METHOD QF FORM NG METAL FQAMS BY COLD SPRAY TECHNI QUE
FI ELD OF THE | NVENTI ON [ 0001] The present invention
wo edoaexig o the field of form ng netallic foanBCT/UE2007/002590
nore particularly relates to an i nproved nethod for
metal foam synthesis. Still nore particularly, the
present invention relates to i nproved net hod of
formng netallic foanms on preexisting surfaces using
cold spray processing. BACKGROUND [ 0002] Foans and
ot her highly porous materials with a cellular
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f or mahays oeneienbd mmdadced:ds@dwr oeletial§ gdpsnswher e t he
starting materials are netal powders and where the

act ual . .
[0003] There are many ways to manufacture cellular metallic materials. Some

methods are similar to techniques used for foaming aqueouvs or polymer liquids,
whereas others are specially designed by taking advantage of characteristic
properties of metals such as their sintering activity or the fact that they can be
electrically deposited. The various methods can be classified according to the
state in which the metal is processed. The four ‘“‘families’’ of processes arc as
follows: (i) from liquid metal, (ii) from solid metal in powdered form, (iii) from

metal vapor or gaseous metallic compounds, and (iv) from a metal ion solution.

[0004] Power metallurgy is a method of forming conventional closed cell
foams where the starting materials are metal powders and where the actual
foaming takes place in the liquid state. The production process begins with the

mixing of metal powders, which can be made up of elementary metal powders,
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foam ng takes place in the liquid state. The

production process begins with the m xi ng of netal
w@oswdep218 whi ch can be nmade up of el enentary nmeCBIUS2007/002590

powder s, al | oy powders or netal powder blends in the

presence of a blow ng or foam ng agent. Afterwards the

mx is conpacted to yield a dense, sem -finished

product. In principle, the conpaction can be done by

any technique that ensures that the blow ng agent is

enbedded into the netal matrix w thout any notable
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[0006] Figurc' 1 shows expansion curves of an aluminum/TiH, powder
compact when foamed at 750°C. The volume of the expanding foam is shown as
a function of time together along with some morphologies in various stages of
expansion (including the unexpanded precursor which is 9 mm in height and 32
mm in diameter). An expansion maximum is shown which corresponds {0 a
fairly uniform fbam morphology, after which the foam collapses. The depree of
maximum cxpansion, and therefore, the density of the solid metal foam, can be
controlled by adjusting the content of the blowing agent and several other

foaming parameters, such as temperature and heating rates.
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maxi mum expansi on, and therefore, the density of the

solid netal foam can be controlled by adjusting the
waeonrepi21of the bl owi ng agent and several ot hepcT/oszong2590

paranmeters, such as tenperature and healing

rates. [ 0007] The method is not restricted to al um num

and its alloys. Tin, zinc, brass, lead, gold and sone

other nmetals and alloys can al so be foamed by choosing

appropriate bl ow ng agents and process paraneters. The

nost conmon al |l oys for foam ng are pure al um num or
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coat iy lS’ch@JQ A8t W%'()QBSQ%’ and"AKSQH € 1aRG fﬂeﬁﬁeﬁllﬁu@&%cmuse of
partlc es a powder of a netal, alloy, polynmer or

nec h&eirdey mpﬁilx& poivs apd 8epd RBMANE PAYRATISH al | oy. The gas
and particles are formed into a supersonic jet having
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300 teeratroun ik, aMiBtyyidiselpses Theol egbs- d)slamhequyime@@té@i for

agai nst .an art.icle of .
Chor aByyigba prpe e ik Brafpe e IRLe By PSS e phuss)
U. S. oPabemnt, aNﬁy pﬁly?a%qrgﬁﬁhmaalmlkmm ofle lettalailnd an h]éQ’YEI Ihe
i ncor ora reference e d e
an aﬁ%h?% H?“f v 2B gﬁmafﬁﬁbg&péﬁﬁ ﬂfé& Exmﬁ 5%&5&§ﬁ§

COTT’plbblﬁidegle b):loWHﬁfilSmé @mptreec ai ghiaJOp@ijemcrml and ¢ gelocity

cont a t p ne
bl ow® h8’°’5 ﬂ'fl Joﬁ% 9\%’%? 2 oP‘?ﬁec ( %Q?reésﬁs gﬁecpc?%galgsﬁng
a conrpRit otbodyetdlr aitoyt rediplestg rtherebyt coating ghedarfidy withaths
for heating the conpact body to a tenperature equal to

or aB¥UEt he breakdown terperature of the bl ow ng
agent. The col d-gas spray apparatus can be used to

f or mggesjalu.s. Patent No. 6,408,928 to Heinrich et al., herein incorporated by
reference in its entirety, discloses an apparatus for producing expandable metal,
comprising (1) means for feeding a powder mixture containing at least onc metal
powder and at least one blowing agent in powder form; (2) means for producing
a compact body from the powder mixture; and (3) means for heating the
compact body to a temperature equal to or above the- breakdown temperature of
the blowing agent. The cold-gas spray apparatus can bc used to form metal

foams obtained from the foamable metal bodies.

[0010] U.S. Patent No. 6,464,933 to Popoola et al., herein incorporated by
reference in its entirety, discloses a method of fabricating a foamed metal

structure using a supply of metal particles. The method comprises the steps of
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foans obtained fromthe foamable netal bodies. [0010]
U S. Patent No. 6,464,933 to Popoola et al., herein

wo paonpi@at ed by reference in its entirety, di BCI/OSB®7/602590
nmet hod of fabricating a foatred netal structure using a
supply of netal particles. The nmethod conprises the
steps of(a) introducing a supply of powder netal
particles and foam ng agent particles into a
propellant gas to forma gas/particle mxture; (b)
proj ecting I he mxture at or above a critical velocity

kn%aﬁcmgqmusplyef 'ae,ymsmt;szrtmmmardammgsagmmmames

to create a deposit o pressur e: cogg ct ed

part intol acRyoREYRRt 3psﬁp ﬁ(g-nxtalﬁgs 3(’88‘“1" plrlfacctm% h mxxtur at

(c) &L%%b\%q driidalatiokiBasttar lekie scnateiddity oo smednsublmrmauce
to a ermal excursion effectiv to activate %ng ann
ll € ‘admix

of tbreatg ealmqﬁ'g ob BEHHICHAMPICE SR RATHEY HEATEE

part bGhfg g@r{t Rdag) sbjed@ic0atmadsi M8 damihgront fail subfttateeroce
of the exp

ndi ng gases. [0011] A nee sts for
i mpr @vwl FERHEG ﬁtf%“f"ér‘?na‘éf“’ﬁ%tc panpign Pgé{ﬁﬁ%{w & %¥He WHile
pom?d’ﬁeﬁ‘iﬁé ﬁle'rﬁ’eﬁaﬂ)ﬁaﬁ&l@pﬁ)r Plastitl d¢fofgat A indo Wipaiolucore efrtbe
elimnated. A need also exists for a nethod to forma
sur f expendinpgasesof a netal lic foam structure on
preexi sting surfaces. SUMVARY OF THE | NVENTI ON (0012]
I't h egn_ di dithetiod (D @S DPhBallio féaar Whate
I ayeﬂ’%bx? Z\neei’ %ﬁlé’?&f% ont o ean exi sting struct ure
Wi t hih lpewdks enctilluigp Is@pmf mayms sadheemgasiop arecrlipgeiet:
layer onto fhe s & Aﬁ%%é?dlmgf 58 strit@urc on
pr es&ft e’iﬂsiqss}co 8?&%@?‘%@@ \?Jggatqagi%us met hod of for mi ng
a nmepatilijtiog fwfmsl ayer on a substrate surface, which
i ncludes the steps of providing a substrate for
coating of a nmetall] cold spraying a m xture of
nmet aMM ng agent onto the substrate
to f WO[ﬂ#a 15hHe Bbdnadiovoalt teal iwis tphssébie torfexvpa teterdofrremetpllis ¢
! aye?oam (?n?orrz]mhg?sttmé gt?u%gulrcn gnh hg ug’euo co{d preay %%ﬁl]i S&é thE[n)sn

the layer onto the substrate.

