlike particles. A methodology for production of surface coat- characteristics of both the starting powders and deposits we
ings of limited thickness on the order of several micrometers, examined to gain understanding of the nature of particle-to
particle bonding, which occurs in the compact, and moreove
R.C. McCune, W.T. Donlon, O.0. PopoolaandE.L. Cartwright, to assess the nature of deformation and recovery associats
Ford Motor Company, Dearborn, Ml 48121. with the deposit formation process.
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2. Theoretical Aspects content of the direct-reduction powder is consistent with its
greater surface area per unit of mass and ultimately contributes
While a complete formalism for the process of coating de- to the trapping of minute oxide particles in the final deposit. A
velopment in cold gas-dynamic spraying has not fully emerged, second material studied was designated Acupowder 500 and was
Dykhuisen and Smitf#! have developed a model for particle ki- produced by inert gas atomization (ACuPowder International,
netics associated with cold-spray nozzles. The coating developLLC, Union, NJ). Powder particles of this material were char-
ment process is believed to be analogous to explosive or impacacterized by (a) generally dense surfaces (illustrated by Fig. 2),
compaction, wherein localized pressure waves develop in the(b) lower oxygen content than direct-reduction powder, and
solid state upon impact of the incoming particles producing de- (c) general lack of occluded oxide particles in the deposits formed
formation both in the impacting particle and the substrate. Stud-by cold spraying. Substrates for development of the cold-spray
ies of impact compaction of stainless steel particles have beerdeposits were nominally 3 mm thick (0.125 in.) pieces of com-
conducted by Rayboul#! In cold gas-dynamic spraying, the ki- mercial, tough-pitch copper (Copper Association designation
netic energy of the incoming particles is converted, in part, to lo- C11100) which were roughened by grit blasting with alumina
calized heating as well as plastic deformation of both substratepowder prior to development of the cold-spray deposits.
and particles. Raybould’s wdtRillustrated microscopically the
occurrence of localized melting at particle junctions occurring at 3 » /g Gas-Dynamic Spray Method
the highest rates of compaction. In Raybould’s study, zones as
sociated with interparticle melting could be observed by optical  Details of the spray process have been previously reported
microscopy and were distinguishable from the internal, cold- elsewheré'®lSchematization of the spray method and the par-
worked regions of the compacted patrticles. The liquidlike bound- ticular geometry used for the generation of the coupons studied
aries were believed to facilitate the compaction process by actinchere are illustrated in Fig. 3 and 4, respectively. Operational
as an interparticle lubricant, as well as readily flowing into inter- characteristics of the spray nozzle are included in Table 1.
stitial void spaces. One indication of this particular mode of in- Sprayed layers were generally developed to a thickness of >3
terparticle bonding would, therefore, be the appearance of sucktmm, so that specimens for transmission electron microscopy
melt/solidification zones between particles. Such areas should b TEM) could be obtained from sections cut perpendicular to the
distinguishable from the heavily cold-worked particle interiors. plane of the substrate, as illustrated in Fig. 4, and so that thick
The quality of interparticle bonding in “cold-spray” compacts bilayer specimens could be produced for both determination of
is expected to be characterized, in part, by the relative ease witlresidual stress and Young’s modulus by mechanical means. Spec-
which equilibrium grain structures develojp coalescence and  imen strips for these latter determinations involved generation of
migration of boundaries formed as a consequence of the colccoupons of approximate size 2545.24 cm.
compaction of the feedstock particles. Internal. (intraparti-
cle) grain boundaries formed upon solldn‘_lcatlon o_f the gasat- 3 3 Analysis
omized powder or by coalescence of particles during the direct
reduction process are believed to be capable of ready migratior Microscopy. Details of the microstructure of feedstock mate-
on high-temperature annealing. If the interparticle boundariesrials and compacts produced by cold gas-dynamic spraying were
are, in some way, pinned by surface oxides or other debris of thedetermined by optical and electron microscopy. Optical mi-
deposition process, such a structure could not be rendered into acroscopy of the internal structure of feedstock powders was con-
equiaxed or equilibrium by simple thermal annealing analagousducted on the gas-atomized Acupowder 500 material by
to the sintering of a green powder compact. Annealing studies ofembedding a sample of the powder in an epoxy mount, then pol-
cold-sprayed compacts may give some indication of the qualityishing and etching with beta-copper etch (30 ml ammonium hy-
of interparticle boundaries and their ability to relax into more droxide [30% reagent grade], 12 ml hydrogen peroxide [3%
equilibrium-like microstructures. solution], and 30 ml distilled water) to reveal details of internal
grain boundaries. Powder specimens of the SCM direct reduction
copper were mounted similarly although not etched after polish-

