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Atomised metal is deposited metal onto a substrate so as to cause at least partial solidification of the deposited metal; further atomised
metal is deposited onto the partially solidified deposited metal on the substrate; and the metal deposited onto the partially solidified deposited
metal is allowed to fully solidify on the substrate; the cooling of the further deposited metal, and the composition of the metal and/or of a
gas used in the atomisation of the further atomised metal being tailored such that volumetric contraction on solidification and coolmg of
the further deposited metal is compensawd for, when the deposited metal has been cooled to ambient uempemture, by volumetric expansion
in a reaction or phase change in the further deposited metal.




internal stresses do not develop on cooling until only a small fraction of
liquid remains, in which case super-solidus cracking nmay occur. L
The third region in which internal stresses (conpressive or tensile),

)

may devel op on cooling is below the solidus tenperature; these stresses may ~

result in distortion or cracking. Here two phenonena are inportant: (a)
further shrinkage in nost nmetals directly related to their
coefficients of thermal expansion, and (b) phase changes occurring as the

tenperature falls, or the inclusion of reaction products formed by
reaction with the atom sing gas, for exanple, leading to volunetric
changes. which are superlnposed on (a). WD 96/ 09421

PCT/ GB95/ 02273 : - 2- Bot h of these

phenomena can affect the buil'd up of |nterna1 stresses, and therefore
distortion of the product with, in extreme cases, cracking or spalling.
We have now devel oped a spray deposition nmetal form ng process in which
this build-up of internal stresses resulting fromthernmal contraction or.
shrinkage on solidification or cooling can be matched or offset by other
vol unetric changes taking place in the deposit. The process
according to the invention therefore . : :
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|ayers Nave,greatly reduced Tniernal Siresses, qn theguhol e _praduct ihag a
layer is laid down on a cooler earlier deposit. This generally
leads to the build up of internal stresses because of volumetric
changes occurring during cooling;. these internal stresses may
lead to distortion or cracking of the product.

In order to eliminate distortion and cracking it is
necessary to develop a suitable spray strategy and a means of
controlling the volumetric changes that occur during cooling of
the successive deposited layers. '

Volumetric changes occur in three regions of a
solidifying metal. Firstly, in the region above the liquidus,
volumetric changes occur as cooling takes place, but.no stresses
develop because of the flow of liquid. Secondly, in the region
between the liquidus and solidus, volume changes do occur but
internal stresses do not develop on cooling until only a small
fraction of liquid remains, in which case super-solidus cracking
may occur.

The third region in which internal stresses
(compressive or tensile), may develop on cooling is below the
solidus temperature; these stresses may result in distortion or
cracking. Here two phenomena are important:

(a) further shriﬁkage in most metals directly related to their
coefficients of thermal expansion, and

(b) phase changes occurring as the temperature falls, or the
inclusion of reaction products formed by reaction with the
atomising gas, for example, leading to volumetric changes
which are superimposed on (a).
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as carbon steel cjuse at least partial solidification of the deposited

such

metal; o :
(ii) depositing further atomised metalzontq-said-partially
solidified deposited metal on said substrate; and
(iii) allowing the metal deposited onto said partially
~ solidified deposited metal to fully solidify on the
substrate;
the cooling of the further atomised and/or further deposited
metal, and the composition of the metal and/or of a gas used in
the atomisation of the further atomised metal being tailored such
that volumetric contraction on solidification and cooling of said
further deposited metal is compensated for, when said further
deposited metal has cooled to ambient temperature, by volumetric
expansion associated with a reaction or phase change in said
further deposited metal. |
The metal may be sprayed on to a substrate (such as a
pattern) using an atomised spray of metal in which either air,
or an inert gas, or a reactive'gas is used for atomising; such
that the product is built up incrementally in spray deposited
layers, the metal and the atomising gas being chosen such that
phase changes occur and/or reaction products with the atomising
gases are formed and/or particles are introduced during at least
part of the deposition process, leading to an expansion or.
relatively lower contraction in volume of the last layers of
deposit, to offset the normal thermal contraction occurring
during cooling, to the extent that the last layers have greatly
reduced internal stresses, or the whole product has a stress
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accordi ng fnvention with net stresses approxi mating to zero.

Steel s undergo various phase:changes as they cool sand these have been found
to be particularly useful in helping to control stresses during spray
deposition. The transformations fromaugtenite to ferrite, pearlite,
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offsetting the volumetric changes outlined in (a) by the changes
outlined in (b). By controlling the conditions of spray
deposition, and therefore the thermal history of the spray, and
therefore the temperature of deposition, and by selecting a
suitable metal composition, and/or by choosing a reactive or non-
reactive gas as appropriate to the metal composition, it is
possible to produce a product in which internal stresses are
minimised, and so distributed and balanced, that the product does
not distort during manufacture or in subsequent use.