[0013] According to the present disclosure, an advantageous method of
forming a metallic foam layer on a substrate surface, which includes the steps of
providing a substrate for coating of a metallic foam; cold spraying a mixture of
metal particles and a foaming agent onto the substrate to form a substrate coated
with an unexpanded metallic layer; foam heat treating the substrate coated with
an uncxpanded metallic layer at a temperature above the decomposition
temperature of the foaming agent for a time sufficient to form a heated substrate
coated with an cxpanded metal foam layer; and cooling the hcated substrate
coated with an expanded metal foam layer to about ambient temperature to form

a cooled substrate coated with an expanded metal foam layer.
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an unexpanded netallic |ayer at a tenperature above

t he deconposition tenperature of the foam ng agent for
wa@2do7oe22stif ficient to forma heated substrate POBUSI0T/002590

wi th an expanded netal foam|ayer; and cooling the

heat ed substrate coated with an expanded netal foam

| ayer to about anbient tenperature to forma cool ed

substrate coated with an expanded netal foam

| ayer.007/002590 [0014J L further aspect of the

present disclosure relates to an advant ageous mnet hod

of f | N talchi & hoamsdnd¥REloRrt @laksl o ki advantageous
surf@[)m \%h@ﬁ]@iaﬁ%l udes ? "

\ | he steps of E)ro?/idin‘a |
f er r mebodseffotmig @meieHic et iy 0B e SBDSHE Aif1oFE “ﬁ’g’gr‘r‘?c W8 d
SPI 2% S Relidth a Wrrdu StRMRe RRlchdrink 85 a &bl fomrantony

agen CS%PSO e substrate to forma ferrous substrate
coat geayhigtamiatereurfdorpanprstclisand a framingagent opig i sHlpte

treating Lhe fernous. st ahQneeaided itdub 158 foam heal
uncxpafded Terrous | ayer at a tenperature ,abov?aryt he

deconmpuisg thicoferrbenpbstestay patedf with an peRxRIe SgeHt 98 2a°

ti netegl%grfa(itu ei Habe I & n?oﬁti@\eétnﬁgatﬁﬁrdf QRS foambg tagatt gor a
coat €d "W an expanded ferrous foamla

r..and
cool iimg stffieichtc@t forn fachaatsd Sesqyp SEpsyple ceﬂg‘fé"d'hvﬁ"t rgded
eXpagdeds oam’ lg)uc?, I\rgiamoli@ F’A@ HeRef BPldlis SUBRkRNoated with an
or

tempefature to m a cool ed ferrous substrafte coat e
Wi t hegnndi fempie dodelayerue 2bewaMbieyecmPFBTESP RFAErGYE
advant ages, &, thsnddMand 8 eanUsyeret hod of

for m?WﬁgsawPrsé%%:é})%l%J\P@ggr% |§d§’er on a substrate surface
di scl osed herein and the uses/applications therefore.
[ 001 Gdo1dfomuameaiphdvanthges essanfrbranthe adwntsgiave mediod pl foFaing

present djsc]osure, the diseclos fred G @ Oha
met a2l MgteRig g 'I“a[?éér 8h % 8% r%t?rsz] g&gggﬁgsgg ?Jefrr ovides.

for cekhgmsaions leefld ng resistance, thermal nanagenent
and nechani cal and acoustic danpi ng resistance. [0017]

::linsgll‘&gﬁrﬁ E?%I 9%%@%&&%5!?8%%%%&@ ]:)f 61'9 Sre?ern?&?aésure, the

disclosed method of forming a metallic foam layer on a substrate surface

provides for collapse / buckling resistance, thermal management and mechanical

and acoustic damping resistance.

(0017} In a further exemplary embodiment of the present disclosure, the
disclosed method of forming a metallic foam layer on a substrate surface permits
for the use of metal foams in the oil, gas, and chemical industry by being an
integral part of exploration, ref'mi.ng and chemical process equipment. More
particularly, the exploration, refining and chemical process equipment includes,

but is not limited to, casings, pipelines, transfer lines and other flow lines.
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di scl osed nethod of formng a netallic foam|ayer on a
substrate surface permts for the use of netal foans

WO pooioe2208 | , gas, and chemi cal industry by bei POI/Es2007/002590
integral part of exploratioh, refining and chem ca
process equi pnment. More particularly, the exploration,
refining and chem cal process equi pnent includes, but
is not limted to, casings, pipelines, transfer |ines
and other flow lines.7 002590 [0018] In a further
exenplary enbodinent of the present disclosure, the

di scl @?ﬁ e ePfxd tr@fag] REb&iAEE fl the pram dl:&}b&l‘re othe a
subsé e surface i s

one a cold sp R@ tec | que.
[0019]scmeesremndf®megaa@%lﬁtf@gblgyefﬁ%af PERde YRgee s A°
attrlbut discl osed nethod of formng a
netaIVaCO?o%EX%gﬁé on a substrate surface of the
present disclosure and their advantageous a%pllcatlons
and/ Qo191 EEhes 4rld cbﬁa‘erammtagﬂt fdatugan anA eattejitesi pleige disclosed

description which fol Bn
conj dﬁ‘f-’é’tqddﬁ fopming "t’ﬁ‘%mlf'f‘ g%}negaeaﬁh (eénué élj %espgfcg oﬁ"gr%fbééé t
DESCF&hsElBk@\br@Ehevamgmmlnpﬂmwndfﬁousasmﬂs&e appasi freyp

ordinary skill in th vant ar ki Hsiong
the dbfbjeaied derrjon gy F’ﬁov?'sef afEbtan wERK IR0 i 8l

appe%@ﬂh@ﬁ@‘fés@ﬁ&ndw'me&fbl n: (0021] Figure 1 depicts a

graphi cal representation of the expansi on behavi or or

al um num Ti H 2 conpact s mhen foaped at 7500C using the

priorB SGRETTIONOF] INE WetH8d. | 0022] Figure ' 2

depl OlanTA !ssgxgllslﬁés@'bf Ur@m&? Eﬁiﬂﬁﬁ the r@évahihuer ip mkmg snd using
co

sche tic of usi ng spray roces
i ncortp@wgteet m?@plé}erqog rq:fggm:g lsé%adfjé?rt ng c? dr. fxwmés, wherein:

structural conponents. [0023] Figure 3 depicts an

] Uf},},%fe ¥EuRNEHBE L GraBhich RprGhlof BF B cxpliBRASShavior o

tech I'ic foanms of the. instant
i nvendliminum/TiH, compacts when foamed at 750 °C using the prior art powder

metallurgy method.

[0022] Figure 2 depicts an illustrative schematic of the process schematic of

using the cold spray process to incorporate metallic foams as part of existing

structural components.

(0023] Figure 3 depicts an illustrative schematic of the cold spray process

technique used to form metallic foams of the instant invention.

[0024] Figure 4 depicts an illustrative photograph of the top view of an

aluminum substrate with an Al-2% TiH, coating.

[0025] Figure 5 depicts illustrative graphs of consolidation and foaming

thermal cycles.
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[0024] Figure 4 depicts an illustrative photograph of
the top view of an al um num substrate with an Al -2%
wanedz/oenat i ng. [ 0025J Figure 5 depicts ill ustrptT/ng2007/002590
graphs of consolidation and? f oam ng ther nal
cycl es. | 0026] Figure 6 depicts illustrative
phot ographs of an Al-2% Till 2 coated sanple prior to
and after heat treatnment. | 0027] Figure 7 depicts
illustrative optical mcrographs of the Al -2%Ti H2 of
Sanpl e 1 at three different magnification |levels (10x,
100y % )6 adpR2 Blbsthatigd pieoidgrdphs af ain |AL2SE e, soeted
scan |n eI ectron_m crograph of an unexpanded Al -2% Ti
H colsan ?)Pfayéwnééﬁﬁré’aa‘éfé‘ﬁ‘ﬁg% taken near the interface
of the coaling at 250X magnification. [0029] Figure 9
IS anQ il k8 Srogmaphf
of ar gﬂefb‘a s L}djt Iﬂ?‘g g&?@%w ggglgllrogrgg{sq,goat ed sarrgl e
t akerSamplar] bihiret difforitamgniftationlsvaodPx §0% enHeR-
magni fication. [0030] Figure 10 |s an illustrative
scanni ng el ectr n m cr, h of ekl f
exparh‘&’%g Aigwrs, & B ‘ﬂg{,ﬁf&? ayed oa@%@ﬁs&% eapgsgﬁgre
#1) @hex%ﬁ??éemgﬂ%fm eiawm@pra)[e@em sEinpje faenirieay e alr?rface of
illustrative scanning el ectron m crograph of a
cr osé@é@i“f“@ﬁ‘%ﬁpxa{?f’gég‘ﬁ%{%ed Al -2% Ti H2 col d- sprayed
coated sanple (sanple #1) at 20X magnification. [0032]

Fi gu é‘z Ii'n @y ksl Addier ﬂtukt\/a%vesGéiﬂﬂhg'l@leethﬁCM‘cﬁfgraph of an
m cr a crosssection of an ex?1 nded -2% Ti

Col dmpranied Aba% GH: Iy ey soplipisampla fRkep neaipe interface o
magni f C%gtwgcgpwo&qp‘;’gg]ﬁcg;ogure 13 is an illustrative

scanning e tron mcrograph of a crosssection of an
expanded Al -2% Ti H2 col d-sprayed coated sanpl e g ampl e

1) at[0030] Figure 10 is an illustrative scanning electron micrograph of a cross-

section of an expanded A1-2% TiH, cold-sprayed coated sample (sample #1) at

10X magnification.