3. Experimental Procedures ing, since the high degree of internal porosity in these particulates
was not amenable to use of the etchant. Similar optical microscopy
3.1 Materials was conducted on sections of both sprayed compacts to reveal

both interparticle and internal boundaries. Scanning electron mi-

Two widely different feedstock powders were used in this in- croscopy was conducted on feedstock particles and on fracture
vestigation. The intrinsic differences in starting materials are be-surfaces produced by bending notched millimeter thick pieces of
lieved to be largely responsible for the nature and properties ofthe compact until fracture occurred. Transmission electron mi-
the layers subsequently formed by cold spraying. Characteristicscroscopy of feedstock powders was conducted on specimens pre-
of these feedstock powders are summarized in Table 1. The firspared by mounting of particles in a polymeric media, sectioning
material studied was a copper powder produced by a direct reto produce a disk of diameter 3 mm with thickness gfr@5and
duction process, designated SCM- 500RL (SCM Metal Products,dimpling with both diamond and alumina media to a disk thick-
Inc., Research Triangle Park, NC). Typical particles of this ma- ness of 10 to 15 micrometers. Final ion thinning was conducted by
terial are shown in the scanning electron microscopy (SEM) Gatan, Inc. (Pleasanton, CA) using their precision ion polishing
micrograph of Fig. 1. The majority of these particles show highly system (PIPS) at low angles using 5 keV argon ions. Specimens
convoluted surfaces believed to be characteristic of the manneiof the sprayed layers were prepared for TEM by mechanically
in which the powders are generated. The higher observed oxygethinning sections, as illustrated in Fig. 4, to a thickness of 0.25
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Table 1 Comparison of properties for compacts produced from copper powders by cold gas-dynamic spraying

)
. 1)
Material Q
Direct Py
reduction Gas-atomized Reference 9]
(SCM-500RL) (Acupowder 500) Material Remarks CSD
Property S
Majority particle 8
Diameter rangeym) 10-20 9-25 N/A
Spray conditions
Pressure (MPa) 20-24 20-24
Gas temperaturéQ) 315 315
Stand off distance (mm) 25 25
Nozzle dimensions (mm) 210 2x10 o S
Oxygen content (wt.%) . . 0.029 C11100 ETP copper
Specified as loss
on H, anneal 0.20 0.25
As-received
powder (measured) 0.77 0.29 0.10 Starting poviier
Compact (measured) 0.82 0.27 0.10 Cold-spray copper coffipact
Room temperature
Young's modulus (GPa) N/A 1089 126 (OFHC coppe#y!
ce S 25-37 Vacuum plasma spray copger
Microhardness (Knoop) 14010 160+ 8 64+7 C-11100 ETP copper
o o 102 Cold-spray copper-Vickers hardiiéss
o 81 Copper reference-Vickers hardfiéss
52+ 6 e Vacuum-annealed compact, 8@ 6 h
Maximum coating
compressive stress (MPa) 60 120 e
Electrical resistivity ce 24 17 Pure coppér
(LQ-cm) o o >10E+ 11 Cold-spray compaét!
6 Twin-wire arc sprésf!
5.45 Plasma-arc spfgy

Electron Optics Ltd., Tokyo) with a LINK (Oxford Instruments,
Concord, MA) AN 10000 microanalysis system.

Mechanical Properties.The composite residual stress in the
coating layers and substrate was determined using the modifie
layer removal technique developed by Grewehgl*3 For these
determinations, the as-deposited layers were mechanically grou
to produce a planar surface, free of any waviness associated wi
irregularities of the deposition and having a final thickness of ap
proximately 2 mm. The residual stress distribution as a function o
depth from the planarized outer surface was measured for four se
arate specimen pieces of approximatelyx2%5 cm taken from
each of the two different cold-sprayed coupons. The precise effe(
of this mechanical working of the deposit layer on the composite
residual stress measurement in this particular instance is unknow
although abrasive layer removal is believed to be detrimental t¢
the accuracy of the technigWeA measurement of residual stress
versus depth for the SCM-500 material using this method was prg
Fig. 1 Scanning electron micrograph of as-received, direct-reduction Viously reported in Ref 11, where a net compressive stress on t
copper powder order of 33 MPa was observed in the coating layer. Measureme