Benefits can also be obtained by grading compositions
such that the later deposits consist of compositions that show
lower or even negative shrinkage (i.e. expand as temperature is
lowered over a particular temperature range) compared with the
earlier deposits. Such deposits can be made in a controlled
graded manner or in some circumstances can be made in a manner
in which the composition shows a step change.

We have also found that, when depositing steel on a
substrate, the use of certain steels (such as carbon steels)
under appropriate conditions can result in compressive stresses
in the deposit; with appropriate control, therefore, a deposit
can be formed according to the invention with net stresses.
approximating to zero. '

Steels undergo various phase changes as they cool and
these have been found to be particularly useful in helping to
control stresses during spray deposition. The transformations
from austenite to ferrite, pearlite, bainite, or martensite
during cooling of certain steel all involve positive volumetric
changes. This has been well documented in the technical and
scientific literature.
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PCT/ eReRiuntsr by spray deposition, are very great. ‘
But the precise way in which the various
transformations ‘take place in products ‘produced by spray
depositing are peculiar to the spray 'deposit-ing- process itself.
This is due to the rapid nature of the solidification processes
that occur during spray depositing, which frequently leads to
undercooling in the molten metal droplets in flight, leading to
a delay in the onset of solidification. Rapid cooling and

undercooling would also affect the way that nucleation of solid
then occurs within the droplets in flight. None of these can
be precisely predicted and therefore the precise nature of the
phase transformations and the volume % of the phases and the
effect on stresses cannot ‘be predicted either. So it is not
surprising that no previous workers have discovered how to
reliably control stresses during spray deposition, by controlling
the phase changes that can occur in steels, or that can occur in
other materials too. ' ' '

Indeed there are many aspects of the présent invention
that are surprising and unexpected in addition to this.

' For example, the phase transformation from austenite
to martensite, and formation of 100% martensite, would lead to
an instantaneous volumetric change of approximately 4.3% as
calculated from first pfinci-ples from the lattice dimensions of
the unit cells of these two phases. These calculations occur
in many standard metallurgical undergraduate texts, for example
in (ref: R.E. Reed Hill; Phys:.cal Metallurgy Principles; Van
Nostrand; 1st ed. 1964; p 503). -
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Figure 6. A eutectoid steel coﬁtaining ~0.8% carbon cooling
1190°C from the solidus temperature at 1400°C to the martensitic
transformation temperature of 210°C (ref: Honeycombe, Steels,
Microstructure and Properties, Edward Arnold, 1st ed, 1981) would
be expected to underi;o a linear contraction of 1190 x 12 x 10%
= 0.01428 inches per inch. This is calculated using a
coefficient of thermal contraction for austenite of 12 x 10° per
°C. This may be an underestimate of this coefficient; the actual
contraction may be mére than this (See data in C.J. Smithells;
Metals Reference Book; Butterworths; 5th ed 1976). . The
volumetric contraction can then be calculated conservatively as:-
(1.0)3 - (1.0-0.0148)3 = 0.0437 or approximately 4.37%.
This is greater than the 4.3% maximum volumetric -

increase that could be expected from the martensitic

- transformation described in Reed-Hill above, even if 100%
martensite were formed; and therefore based on this calculation

it would not be assumed possible to  achieve sufficient
compressive component from the phase transformation to counteract
the tensile stresses due to cooling. Similar calculations based
on the other possible transformations to ferrite, bainite or
pearlite would lead to similar conclusions.

. Yet another surprising finding according to the present
invention is the fact that it has been found possible to produce
martensite and to develop neutral or compressive stresses in
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Yet anot her surprising finding according to the present invention is the
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enough to prevent.spalllng'of spray dep051ted.mater1al during the
spray depositing process, for example.

Both the abiliiy to generate neutral or compressive ‘
stresses, and also the fact that martensite has been observed in
steels where the steady state depoeition*temperature is above the
martensitic transformation temperature "are now attributed,
according to the present invention and with the knowledge of
hindsight, to the non—equilibrium'natﬁre'of the sprayforming
process. In retrospect, it is believed that the effects observed
during the process, and therefore the mechanisms for achieving
stress relief according to the present invention, are as follows:
(a) On sprayforming, metal droplets are undercooled before the