[0031] Figere 11 is an illustrative scanning electron micrograph of a cross-

section of an expanded Al-2% TiH, cold-sprayed coated sample (sample #1) at

20X magnification.

(0032] Figure 12 is an illustrative scanning electron micrograph of a cross-

section of an expanded Al-2% TiH; cold-sprayed coated sample (sample #1) at

50X magnification.

[0033] Figure 13 is an illustrative scanning electron micrograph of a cross-
scction of an expanded Al-2% TiH, cold-sprayed coated sample (sample #1) at

100X magnification.
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| OOX magni fication.[0034] Figure 14 is an illustrative
scanni ng el ectron m crograph of a crosssection of an
wez@anaxads Al - 2% Ti H2 col d- sprayed coat ed sanpl eCl/s8ropt/€02590
#1) at 500X magnification. §0035J Figure 15 is an
illustrative scanning electron m crograph of a
crosssection of an expanded Al -2% TiH 2 col d-sprayed
coated sanple (sanple #1) at 1 0O0OOX magni fication
DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0036] The
present invention relates to a nmethod of formng a
met al b4 b fﬁgﬁpel RS an MsRate REdnhink @lediin| MRgrapfrofaicrdss
defi léd ‘as uni form di spersion of a gseous ha g 'q
ei t hesect@n lof gruixppamsied A1-3%1 Till: coltreprayied) @‘Pf’g€ gasP FﬁJ@F‘Béi 6#1%
are s r rom each other by portions of the
Iiquf@egp%ggﬁﬁ%ggrespectiver. Thus, the cells nmay be
entirely enclosed by the liquid or solid and are not
i Nt erjeoBNeEize@, 15nkiaa hillisgativefseamniag elegirapsmigrqeraph € 2 &1
foam Alternative]y, ereel lis LheleY1) at
encl oS8 Y 2 ﬁ’g)a'i“{% llj”ll'gt)"o{lﬁé (L)+l(|§ éf;@)r% @g}rtegbs%m%@t(é rpte)
i nt er mooeagetcativhi ch is referred to as a open cel
foam The term"foant in its original sense was
reserved for a dispersion of gas hubbles in a liquid.
PET: RAESGRIETION QI Lk, | ever, can be
PresepyRf Bie prlehd iRentibirelated W 8 nitoll df forminghusetallic foam
obtaining what is called a ﬂsplip foan1"."NbH§%Qﬁ%Ofa
f oanstayeson agwhwing Byfaceef EPIB S 1dgined 23 8 YrHOTL SR Ph e
i qui o apet 3hdsk Gn TN d Hqui@be hYsoRd S tTagasirigfeagas dodusias are
during the fabrication of the naﬁ.etial..?STolidti(/qan'fmIS
are aseppeied om cachOhsF bYpRLEons &F e AUl BTGP PER T Eq A

PE YNGEBdIESSS o A

cal

"cel |yl akys %Jydbg efirelyN ertidséd] Wy Cthe tiiRiIdToNisalidz abd cie @bt
surface energy only allows for cer%ghg f

oa .
mor phiolecsginested,t wichsis| EfaTedoiRAs APSE f‘ﬁaﬁs%‘éeﬁ""‘f"’ dhe

of 1t &k hghol bE QMRS eR@bskd by he NigSili of Sligdnd src ihecaacmed,
way n contrast, cellular solids are ng$wnecessari

rmdé Whiolnistréferradj tg ag #10RSH &elbfoayy dhe lgpm foam'' in its original sense

was reserved for a dispersion of gas bubbles in a liquid. The morphology of
such foams, however, can be preserved by letting the liquid solidify, thus
obtaining what is called a ‘‘solid foam.” “Metallic foams’’ are gencrally
referred to as solid foams. The liquid metallic foam is merely a stage that occurs
during the fabrication of the material. Solid foams are a special case of what is
morc commonly called a **cellular solid.”” As ina liquid, the minimization of
surface energy only allows for certain foam morphologies, the solid foam, which
is just an image of its liquid counterpart, is restricted in the same way. In
contrast, cellular solids are not necessarily made from the liquid state, and can
therefore have nearly any morphology, e.g. the typical open structure of sintered

powders. Ofien such porous structures arc also named *‘foams’’ although the
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t herefore have nearly any norphol ogy, e.g. the typical
open structure of sintered powders. Oten such porous
watoogobazies arc al so nanmed "foans" al though the¢EUS2007/002590
"sponge" is likely nore appropriate. Metallic foans
may have an open cell or closed cell type of
structure. J0O037] Although the current industry focus
for nmetal foans is to produce them as sel f-standing
foanms, they mght find nore use if they could be
i ncorporated or joined as part of existing structures.
In parhiGHlRE: 1§1§1Jeky%b%%§pr&prtah maétallit foamb osen hlaveyer gpen
may be utilized in the oil, gas, and chemical industry
by betlhey chesedical gf &f SUBAIE- of expl oration, refining and
chem cal process equipnent. Mre parti cuI arly, the
expl ?‘é Qﬂ(‘h{)&%%f ﬁﬂuﬂgﬁn@my%ms?&' md¥d] GEaf Ss ﬁqﬂidﬂmﬁmm

i ncl imted casi ngs

tr anas atf-stamdleg fams} testy meight find pyorejuproid the%‘%@?éﬁ“ﬁfpgﬁ}e or
but non [li t @kes WOR MaMlIQcCoss
of tI’]Oé"eidr?gP {]ﬁqﬁ\ﬁ/@%@gﬁ}%p In%gm% ﬁﬁilgl gelire 2. Fig

2 depdyeds snaly ibe uilnd aphe of, galepdsheming YDy Rgme an inte
net al | t QBtimédh eV mattichlgrly,
str uc?f”l{l ?9& P ]Oﬁ?on’ Eerf%& lét ﬁggitemncgl dl’l{&?oa grgon'pose ptﬁhé ’

f oamurhgexa@embn treﬁrpmg)d'u’c@cmﬁél Ig%ssp?ﬂ%)@e‘a‘n‘dc}%‘?ff"t Rt is; PR
matrix.t ok Girtsd 08 exempl
per f 6%‘3‘0 %/asm%ﬁ’ P‘P%‘égg trF&E% ll;ﬁ%rg%%mt Re siructural o
Cconp o limiting dmbogiacet, of dre tjal dermpyosereoARpiPgfit inygrion

| aser. teechno £ RBIhP IR G ERT
| ayerS SR &} hérgyet gggggsf e %e ?n%(;('{%ﬁrt?f dt;ﬁ)lais %oquu
need nietalibgy peunf peovesdr mitxturepne thy existing sspctyre fhsahsit feaine
to avoj d, premat ure §0arR0RREN th
and ‘og’s‘ik% 05?/%1} d'1 o}(qug ggglggg(f %gu%hﬁe %&%ﬁ;rt?c les or
deposmanxedtolfaajren Trrh@eamaun@pmw berrsefaged |b§ pyifing all or part
exenpl i C hd ERpSprlidtd O
Che ot seiltal TPpte i L REGAE S, ] 00 IpRSpd o
[ OOSSeJchﬁmbgj' s peanpnly $hede¢t@|rf€8cm PISCUBSOE BHeri ARy OWéfttﬁéaP%fhe
the deg@gel %582(1”8’ P Ferﬁﬂ%&r ix 100} SooY RFripBdires to avoid

subst™ spray s simlar to other thernal
SPr ayprematurely decomposing the foaming agent, and possibly avoid any oxidation

gra?

of the particles or deposited layer. The cold spray process is an exemplary, but

non limiting process, for depositing the powder metallurgy mixture onto the

substrate.