of Young’s modulus of the Acupowder 500 compact was per-
mm, punching 3 mm diameter discs and polishing with SiC abra-formed using the composite cantilever method of Ry!aitél ']
sives of 600 and 1000 grit to a thickness ofufth These discs  While the calculation of residual stress by the layer removal
were subsequently thinned by dimpling with a Gatan 656 preci- method is dominated by the Young’'s modulus of the substrate,
sion dimple grinder and cubic boron nitride abrasive to a thicknessmeasure of Young's modulus for the coating can give some indi
of 20 um, and then thinned to electron transparency using thecation of the mechanical integrity of the deposited layer compare(
Gatan PIPS at°4ilt with argon ions at 5 keV, with final bom-  to the bulk material. Microhardness measurements of the two typg
bardment of 1.7 keV for 15 min. The SCM copper samples wereof deposits were determined for ten separate areas on the cross
generally brittle and were often broken during sample preparation.tion of the deposit using a Knoop indenter at 100 g load in orde
Samples were examined in a JEOL 2000FX transmission electrorto give an indication of the extent of cold work developed by the
microscope/scanning transmission electron microscope (Japaimpact process relative to annealed or wrought copper referencel

Journal of Thermal Spray Technology Volume 9(1) March 2606



8
S
2
>
QO
\g
L.
5]
)
Q.

NOZZILE

1 mmistep

Fig. 4 Sample and nozzle configuration for these experiment

to a smooth surface finish using 600 grit paper and alundum
= slurry. The specimen was approximately 2 x 30 mm. There
GRAIN/ISURFACE INTERSECTION was not a sufficiently large sample of the SCM material for a
: comparative measurement.

Annealing Studies.Experiments to test the mobility of in-
terparticle boundaries were conducted on small rods approxi-
mately 1x 1 x 10 mm, excised from the deposit layer by electrical
discharge machining. A rod sample was placed in a miniature tube
furnace and held under vacuum of at leask1.32 Pa (10° torr)
at various temperatures ranging from approximately 650 to
850 °C and time periods of from 1 to 24 h. Cross-sectional
pieces were then cut from the rod specimens for metallographic
examination and comparison to the as-sprayed compact.

o [l

4. Results and Discussion

(b) 4.1 Microscopy

Fig.2 (a) Scanning electron micrograph of as-received, gas-atomized = Feedstock PowdersThe surface appearances of the as-
copper powder particlesb) Higher magnification SEM photograph of  recejved particles of the SCM-500 RL (direct reduction) and
gas-atomized copper particles showing surface grain intersections Acupowder 500 (gas atomized) feedstock powders are com-
Enclosure pared in the SEM photos of Fig. 1 and 2 (a and b), respectively.
As expected, the powder particles produced by direct reduction
Feoder. show highly convoluted surfaces, while the gas-atomized parti-
T Supersonic cles are generally more spherical as may be expected, although
Powder |~ — discrete internal grain boundaries may be seen intersecting the
O T/ ' surfaces of the particles. Fig. 5(a) shows an optical micrograph
of the unetched cross-sectional structure of a particle of the direct-
] Coating reduction material, illustrating the extent of internal porosity and
T Substrate voiding. Figure 5(b) shows a particle of this material seen by
TEM showing both internal grain structure of the particle and a
gfgh Pressure layer of surface oxidation with thickness on the order of 50 nm.
The surface oxide layer on the direct-reduction particles was
Fig.3 Schematic representation of the cold gas-dynamic spray procesfound to consist of discrete crystallites of,Ouconfirmed by
electron diffraction. The higher oxygen content in the starting
Electrical Resistivity. The electrical resistivity of the  powder (Table 1) of the direct-reduction material is thus under-
cold-sprayed Acupowder 500 specimen was measured using atandable in terms of the convoluted structure of the particles and
precision electrometer and current supply on a rectangular parobservable oxide layer, as seen by TEM. The pre-existing oxide
allelepiped of material excised from the larger deposit by elec- layers found on surfaces of the direct-reduction powder particles
trical discharge machining, and then polished metallographically are ultimately incorporated into the compact produced by cold

— Heater
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Acuporadar Copper Parliche

(b) (d)