[0038] Cold spray is defined as a coating method for the deposition of powder
material onto various substrates. Cold spray is similar to other thermal spray
processes in that the acceleration of the particles during transport (0 the substrate
and the impact of the particles to the substrate are important. On the other hand,
cold spray differs from the standard thermal spray processes in that the heat

transfer from the process gas to the powder is of secondary importance. Using
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processes in that the acceleration of the particles
during transport to the substrate and the inpact of

wo b@7pea2tg cl es to the substrate are inportant.PrQUsiv87/002590
ot her hand, cold spray difflers fromthe standard
thermal spray processes in that the heat transfer from
the process gas to the powder is of secondary
i mportance. Usingcold spray processing, nmany netals
and sone conposites at or near roomtenperature in an
anbi ent air envi ronrrent may be used as a substrates

for d hfYalsl Sndasohfel doshpBlilé @t pr tﬂeeﬁsrsom
t hat g}aglq(?&e Spsﬁﬁ 1 |

changes in ralné‘{; e ?
Chemusrmcsnwmrn pha@b*eréowpwrwwt mpp e used % f St fr

deposlL o§m%n¥ pt&lg sﬂ)r)(v E% B1id-Q¥Ye PRLAS tHal genbrallyt dv@idochdanges in
addi £I'0Ra conpressive residual stres

Ther eradirs siad, smatfrnahph?mlSlfMe%ﬂ Phass FMPOHEONs y bl f"é‘l“é“gaaea ogjts
great l pY [1\‘?91,%&eﬂmﬁE&qu%o'iml%Bo%kﬁdWQddnloQJu) Sdc, Q‘i@ compresswe
exenpIPaT t ng

enbodi ment of t he
spr ayespiuaicsessesofﬂtetﬁels jakse rarimal egt@ie 9T SBE SY g”’%"’é’\%ﬁ” grrﬁaﬂy
Fi gur ducdnecc}fg SRk ¥ is based on the gasdynamic
accel&V&ti'on o particul ates to supersonic velocities
(300-1200 m sec), and hence high kinetic energies, so
t hat [sad)i cGr&teatrsplm,amt i loheifingrsmeboilionntaefdhe eid HFRY PERSESS

on | TRAClntd: RLOGHS S SRURE: FRRd méolifvggrm%a;em 8n the gas-

ber'ng signiificant Heated. This is
achi elyeshitisicalgradanyigrgentatesiospgsnic, vewemESa@Q(P 1HO2pEy,

hi gh pressure t o about Bm3i d}(pmj
and faf‘?)\»e’?cﬁt}éé‘ E“G fig Sy ° gﬁpm(ghrsfa?eg ggg&g such
hel | lmg,omdct;dr@ge‘ﬂpacaﬂaqbrdﬂlhcetdﬂn&esomhgsr\@dfom rw@e@mway
be pre-heated u ppLoxi mat el d
Fahr é‘ﬁﬁélsfg“tflfa’i‘t&c}?eétﬁg p{ vel®r? 5‘8 %c‘f]s 8 F<§¥clrge§t :
al so (@&l Sokdespigh predseresi@boo atsui HI9. psT‘bTeibS\p r3a5yMBé)tat“ flaw
range fro ut 0.1 9. aboyt Q3 1nd Bixt
0. Oggatgsq&prfo )d[rwt § é}é%ﬁt gdscstsgs Qelxpgﬁmé'g% e nep g(uurcs3
t o abhpditorS K@ Pdses Map Heoprd-hedidd/ by )o \apnrwlrm}ply dlzg@,giegypes
from about 250 nm (10 mi| er a epesi:t i Qi
ef fi diebgheds toofnCéeBéeU?hcyo a%cx PR I?e%tu@]%sg 48 Iif A :c:
deformation. The spray patiern may range from about 20 to about 60 mm
(0.031 to 0.093 sq in.) wide; spray rates may range from about 3 to about 5 kg/hr
(6.5 to 11 Ib/hr) with build-ups of from about 250 um (10 mils) per pass and

deposition efficiencies of about 70 wt %.

[0040] Bonding between the metallic foam and the substratc of the instant
invention by having sufficient energy to cause significant plastic deformation of
the particle and substrate. Under the high impact stresses and stains, interaction
of the particle and substrate surfaces may cause disruption of oxide films

promoting contact of chemically clean surfaces and high friction generating very
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[ 0040] Bondi ng between the netallic foam and the
substrate of the instant invention by having

wa ndoziogizesit energy to cause significant plastiBCT/US2007/002590
deformation of the particlatand substrate. Under the
hi gh i npact stresses and stains, interaction of the
particle and substrate surfaces may cause di sruption
of oxide filnms pronoting contact of chemcally clean
surfaces and high friction generating veryhigh
| ocal i zed heating pronoting bonding simlar to
frich éﬂnnoeamzwméﬂﬁg V;ﬁomingllmmné QOdiL} td Hectitinsel opdaive
nmet ho formng a netallic foam|ayer on a substrate
sur f a€Hingr ovi des for the ability to apply foaned
metal s to nunerous substrates. Substrate materials are

i m g(ﬁ)gld ’h% Iagél%se%%ho‘a% n}ﬂ’i‘nﬁr@%t rﬁ@lgh& RAmAGEH: B8 Sisvstrate

acti spray particles fromthe cold spra
pr oc esrface Sofidesofor fheiabibityelo aply fquged geifs| 1o “lé'f‘?fa‘é SPARET

than l?str%tg %a?eq ‘als Eéeiﬁmle@ﬁa’ hodR 84 At Rhsthd E}f&%ggreﬁtva Attion
|nven I on, but are not limted t

st ai rmfebssprg)t gem:clescﬁ’mpt.he tol¢ mgqyg:r%gepo)ﬁgft Oaff@h’F ﬁ%ratcs will
magn e?’old(lfI Mindt 39:‘?16%6 céa'tﬁ'dantﬂmpﬁﬂﬁ siBbihB¥ Softthe 8@kt invention,

Ceram ¢ bHase s may al’'so serve as sujitable
subshmﬁﬁesbm[ﬂ@AﬁmIﬁﬂ@dé@o@%ﬂnﬁﬂdpﬁpﬁvﬁ|@ﬁ%seﬁﬂﬁ pllovgye

f o O, TodeRelAD op D fThfififRg alfR LAY CBEAL buse

parti® oatln In the instant invention
i ncl u:ch&,nabuztayalsesan‘cetaSIsm\abltsdJSme to ductile materials,
such as steel, stainless steel, other ferrous alloys,

| £it
tahg:né@lfg? }El:;?(gp()gﬁg}ég Pz{f—tt?%?cger gl:gl grgl uaf;n \qu%gi%‘ogpyosmlcrons

CannQdxeBflay Pty g@hluas fohsse pudoatifgdp rhe istant meantibreinglpgd, bed
as conpos] tes wt

Foamaffgnoébr@ﬁ‘fdslo’f% u%et 'B?tefﬁifr %l{gﬁ seséeelogég%?egs stcgcp %41@1) ferrous
and th)@y{iﬂlu&iﬁ@ﬁ)eﬁlfagneklﬂm] topger, tativaraed laMysIthemdf edﬂatdoand
titanium hydrid . d zircpni

0y - il arily e ORI ATER I P Rl Py gl be
alkalk Rd @a¢dntbosits Banatiesie mndhphas. st ronti um car bonat e
(SrcCC ? If netal hydrides are used as

[0043] Foaming agents for metal particles of zinc, aluminum, and alloys
thereof, include; but are not limited to, titanium hydride (TiH,), and zirconium
hydride (ZrH,). Steels may be foamed with, but not limited to, atkaline earth
carbonates, such as strontium carbonate (SrCO;). If metal hydrides are used as
blowing agents, a content of less than 10%, more preferably lcss than 3% of the
weight of the metal particles, and even more preferably less than 1% is sufficient

in most cases.

[0044] When the foaming agent, which is homogeneously dispersed within the
metal matrix is heated above its decomposition temperature, but below the

melting point of the metal material for a sufficient time, gas will be released
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bl ow ng agents, a content of |ess than 10% nore

preferably |l ess than 3% of the weight of the netal
w@anviogl2es, and even nore preferably | ess thanpdBsm07/002590

sufficient in nost cases. [18044] When the foanm ng

agent, which is honogeneously dispersed within the

nmetal matrix i s heated above its deconposition

tenperature, but below the nelting point of the netal

material for a sufficient tine, gas wll be

rel easedwhich will force the unexpanded netallic |ayer

to expandyiidese ttlﬁBJSneﬁcﬁ{nU&damElhlghllgyepm epsnderepd tide dorm 2
netal foam | ayer. The ex i on the ne o?lthe 28m

| ay ehightyypopass CHRPIL) ’P%l I RE ¢ PS8 B AN g agent

the |,080hR\0bd &¥ebliedfd ttﬁhﬁ‘ty‘fw@&ﬁﬁoﬁt@m@@@dﬂt, thet lnsling level of the
tenperature of foam F\{

eat treating ste and t i
of eproung agcpl tenEmPHAMIChYa aTr}Eg[t tireﬁﬂggsftg% a"‘?‘qgc %Hemor
needed,£QE S el fofx m@daSﬂeamg@&pemﬁ e xteemdefbaﬁﬂﬂrepan@n
the si'ze of the precursor. an an%% from afmmvthe“
S eC o feRENEsP BRSF aé‘l" e gd e see °f[‘%foP4§‘]“’s fot-Ti i
of tRgohddss aNtrai iW@Rd. i on nay al so include after t he
cold spraying step and prior to the foam ng heat

treating step the additional step of consolidati %n

heat [ar8atThedoanties merhest ofdhecngeainaentian Y a0 BRELHIE S
metal ljc la e PQ%@ h& i MdREdnAG!
tenpé?'gtsﬂragx%¥tcllt g%f%@xpa ’gsngﬁﬁe I gé I gpyer and nbelegw
t he @comnplasiidi lea rteen«methasubsteatmoateﬁemh@an*f*?fgafé*gfémﬂa ic