Fig. 5 (a) Optical micrograph of polished cross section of direct-reduction copper particles showing internal stojdttamsgnission electron mi-
crograph of direct-reduction copper particle showing surface oxide lay@pfical micrograph of polished and etched cross section of as-receive(
gas-atomized copper powder particles revealing internal grain strudjufeaiismission electron micrograph of as-received, gas-atomized copper po
der particle showing internal subgrain structure and intrinsic dislocation structure

spraying. In the optical micrograph of Fig. 5(c), the internal Deposit Layers.A cross-sectional optical micrograph of
grain structure of the gas-atomized copper may be seen with visthe layer produced from the direct-reduction copper powder ig
ible grains on the order of several micrometers in dimension. Ashown in Fig. 6(a), where the plane of the section is perpen
transmission electron micrograph of a particle of the gasikadm  dicular to the target coupon surface. At this magnification, the
powder is shown in Fig. 5(d), where subgrains with dimensionstrapped oxide particles are not discernible. Transmission eleg
less than a micrometer are revealed, along with internal dislocatron microscopy of the direct-reduction copper powder compac
tion networks, presumed to be characteristic of the solidified is typified by Fig. 7, where the extent of oxide particle retention
powder. No detectable surface oxides were observed in thecan be seen in the form of rows of trapped oxide particles de|
gas-atomized powder sample thinned for TEM. The generallineating former surfaces on the feedstock particles. Since th
absence of discernible oxides in the gas-atomized powder ifeedstock particles appeared to have relatively uniform oxidg
believed to permit development of compacts with little or no layers on their highly convoluted surfaces, the final deposif
copper oxide film or particles at the interparticle boundaries. layer simply incorporated these surfaces, the interleaving bul

Journal of Thermal Spray Technology Volume 9(1) March 2800
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[ e 5 I
() LSEM Coppar Powder Laye F il 201 rm
W e i H Fig. 7 Transmission electron micrograph of a compact formed from

direct-reduction copper particles exhibiting arrays of entrained copper
oxide particulates at internal boundaries

bes formed from the direct-reduction copper powder. A transmission

:'r.g;" electron micrograph of the gas-atomized copper compact is
F 4 shown in Fig. 10, where a linear array of voids, interpreted to be
b - the remnant of an interparticle boundary, is marked. The subpar-
g b ‘-:.. g ticle structure of the layer shows a cellular structure, reminiscent
T b e - p e of worked metals, wherein the smallest cellular regions are on the

'
1]
5

___,'_"' T :“fi&-. 'ﬁ.:_"'.';l‘" ' 2 A order of hundreds of nanometers in extent with relatively feature-
- e less interiors. The microstructure appears to be dense and gener
ally free of discernible oxide particle inclusions. There was no
immediate means for distinguishing interparticle boundaries in the
layer other than to seek relatively linear features with discontinu-
ous subgrains or strings of voids. The quality of these interparti-
cle boundaries is critical since such interfaces may chemically
“pin” recrystallization or grain growth, thus limiting post deposi-
Fig.6 (a) Optical micrograph of a cross section of the cold-spray com tion annealing and microstructural refinements that may be re-
pe?ct of direcEreduction gopger powder cut perpendicular to t?le gprayedqu'red to improve electrical and thermal behavior of copper. This

surface. §) Micrograph of similar cross section following vacuum aspect is treated in the discussion of annealing studies.
anneal for 6 h at 720C

4.2 Mechanical Properties

material being flattened during the compaction process. Grain  Table 1 summarizes mechanical property data for the com-
regions adjacent to the incorporated oxide particle arrays ancpacted copper materials as determined by microhardness, Young's
strings appear to be recrystallized and relatively free of dislo- modulus, and through-coating residual stress distribution. Micro-
cation arrays. Fractographs of a specimen of the as-compactechardness of both the direct-reduction copper compact and gas-
direct-reduction copper, shown in Fig. 8, suggest a pseudoatomized compact was greater than the reference material (C11100
grain structure defined by apparently fractured interparticle ETP copper strip) by a factor of several timeg(140 to 160 ver-
boundaries. The entrained oxide particle arrays, visible by TEM sus 64 Knoop-HK). Other researctiérshowed a compact hard-
(Fig. 7), are not discernible on the fracture surface as observewmess of 102 (Vickers- HV) versus 81 for the reference material.
by SEM. Particulate debris appearing on the fracture surfacesThese results suggest that at least a portion of the cold work in-
at higher magnification (Fig. 8(b)), however, is believed to be troduced during the spray process is retained in the coating.
deformed copper from the smallest subparticles of the feed-Room-temperature Young’'s modulus of the as-sprayed, gas-at-
stock particle, delineated by thing0 nm) oxide skins, as were omized copper compact was measured to bet19&Pa in
revealed by TEM. comparison to the handbook value of 126 GPa. Measurement