The qonsol dl%rtnI é%gltujge&%vé q}%aglﬁt%gsfeﬁxﬂerhtﬁref@’ @ dnekPRnded

suf figrent °t er the unexpanded netal |lic_|ayer,
such nidualic layes jand belesd theedegdiriogitipry ipmperplyreegf ﬁ@n@’é’ﬂma GP‘?“hg

the bse | (00 aSHRP shBicik@r 1 Snter the
sinte 8d°°e%?§%“ﬁ‘ Iég[%met gﬁ%f\% sl Zitser ] 0048] %lhe next step

int hﬁeﬂ?&ﬁd&d) chewflicflayerybuyel that m@tmeqi {ngtakhg svren %med@ﬁ dujing
subst uﬁ: cque u‘i g?a%'noﬁéat ;I vl ng;(sﬁzg QP Gk TE tsﬁterécdoﬁ%nded metallic

cont oam heat treating step
to ahamt. anbi ent tenperature. Any suitable cooling
nmeans,

[0046] The next step in the method of forming a metallic foam layer on a
substrate is to cool the expanded metal foam containing substrate from the foam
heat treating step to about ambient temperature. Any suitable cooling means,
including, but not limited to, exposure to ambient air, forced air convection, and
water cooling may be utilized. The resultant metallic foam layer on a substrate
formed by the method of the instant invention may have either an open cell or a
closed cell type of structure depending upon a variety of factors, including, but
not limited to, the amount of foaming agent. In addition, the metallic foam layer
may be cither formed as a surface layer of a substrate or as an internal layer of a

substrate depending upon the particular application.
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including, but not Iimted to, exposure to anbient
air, forced air convection, and water cooling nay be
waoikeoziogeads The resultant netallic foam | ayer oPCHUS2007/002590
substrate fornmed by the netthod of the instant
i nvention may have either an open cell or a closed
cell type of structure depending upon a variety of
factors, including, but not linmted to, the anpunt of
foam ng agent. In addition, the netallic foam |l ayer
may be either formed as a surface |layer of a substrate
or age@f | THeediftRked AMBId @tffoﬁmﬁgllasﬁdtaaﬁcefddmpleybdlpng'ldqum
the particul ar_ application. {0047 The d sg ogand uﬂ%
of f PPy bé‘c}ﬂ@fééqsls apeer Berpe] BIRRBeS PR SE ISR AR FaD S e
| bucihping rdsRfhd! MdGher bdnefitsraThemanmgerteoirgrdnetallic foam

mechani ca and aCOUStI C | . resistance
beneflayesof tf, é‘sﬁ%‘t‘h‘ﬁa“%‘fﬁ’%f) ;’?ﬂhﬁ ion, it} 25 4y Tpiegrak e ag%‘ ?%Sn‘gg

of t Nghelifta! PRkl ¢S Rhd AW fihdddIn apRphpiaitions mcnmashafmam

integral part of casjngs, transf.er I|nes
and TYSImRY presithen asuciage v F Hﬁ‘if{‘ﬂgif’%ef ¢ R ARt e the
f oamJ QMK folfRYayBi8s Bithdee Ehe%uﬁﬂ&nﬁ&xﬁﬁr duﬂ’y(&ﬁ oPthe aﬂlcture Asa
internal |ayer. Ls_an internal

{ oamsdiaiabs s atpdeowhE s depe Bhdicr koo PuELErsy
the sfhUGt BnerAfd ButSibuffaeef |ll&yﬁﬁctu&:h ghegtetiol o€ fdmo@pna

| ayer y be the inner surface, q ﬁ £r H Eac%]gr
bot h reqiadliq desey laxergofothe éPS‘%\hﬁ‘fV&%‘é’" oSt HESsEPPUE

met hadegfs fi@batiBg afd foBhabre s@uched Medyrer Inddditibig thcnsdllaxdt
invention also finds application |n sanfgﬁcre

bar r i fends partienlar gapcaténngn dher Qb 8% 4Nd RSB S9Uy ysbe’"g an

addi tij, 00,1 faherVRidie dndhbRASsRaE tdn6 WiaEd ampduree ahdl@ling, But
the oil, gas, and chemi cal i ndustr

i nt eg\ohhmwrtg, us$ insand ssigen mwbql%cas%g)f%xmgweexg%lan thermal

rel atc%ﬁdu%&»rn"}ﬁﬂsldfaﬁ& fot Bﬁ%b‘&dd&!‘&herbﬂ&wlﬂ@i fird partie¢lfot offshoe
in sand scréen, (downhol e casing) annular

t her reddtfogn hwa&ﬂwpftswlp Helt" pmesArer Fruckih Meg, e’?aﬂbet’ﬁeé*?")d

F1 oW denGisning & CRsdIN i b 196F shae ﬁlsﬁhtaihfzdh&m bl Einds
quarters, and |'ight "foam coreé" str%ptura

The raeplifedoTofn foRtehiiRdystEes MOEE JhE diepe PSlCOP%’é‘?n’ g‘%’r‘“g

of t Nesididhed, atHernidVRRMab&itne | & fricdklpicalpahd cabistn damping
other industries wherée the benefits of coIIapse /

buckl rps(xfgancc are-needed.

TEST METHODS

[0048] Volume changes of the metal foam layer were measured by dipping the

samples in water, and measuring the weight of the displaced water. The weight
of the displaced water was then converted to volume by dividing by the density
of water. Finally; the volume of the foamed laycr was calculated by subtracting

the measured dimensions of the substrate from the volume of the displaced

water.
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resi stance, thermal nanagenent, and nechani cal and
acousti c danpi ng resistance are needed. TEST METHODS
wo oa8y22¥%!| une changes of the netal foam | ayerP@EUS2007/002590
measured by di pping the samples in water, and
measuring the weight of the displaced water. The
wei ght of the displaced water was then converted to
vol une by dividing by the density of water. Finally,
the vol une of the foanmed | ayer was cal cul ated by
subtracting the nmeasured di nensi ons of the substrate
fromdig VehimemRiosédp§ afld SRhase elcsmh afiiclofdAP Ivefpised dir
m croscopy and scanning el ectron m croscopy were used
for andyssiféhedpanadanetadyd metal | ayer. EXAMPLES
(0050] In this study, alum numand Ti H2 powders were
CO- SPHaNGH Ay the cold spray technique as a coating on
an al@mmrom surface. The coating was subsequent |
heat qobstjo ldeiestpdys elumpampingFilh ppv it were so-graysd Ry Hje cold

titaniy M 1%%91899%? Qu §oap¥$ lof? gﬁnalur;[ilﬂﬁm hyeh@gemhgasating was

Tra
creatg ores to mthe foam In one ex erlmsnt

col d ssipequenthy neatsd 40 Aegompese the ddHx @ﬂéﬁﬁgp?elgmfrﬁadmmmum and’

precurs (THe Hearo a fHMh t
as deg6$68¥s hﬁ%ﬁ&tﬂ; ’Egé &H% c@ep%\S/vclmég]rp 211 eﬂgled in@f&ﬁg ][nggﬁri}]

prec metmehaycehd smv recpping Xyavaisaed| tp aBmA foamapreavesel fayer
They S(gﬁ-{zf%rg] M r‘hu MorPRBIAR dh @Ep@cl&ﬂh 'F%r@ﬁd The powders

tran rogen as the carrier gas at
di f f axsehin thcempxermdcunsaslayen wercdpproximatglyldS nmha dfagicichw iy

two S ecl ?(%@%btaj Qp%ﬁcg' 1at§|?a§%§ mgja;lrsgu%é%l with xgt{Bg:]Eh |_.l?thc carrier

spraye strate
Specigaeat dfferenfemPerafiseT inkg2der pnaky 8d fellowiregor smwn% 5
nm Al substrate. [0053] These speci nens were then cut

to produce_sanpl i re 7mm
pr ccURGly e haRD A ik SO o LTt g e
where the

[0052] Specimen 2 - Al-0.2% TiH,, sprayed at 700°F onto a 5 mm Al substrate.

[0053] These specimens were then cut to produce samples that were 7mm x
7mm with a foam precursor layer height that would vary depending on where the

sample had been cut.