An optical micrograph of the polished cross section of a depositof Young’s modulus of vacuum plasma-deposited copper by
formed from the gas-atomized copper powder is shown i E&y. Montavonet all*® showed a range of from 25 to 37 GPa, de-
and is generally indistinguishable at this magnification from that pending on the level of porosity in the material. Rybétlal 6]
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FLATTENED GEJPF"E
SUB-PARTICLE

(b)

Fig. 8 (a) SEM image of fracture surface of cold-spray compact pro-

duced from direct-reduction copper powde) Higher magnification Fig. 9 (a) Optical micrograph of a copper compact formed by cold
image showing smallest isolated subregions of the starting particulate agas-dynamic spray of gas-atomized Acupowder 500 copper powde
flakes (b) Gas-atomized copper compact after annealing in vacuum 46650

for 24 h

reported significantly lower Young’s moduli for conventional
(e.g.,wire arc, plasma) thermal spray deposits for a variety of 33 MPa extending through the majority of the layer thickness
materials than their bulk counterparts. In this regard, cold gas-with a maximum compressive stress of approximately 60 MPe
dynamic spraying of the gas-atomized copper powder producecnear the substrate interface. In the case of the gas-atomized cg
surprisingly high values of Young’s modulus of nearly 85% of per compact, the interfacial compressive region extended into th
the bulk value. Other cold-spray experiméfitsn deposition of coating to a greater extent with a maximum compressive stress a|
low-carbon steel have shown Young’s modulus values in thejacent to the interface of approximately 120 MPa. The coating ex
range of 82 to 88% of that reported for the bulk material using hibited a near-neutral stress through its central portion, reachin
the same measurement technique. tensile stresses in the range of 60 to 80 MPa near the outer surfa
The through-coating residual stress distributions for the two Residual stress measurements in a variety of thermal-spray coa
copper materials are compared in Fig. 11, where the data point inings using the modified layer removal metffbdhdicate a ten-
dicates the average for the four coupons measured and the errdency for tensile residual stresses, particularly in coatings mad
bars indicate the estimated standard deviation. The deposit layeby plasma- or wire-arc processes. Coatings produced by high ve
produced from direct-reduction copper showed a characteristiclocity processes, such as detonation gun or HYOF, may result i
compressive region in the surface of the substrate, as is often asresidual compressive stresses in the deposited layers. In this r
sociated with the grit blast preparation process, and net compresgard, cold gas-dynamic spraying produces deposits with intrinsi
sive stress in the coating at an average value of approximatelstress state similar to those of other high velocity processes.

Journal of Thermal Spray Technology Volume 9(1) March 2600
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4.3 Electrical Resistivity the final deposit indicated geradly high porosity and a poor
quality of the particle deformation, which is apparently needed to

The room-temperature electrical resistivity of the gas- effect breakup of any surface oxide skins and develop metal/
atonized copper powder deposit was measured to be approXi-metal contact of the feedstock particles.

mately 2.4uQ cm. The handbook value for pure, oxygen-free
copper is 1.uQ cm 8l In another experimental determination
of resistivity for acopper compact formed by cold gas-dynamic

sprayingOhmanf#® measured a resistivity of >1@ cm for a It was believed that the ability to thermally alter the micro-

coating made from_a feedstock material containing 0.21% OXY- gtrcture of the as-sprayed copper deposits through processes of
gen. More conventional thermal-spray proceseds plasma-  recrystallization and grain growth would effectively permit an
arc and twin wire-arc) yielded resistivities of 5.45 and @@5  55sessment of the quality of the interparticle interfaces insofar
cm, respectively. The present work indicates a more favorable,s their role in either preventing or allowing grain-boundary
outcome for the electrical resisitivity of the cold gas-dynami- migration during annealing of the as-sprayed deposits.