[0054] An initial concern was whether the cold spray precursor layer would
require a consolidation heat treatment to minimize short-circuiting of the
foaming process. The consolidation heat treatment would be sufficiently high to
sinter, but below the hydride decomposition temperature. Experiments were
designed both with and without the consolidation heat treatment prior to the
foaming heat treatment. A box furnace was used to perform the thermal cycles.
Each sample was placed with a ccramic crucible with a cover, and argon was

pumped inside the ceramic housing at rate of about 100 ml/min.
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sanpl e had been cut. [0054] An initial concern was

whet her the cold spray precursor |ayer would require a
wa@eosmbizat i on heat treatnent to mnimze PCT/US2007/002590

short-circuiting of the foafi ng process. The

consol i dati on heat treatnment would be sufficiently

high to sinter, but below the hydride deconposition

tenperature. Experinents were designed both with and

wi t hout the consolidation heat treatnent prior to the

foam ng heat treatnment. A box furnace was used to

performthe thermal cycles. Each sanple was pl aced

Wi th @) §er cgmﬁlétg%tkblfﬁaemaq ReAn&GRVEBF the 80% Jal OQ% AVasiH,

punpe[ I'nsi e ceram c housin rate of apout 1180

m / ifoan) PESEYr Trwles exmﬂpmted 1|n|T§Ple3fanfl Hablpds Py Ehre AP

for t i@ HIuSeio 3AMkRS

are dﬁerm% gcd/{)e %2& e 1 gﬁéjad'ljg arrdo%?ga?gspectlvel y.

Bothctyhemsmdpw@ﬁolh@suwére performed separately, and a

graphical illustration of these cycles is depicted in

Fi gure hernmal ¢ 0, DASH

fr om—;@r'lEe— %@gﬁng‘ ccy’(acé{ c<anp e{gde&)%‘s/gl |szdat |2ﬁ5}l§:%{a£rﬁnlgﬁo

Treafment Ti ea@mmda&‘@npl e # DT, | Ten¥Feainki me, m n DT,

Tenpj C tinmg, nMrRafeedtn Cmn 1 50 4DRa@men¥0 750 12 2

50 508,66 #80 A50 12mp, 60 (k) m30 | 1T, 725 ehid, & S0me,0G"

30 70 700 1Q &pmpne 70 750 12 6 noveirl80 750 12 Tabl e

2: Thermal CYCTr & Tor gpeci meng made jyom Apsg 0. 2943 H2

coat ¢d sanplje.

2 50 500 60 180 750 12
3 50 500 30 180 725 12
4 50 400 30 70 700 10
5 none 70 750 12
6 none 180 750 12

Table 2: Thermal cycle for specimens made from Al - 0.2%TiH, coated sample.

Consolidation Foaming Treatment
Treatment
Sample # AT, Temp, C time, min AT, Temp, C time, min
C/min C/min
1 none 180 750 15
2 none 180 700 15
3 none 180 725 15
4 none 180 750 5
5 none 180 725 20
6 none 100 750 15
7 180 380 60 180 725 15
8 180 380 60 180 725 10
9 180 380 60 180 750 10
10 180 380 30 100 750 15
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Consol i dati on Foam ng Treatnent Treatnment Sanple # DT,

Tenp, Ctinme, mn DI, Tenp, Ctine, mn Cmn Cmn 1
woore/042@8 750 15 2 none 180 700 15 3 none 180 FCBHUSH0A002590

none 180 750 5 5 none 180 485 20 6 none 100 750 15 7

180 380 60 180 725 15 8 180 380 60 180 725 10 9 180

380 60 180 750 10 10 180 380 30 100 750 15(0056) The

sanples in Table 1 and 2 were al so neasured for vol une

change of the coaling to determ ne the degree of

foam ng or porosity of the coating. Table 3 depicts

the % vol ume change of a Al -2% Ti H2 coating on an

?’lh um Jmsm ) stRStmALSn a8bR 1fbhE ivere Blsemedshed fialvolume abanpndt.
e

ata indicates that vo ch f
34506167 LoD SUSBTE i S RECTHIR TN Hol P gl
I NSt aNfepidhy At J% ORdhin@ chafigead fUATARRYA ﬁﬂalcbnglgeonpandemmum

Wth 206 TiH  TABLE 3%\
SPECI WS CEATRIS K A I SATED. 1608 T RSrary Tonme

depi ChsngkN6r 9 WOAbYHRE3 46 Yadg chidivatide Adth %eZt%rﬂ‘mgi nmmaoafumg
on an alun1nun1substrate as a functi on ,f er mal
treaﬂﬁ%%%quﬁé“aﬁﬁﬁdPﬂﬂPﬁﬁ?ﬁggPW§fe@&ﬂﬁ%@ dﬁénges of
up to about 120% are achievable with the nmethod of the

TABLE 3: % VOLUME CHANGE MEASURED FOR SPECIMENS COATED WITH AL-

2%TIH,,
Coating Approx Vol Change
Sample Initial Final | %Change | Notes

[§)) Vol, cm’ Vol, mm’

1 0.0887 0.3977 348%

2 0.1727 0.1979 15%

3 0.1464 0.3307 126% | Coating appears to have
fallen/slipped on | side

4 0.1342 0.1524 14%

5 0.1440 0.4730 228% | Archimedes method minus
est of meas base vol

6 0.1411. 0.2644 87% | Archimedes method minus
est of meas base vol

[0057] Table 4 depicts the % volume change of a Al-0.2% TiH, coating on an
aluminum substrate as a function of thermal trcatment. The data indicates that
volume changes of up to about 120% are achievable with the method of the
instant invention for an aluminum coating expanded with 0.2% TiH,. Hence, a
lower loading of the foaming agent (TiH,) results in less expansion of the

aluminum coating during the foam heat treating step.

SUBSTITUTE SHEET (RULE 26)



instant invention for an al um num coati ng expanded

with 0.2% Ti H2. Hence, a |ower |oading of the foam ng
wagenno2Ts H 2) results in | ess expansi on of theCT/US2007/002590

al um num coati ng during thda7f oam heat treating

step. Tabl e 4; %/l une change neasured for specinens

coated with Al -0.2% H 2 Coating Approx Vol Change

Sanple Initial Vol, Final Vol, % Change Notes cn8 nmm8 1

0. 1602 0.2957 85% 2 0.1538 0.2665 73% 3 0.2912 0. 5660

94% 4 0.2410 0.5348 122%5 0.1433 0.2170 51% 6 0. 1953

0.3 t58ﬁhb&39’0/who(ﬂm2&3£hg9 mé3arkd 86 Y Bintnd 5BBJ Bitlh B58. ZWdenl n

coat ILhg—on thrs

0. 42{5 85% || 0058y tingARRESt Yok croscopy and scanni ng

el ec{ron ni ¢roscop¢-hp®mEN) were utilized to
char a8tmple #¢ hﬁ@'ﬁﬂrph&“é’g‘gﬂlof %afB3ns&nded alﬁ‘&fesexpanded

sanples_of alunfMum coat™®A with 2% TiH2 Figure 7
depi >t sf1i | 1 ust pasozve opvresal m cro@saphs of “the Al-2%
TiH 2 of, Sanpl 1 at e diffe t magnificatio

| evell s (210x gb%g and Egé)& , and E%fl rms the T
presgnce of |a €RBFed cepl56¢00am t yp&4%or phol ogy of the
al umf num coati pgs)oFi gur gs$gand 9 gnewi | lustrative

5 0.1433 0.2170 51%

6 0.1953 0.3580 83%

7 0.2330 0.4324 86%

8 0.1558 0.1558 0% min coating on this
sample

9 0.1788 0.3160 77%

10 0.2292 0.4245 85%

[0058] Optical microscopy and scanning electron microscopy (SEM) were
utilized to characterize the morphology of unexpanded and expanded samples of
aluminum coated with 2% TiH,. Figure 7 depicts illustrative optical
micrographs of the Al-2% TiH, of Sample #1 at three different magnification
levels (10x, 100x, and 500x), and confirms the presence of a closed cell foam
type morphology of the aluminum coating. Figure 8 and 9 are illustrative
scanning electron micrographs of an unexpanded Al-2% Ti H, cold-sprayed
coated sample taken near the interface of the coating at 250x and 500x
respectively. These figures confirm the lack of foaming prior to the foaming
treatment step. Figures 10, 11, 12, 13, 14, and 15 are illustrative scanning
electron micrographs of the cross-section of an expanded Al-2% TiH; cold-
sprayed coated sample #1 at 10X, 20X, 50X, 100X, 500X and 100X
respectively. These figures confirm the closed cell aluminum foamed structure

produced by the coating method of the instant invention. The results of the

SUBSTITUTE SHEET (RULE 26)



scanni ng el ectron m crographs of an unexpanded Al -2%
Ti H2 col d-sprayed coated sanpl e taken near the
wo naogndree of the coating at 250x and 500x PCT/US2007/002590
respectively. These figured8confirmthe | ack of
foaming prior to the foaning treatnent step. Figures
10, 11, 12, 13, 14, and 15 are illustrative scanning
el ectron m crographs of the cross-section of an
expanded Al -2% Ti H col dsprayed coated sanple # 1 at
10X, 20X, 50X, 100X, 500X and |1 QOOX respectively. These