cally sprayed copper than that measured by Ohmann, suggesting |, the case of the direct-reduction copper compacts, oxide
that starting materials and deposition conditions may be criti- gecoration of interparticle boundaries effectively limited the
cally important for optimizing electrical conductivity. While the ability of the structure to adopt an equiaxed grain structure after
stal_rting powder used for Ohman’s specimens cor_1tained 'es%nnealing to a temperature as high as“T2r a period of 6 h.
residual oxygen than the powders used here, a micrograph ofg g(p) illustrates the postanneal microstructure of the direct-

reduction copper compact showing effectively a similar ap-
pearance to the as-sprayed microstructure. Examination of a
polished cross section of this compact following vacuum an-
nealing (Fig. 12) shows coalescence of thgQQuhase into par-
ticulates of approximately gm. Arrays of these copper oxide
particles appear to effectively pin the grain structure, which
evolves on annealing from the sprayed compact.

In contrast to the annealing behavior of the deposit formed
from direct-reduction copper powder, the gas-atomized copper
compact exhibited grain growth apparently uninhibited by oxide
particles entrained in the as-sprayed structure. Fig. 9(a) and (b)
compare the as-sprayed and annealed microstructures of the
gas-atomized copper deposit following a 24 h vacuum anneal
at 650°C. Attempts to anneal at higher temperatures did appear
to evoke increased porosity in the structure, although the mech-
anism is not understood. Similarly, an attempt to anneal the
gas-atomized copper compact under hydrogen gas to assist in
reduction of remnant oxides instead seemed to promote poros-
ity and internal voiding, perhaps due to water formation or gas

trapping.

4.4 Annealing Studies

Fig. 10 Transmission electron micrograph of copper compact formed
by cold gas-dynamic spraying of gas-atomized copper powder

Copper on Copper

Coating / Substrate
160 1 |ngterface —Q— Gas Atomized Cu

- - 1} - - Direct Reduction Cu

80 T

Residual Stress (MPa)

-160 T |

240 &

t t
0.5 1.0 1.5 2.0 25 3.0
Fraction of Coating Thickness

Fig. 11 Comparison of through-thickness residual stress distribu- Fig. 12 Scanning electron micrograph of a polished cross section of
tions measured by the modified layer-removal technique for compactsvacuum annealed direct-reduction copper-powder compact revealing
produced from gas atomized and direct-reduction copper powders coalesced GO particles at copper grain boundaries
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Annealing of the gas-atomized copper deposit for 8 hat@G00 more complete materials processing schemes based on t
under vacuum resulted in a change in fracture mode as well atechnology.
recrystallization and grain growth. Figure 13(a) illustrates a typ-
ical fracture of the as-sprayed, gas-atomized copper showing &5 Summary
“granular” appearance suggestive of fracture paths associatet
with the interparticle boundaries of the compact. Figure 13(b)  Copper deposit layers produced by the cold gas-dynamic spra
shows a fracture surface of the compact after théC@hneal,  method using two feedstock powders with different morphologies
where the mode is now seen to be ductile, as evidenced by thand oxide contents showed microstructures that reflected the qua
void coalescence. Remnant particles (unidentified composition)ity of the starting materials, as might be expected in such a cold
may be seen in some of the void “pockets,” as is typical of frac- compaction process. For example, surface oxide films formed o
ture in a ductile material with a dispersed harder phase. The anthe highly convoluted surfaces of a direct-reduction copper pow
nealing studies, while very rudimentary, show that the higher der become incorporated in the cold-sprayed compact. The prid
purity, gas-atomized copper powder compact can undergo somsurface oxides, now entrained as “interparticle” boundaries
level of microstructural refinement and recrystallization, thereby thwart such refinement processes as grain growth. With a highg
relieving much of the internal disruption developed during the purity, gas-atomized copper feedstock powder, the sprayed d¢
cold compaction process. The ability to conduct such secondaryposit exhibited Young’s modulus and electrical conductivity that
processes in cold-spray compacts may be useful in developingwere more bulklike than values reported in the literature for cop
per coatings produced using more traditional thermal-spra
processes such as plasma- or wire-arc spraying, which involve lig
uefaction of the feedstock. The ability to anneal and refine the as
sprayed microstructure for a low-oxide, copper feedstock in thes
experiments suggests that such cold-spray deposition of othg
high-purity metals and composites may be only an initial step i
developing coatings and free-standing structures of improve(
metallurgical and physical properties, in comparison to thosd
achieved using more traditional thermal-spray processing.
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