figur %ﬁilycﬂgmgﬁs dgﬂz ttlﬂ?m% apﬁﬁﬂs &l de fadmiedion ldrﬁblﬁd)ﬁhﬁﬁdsurfacc by
e

struct uced he coat Idocg met.ho th Hered
i nst atlht cqlmmﬂmqﬁiﬂpd améhﬂﬁ dhe §iee andgfistiitylied ﬁfo‘?re&%ﬁgﬂ"é‘i e
t hat cu&ﬁmc&éﬂ g Béudfigpgred on a solid netal
surface e cold spray nethod, and that the size

and distribution of pores may be altered as a function
of pr n);s SAn;glcmN‘lldiNt atpmpted fodSNse Appnhodirns apd applications
atte G Q FE B Shably & FEEHBLI GRS
of th g ‘8? SEd ecg%ag%r tﬁ%{%&?g? bt hat gog d
r easomabdl yaf droesneﬁarcscebbjmevevbstatﬂwér@Wﬁ%ﬁ“@i‘é ‘hd‘ remain  as
unfor eseeabl ey, i JibfdnGRLcHi008S ESRIncAENIMN
as eqt* Vé‘la‘éﬁtg/h'li/@gp%e?ﬂu&rlg{;%nt vent ; on ﬁ?{q been
descr ipbeific, i eneropary modxmnntwthereog pletsi gvident thalgRy ltgrations,
enbodi t her.eof. LiilYBIMW the art in light
al ter '3?‘? g?@onshg'glvfa f’%:“a %gggbe%éh%&gg’r?‘g?l ons Wil bm N
appar enthe faegoimgsiescsiltidnl edlqunddpmnalfrpml the mr@tmr sgppet Hdhe
foregoin cript,ion N if RAUddNS embrace
spiri 1"“6’? ‘g%i"a‘é‘c of chrﬁdlm%% ggéé tr)(g%?dgsur e. oo
Accor gi ngdhy altdritengr mseﬁtandmssdncbswneuqns ¢fnthenehoge tdsiailed
- enbracge all such alterations, nodifications, and
vari af$GRYbf the above detailed description. CLAI N5:
1. Anethod of formng a netallic foamlayer on a
substrate conprising the follow ng steps: providi ng a
substrate for coating of a nmetallic foam cold
spraying a mxture of netal particles and a foam ng
agent onto said

SUBSTITUTE SHEET (RULE 26)



substrate to forma substrate coated with an

unexpanded netallic |ayer; foam heat treating said
waeuserie coated with an unexpanded netal |l i ¢ PEyE£2081/002590

a tenperature above the ded®nposition tenperature of

said foam ng agent for a tinme sufficient to forma

heat ed substrate coated with an expanded netal foam

| ayer; and cooling said heated substrate coated with

an expanded netal foam | ayer to about anbient

tenperature to forma cool ed substrate coated with an

expanded nmetal foamlayer. 2. The nethod of claim]1,

&lﬁﬂ .sai d expanded netal foamlayer is of a closed

or an open cell structure. 3. The nethod of claim

1, wherein said substrate is selected fromthe group

consi stl ng of alum num steel, stainless steel,

coppbr A tmethail of farmjngs mataliiedfosim d%eert(bmraemibstmte comprising

The method of claim1, wherein said substrate is a

ther follosvihgseghsmat eri al . 5. The nethod of claim 1,
wherein said netal particles are selected fromthe

group ?)98%'(1%?# A9uBlirAk Y8t legﬁlﬁé? & lnlnetgflﬂ:' agiss steel,

copper um magnes um re’of 6.

met h of claim ein. said. neta rticles
have ac‘p’g(ffl?r@'glgs"i’ ?e‘XB‘Feff @, patticies @,mggd’a gemipg agent onto said
m crons. 7. The method of claim1l, wherein said
substratfytoafpsnt a pubgirate captedywiithaa unexpanded mdtakdicday et
carbonate. 8. The nethod of claim 7, wherein said

f oam n@ozagelnﬁatltseettirtgasaldnsﬁWaltﬁ%oatHd BiithC @RI wBxpanded metallic
hydri de. 9. The nethod of claim1, wherein said

b9&iMab% A9APLrafREPABSRS thE RcbRPdsition temperature of said foaming

agent for a time sufficient to form a heated substrate coated with an expanded
metal foam layer; and

cooling said heated substrate coated with an expanded metal foam layer
to about ambient temperature to form a cooled substrate coated with an

expanded metal foam layer.

2. The method of claim 1, wherein said expanded metal foam layer is of a

closed cell or an open cell structure.

3. The method of claim 1, wherein said substrate is selected from the
group consisting of aluminum, steel, stainless steel, copper, titanium,

magnesium, and alloys thereof.

4. The method of claim 1, wherein said substrate is a ceramic based

material.



about 10% of said m xture of netal particles and a
foam ng agent. 10. The nethod of claim9, wherein said
w0 c@moy1|mgent conprises | ess than about 3% of PEHIUS2007/002590

m xture of netal particles2ténd a foam ng agent. 11.

The nethod of claim 1, wherein said cold spraying step
further conprises the follow ng steps: providing a

cold spray gun having a supersonic nozzle with i) said

m xture of netal particles and a foam ng agent, and

ii) a preheated working gas to forma gas m xture,
wherein said preheated working gas is selected from

the gr ' . hely um - ni.t.r and m xt ure

e gr At SRS Bl 1S, JU'REEP R Xhy S8R crea rom
thei growp ecedidting oz laurhivin 9 a8edl] Staihfesk Osiell, 'Tb@p%)er, titanium,
spray pattern of an accel erated gas m xture, erein
magngspps jangd alfoysgheregécel erated gas mixture is from

about 300 to about 1200 neters/sec; anddepositing said

metal particles and said foanm ng agent in said
accdl-eddrcanethod of dlaimd, svhereirnsaidguekal patticlephave mpanticle size

I f td m.xture of netal particles
%6%3%%91 %@Jf’ﬁlﬁ Sf)szl.%cfﬁgg‘net hod of claim11l, wherein
sai d supersonic nozzle is of the convergent-divergent
typ .of . ¢l ai.m- -Waerein said. .
pr e?e'ai@g '&gﬁkﬁépggﬁ L lé@bg&%(]esﬁb%wf%%f’g %eq‘qu&ﬁ metal hydride
atmuilkalfe tearthaubodat®00F. 14. The nmethod of claim 1l
Wherein said cold spray step is carried out at about
anbi ent tenperature. 15. The nethod of claim 11,
wher&i Theahethor afclpfh 176 fwhdrsin sadfolmitg Be&elistRanium hydride,
abqut 0.093 sq.in. wide having a spray rate of from
Fdirensum hlrgdiout1 1.0 Ib/hr with a build-up rate of
about 10 mls per pass.

9. The method of claim 1, wherein said foaming agen}: comprises less than

about 10% of said mixture of metal particles and a foaming agent.

10. The method of claim 9, wherein said foaming agent comprises less

than about 3% of said mixture of metal particles and a foaming agent.

11. The method of claim 1, wherein said cold spraying step further
comprises the following steps:
providing a cold spray gun having a supersonic nozzle with i) said
mixture of metal particles and a foaming agent, and ii) a preheated working gas
to form a gas mixture, wherein said preheated working gas is selected from the
group consisting of helium, nitrogen and mixtures thereof;
accelerating with said cold spray gun through said supersonic nozzle
said gas mixture to form a spray pattern of an accelerated gas mixture, wherein
the velocity of said accelerated gas mixture is from about 300 to about 1200

meters/sec; and



16. The nmethod of claim 1, wherein said foam ng heat
treating step is carried out in a furnace or by a
wo a®e09221%. The nethod of claim 1 further conpPCHUSP07/002590

after said spraying step adtl prior to said foam ng

heat treating step the follow ng step: consolidation

heat treating said substrate coated with an unexpanded
netallic |ayer to a tenperature above the sintering
tenperature of said unexpanded netallic |ayer and
bel ow t he deconposition tenperature of said foam ng

agent for atinme sufficient to sinter said unexpanded

netallic oo 18T t i m.l,5 Lein . .
sai d cooﬁl%%%glﬁﬂ)%_tgaa{ e“geotgrtségigg\ncgﬁ g%&e%gnﬁgﬁﬁ&g afgent n said
hoaletatyb gas sirtureastesaldsutist@te pRIfdroRfanOiexPafddé@Jayer of said
expl oration, refinery and chem cal process

BYtuseedt metal particles anddoaming agentl, wherein said

cool ed substrate coated with an expanded netal foam

| ayer conprises an integral part of casings,

pi pel#nekhe ypgthodepf Glaiay 115 hetesny spichsypersonicThnezzle is of the

g%%{ggge%{_?geg%&éﬁgg\her ein said cool ed substrate

nded netal foam | ayer conprises one
or nore surface |layers. 21. The nethod of claim!]l

wher gt n I e tyat . W xpanded .

ot al 1 ocgy PagiBBUEeE SRR LE A aRA S blcheBlbarBRHE bas s at a

womperature fof feorhaboue 26 0AtabAm200PE. St ruct ur al

menbers. 22. The method of claim 21, wherein said

cool ed substrate coated with an expanded netal foam

| ayel4.cohipe ns#bodnd cainmd il pwherdinceid aylker sprap 3tephis carried out at
thod of formng a netallic foamlayer on a substrate

@ rqr’%l?lﬁﬁtf%’ép?rgpﬁvvi ng steps: providing a ferrous

substrate for coating of a netallic foam cold

sprayi ng,..a mxture of ferrous particles and an .
af)kgﬁ.ngﬂéealr?ﬁ od of claim 11, W}Perem said spray pattern is from about
0.031 to about 0.093 sq in. wide having a spray rate of from about 6.5 to
aboutl1.0 Ib/hr with a build-up rate of about 10 mils per pass.

16. The method of claim 1, wherein said foaming heat treating step is

carried out in a furnace or by a laser.

17. The method of claim 1 further comprising after said spraying step and
prior to said foaming heat treating step the following step:

consolidation heat treating said substrate coated with an unexpanded

metallic layer to a temperature above the sintering temperature of said

unexpanded metallic layer and below the decomposition temperature of said

foaming agent for a time sufficient to sinter said unexpanded metallic layer.

18. The method of claim 1, wherein said cooled substrate coated with an
expanded metal foam layer comprises an integral part of oil and gas exploration,

refinery and chemical process equipment.



carbonate foam ng agent onto said substrate to forma
ferrous substrate coated with an unexpanded ferrous

wo 200210922iam heat treating said ferrous substretBEUS2007/002590
coated with an unexpanded f22rrous | ayer at a
tenperature above the deconposition tenperature of
said al kaline earth carbonate foam ng agent for a tine
sufficient to forma heated ferrous substrate coated
wi th an expanded ferrous foam |l ayer; and cooling said
heated ferrous substrate coated with an expanded
ferrous foam |l ayer to about anbient tenperature to

for r SURQs .coated with .
b e PRS0 0 1 i SRl Bl gopted with an
&hantledr frietals foain ehpan dotpréddsons hethl PUAT of calfngd, pipelines,
cl osed, cell or an open cell structure.25. The net hod
gandeplinesand flewdinessai d ferrous substrate is steel

or stainless steel. 26. The nethod of claim23,

wher gj n ,ﬁﬁi d ferrous particles are steel or stainless
st eetV. 2khe meshedofsdpiar 19 vshereis saidtencded substrate coated with an

| 4 . ' t i t ti
Bpldel e 1 W SR R PRBEE sigfafi R
al kal i ne earth carbonate foam ng agent conprises |ess

tham ﬁbgmeaﬁ%()ﬁ’é&fi of %fl]ﬁnmlxw‘et el fsgiﬁ.rcrﬁgljeg'dg gﬁl%st&a%%soﬁél with an

and an ne eart carbonat e f'oam

engianddd ofnetdlafoand Slaywh eberprise’i &n &hl‘eﬁrhpgaﬁabfrsand screens, fire
car.bonart%f foam ng agent conprises |ess than 3. 0% of '
Rarrigragnd foameore sitpeigalygemberss and an al kal i ne

earth carbonate foam ng agent. 30. The nethod of claim

23, erein said cold spraying step further conprises

t he %% | ﬂ‘)@%gchﬁg _clalmp21,ywhgrem sapld cooled subst?paie coated with an

expanded metal foam layer comprises one or more surface layers.

23. A method of forming a metallic foam layer on a substrate comprising

the following steps:

providing a ferrous substrate for coating of a metallic foam;

cold spraying a mixture of ferrous particles and an alkaline earth
carbonate foaming agent onto said substrate to form a ferrous substrate coated
with an unexpanded ferrous layer;

foam heat treating said ferrous substrate coated with an unexpanded
ferrous layer at a temperature above the decomposition temperature of said
alkaline earth carbonate foaming agent for a time sufficient to form a heated
ferrous substrate coated with an expanded ferrous foam layer; and

cooling said heated ferrous substrate coated with an expanded ferrous
foam layer to about ambient temperature to form a cooled ferrous substrate

coated with an expanded ferrous foam layer.

24. The method of claim 23, wherein said expanded ferrous foam layer is

of a closed cell or an open cell structure.



providing a cold spray gun having a supersonic nozzle
wWth said mxture of ferrous particles and an al kal i ne
we@20v9xes bonat e f oam ng agent and a preheat edP@UEI00T002590

gas to forma gas m xture, 2&%herein said preheated

working gas is helium or nitrogen; accelerating wth

said cold spray gun through said supersonic nozzle

said gas mxture tp forma spray pattern of an

accel erated gas m xture, wherein the velocity of said

accel erated gas mxture is fromabout 300 to about

1200 neters/sec; and depositing said ferrous particles

and said al kaline earth carbonate foam ng agent in

sai ¢ ,accel erated. g m xture ontqg said ferrous

sub<tr at'd quig?ﬁ’réﬁs HaERpahavheranesaids fesegug substrates is steel or
: particles and an al kaline earth carbonate

S?%giﬁ%gg%a%ent. 31. The nmethod of claim 30 further

conprising after said spraying step and prior to said

f oamigng ' t QW tep. ..

cons@gl'i 42 %]rgt %i(g:dftrkg R ?%’g vggle%?+ g?‘ﬁo%%@%%ﬁf%lgs are steel or

stanlessi stdel.h an unexpanded ferrous |layer to a

tenperature above the sintering tenperature of said

unexpanded ferrous | ayer and bel ow t he deconposition

t em@@r afllnee ndthedi df f claim n@3 agehérelwrsadd t All@line earth carbonate

fsuffi cient to sinter said unexpanded ferrous |ayer.

QBMIRG, AZGRI IR SFOBFIUR} GFROPDALE. wher ei n sai d cool ed

ferrous substrate coated with an expanded ferrous foam

| ay C rise n integral_part of casings, .

pi pgﬁ‘i ngg,% t“?%tﬁggef’%l‘?lﬁg’é, £%md"’}P‘FrGW |5aib salkgline Tpasth carbonate
5Bk ¢! GbipaR hdh Sk C %€ S Uit

coaz}g é\getn h anrﬂgx peasng}g%‘r ?ée?hr zaﬁds oggn% g’fergggo@%ﬁggs(’f ferrous
pertecles and ae akalise eartlayabona®/foantiagmgehnd of claim

23, wherein.said cool ed substrate coated with an

expanded ferrous foam | ayer conprises an integral part
of 28ndTher ewmibodf of eclaim 28, wherein said alkaline earth carbonate

foaming agent comprises less than 3.0% of said mixture of ferrous particles and

an alkaline earth carbonate foaming agent.

30. The method of claim 23, wherein said cold spraying step further

comprises the following steps:

providing a cold spray gun having a supersonic nozzle with said
mixture of ferrous particles and an alkaline earth carbonate foaming agent and a
preheated working gas to form a gas mixture, wherein said preheated working
gas is helium, or nitrogen;

accelerating with said cold spray gun through said supersonic nozzle
said gas mixture to form a spray pattern of an accelerated gas mixture, wherein
the velocity of said accelerated gas mixture is from about 300 to about 1200
meters/sec; and

depositing said ferrous particles and said alkaline earth carbonate

foaming agent in said accelerated gas mixture onto said ferrous substrate to form



barriers and foamcore structural menbers. 35. The

met hod of cl aim 34, wherein said cool ed substratg
weoavmeek2nd t h an expanded ferrous foam | ayer coP@F/USEE7/002590

one or nore surface | ayers24

an unexpanded layer of said mixture of ferrous particles and an alkaline earth

carbonate foaming agent.

31. The method of claim 30 further comprising after said spraying step

and prior to said foaming heat treating step the following step:
consolidation heat treating said ferrous substrate coated with an
unexpanded ferrous layer to a temperature above the sintering temperature of
said unexpanded ferrous layer and below the decomposition temperature of said

foaming agent for a time sufficient to sinter said unexpanded ferrous layer.

32. The method of clafm 23, wherein said cooled ferrous substrate coated
with an expanded ferrous foam layer comprises an integral part of casings,

pipelines, transfer lines, and flow lines.

33. The method of claim 32, wherein said cooled substrate coated with an

expanded ferrous foam layer comprises one or more surface layers.

34. The method of claim 23, wherein said cooled substrate coated with an
expanded ferrous foam layer comprises an integral part of sand screens, fire

barriers and foam-core structural members.

35. The method of claim 34, wherein said cooled substrate coated with an

expanded ferrous foam layer comprises one or more surface layers.