first solid is formed. That is to say that in the above
example describing the previously'expected'behaviour of a
- 0.8%C steel, the nucleation of solid would not occur at the
equilibrium solidus temperature. In fact this nucleation
would be delayed - maybe considerably delayed - until some
lower temperature. The contraction stresses developed in
the austenite would then be reduced, because they would
result only from cooling from the final  nucleation
- temperature down to the martensitic transformation
temperature. If, for example, nucleation first occurred
at 805°C instead of 1400°C, then the linear contraction
would be precisely half that calculated previously in the
example, leading to a volumetric contraction calculated as
before of ~2.2%; and the formation of approximately 51%
martensite at the martensitic transformation temperature
" would be sufficient to compensate for the thermal
contraction stresses in the austenite. '



steel s where the steady state deposition tenperature is above the
narten3|thﬁ)&ﬁ@n§fornatlon tenperature are now attri buted, peg/RiEdsORIB0 the
present invention and with the know edge of h|nd5|ght to the
non-equi | i brium nature of t:he sprayform ng process.::In retrospect, it is
bel i eved that the effects observed during the process, and therefore the
mechani sns for achieving stress relietqﬁccording to the present invention,

oo 2 (8| Cieal Hepeh 105 UhS" ShgEIB) Lh0Y, Rl pipphss b ore

exanpl e descfnlmng ihe pramtiimes) yinx pampkbdebvimiBIOf steel dépbéfitedee,

the nucl eati g %6é##{&%gsno %%PrfﬂethSF%a%g dgﬁaﬁ;”|é$%§%£tfgﬁ

tenperature I'S nuclea
' conS|derablthMDQpaturQHnis s@h@ve thewemarsepsitier e tmamstormationon

stresses develeipRitdtiire, ~tHi% A4MENR1R0NOHR &Qﬁmaﬁﬁeaedugedthée%aﬁe

t hey woul d result only fromcooling fromthe fi_nal pucleation
tenper at ure GGHAPRINR (BAtURe Q% FRenSTASARS-on In hipdsightudd isf,

for exanpl e, emtiredly podsikile thaw iadividuadt dﬁaﬁneté] ﬁounat €8610below

1400[ err] C, n the neay, contr d be I sely hal that
cal cul at ed p%@ﬁ(ﬂkﬁ%FF?P§H% %EQEﬁSPEmaFéaﬁln é%géﬁ trPB %
contracti on c®callescdthgato a highiesr temperatiite andthbesﬁbshnatendué to

appr oxi mat el 3l Gyorut {64 ! §8ShbEehl Wi ™' A8/ Hohd! f:ah%%fs()fei?éé Youla

t enper at ur e & ent to conpensat € € th
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PCT/ GB95/ 022¢e practical observations made in executing various
embodiments of the current invention would point strongly
towards the operation of this mechanism.

In any case, we have in fact been able to achieve
precisely the desired effects and stress control, not only in
0.8%C steels, but also in other materials too, as will be
described later. |

| The martensitic transformations in various steels (e.qg.
in the Fe-C and Fe-Ni systems) are particularly useful again,
because in many cases the spray deposition temperatures can be
controlled around the martensitic transition temperatures.
‘Martensitic transformation temperatures are typically in the
region of 200°C in the Fe-C system, as mentioned previously, and
this has proved particularly useful if the present invention
because small changes in deposition temperature have been used
to "fine-tune" the process.

It will also be realised that the process of stress
control can also be fine-tuned by the additional application of
simultaneous spray peening (for example, as described in GB
patent 1605035) in combination with the phase change mechanisms
described above.

_ According to a further aspect of the invention,
therefore, there is provided a method of forming a sprayed
deposit of steel on a substrate, which comprises providing at
least one atomised stream of molten martensitic (that is,
martensite-forming) steel, and directing the or each said
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form in practice, in sanples of 0.8% steel deposited gondi ti ons
wher e “ﬁ@ﬁ@?ﬁﬂdy state deposition temperature is abdvgwpﬁgmﬁgpten5|tlc.

transformation tenperature, this can also be explained by the non-
equi l i briumnature of the process. In hindsight it is entirely
possi bl e that individual droplets wgld cool - bel ow the martensitic
transformation t enperature before - recal escing.to a-higher .
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around the

cases the_ s deposi tion tenperatures can be contraolled
mar t 8BnSREPE tF #€lti on tenperatures. Martensitic transformation

t enper ?t ures age wimlcalbu béltrteiﬂ.:t[]ﬁi €hatf sZﬁQi?i‘rﬁllﬁsé dHen <éz=\]§nvtSE1 em
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appl 1 Cati neous” $pray péen as described in
pateR@eQGEQOQS) in combi nation.with the phase change nmechani sns

Atomlsatlonlcondltlons may be chosen, as is known in
the art, to control the size, velocity, direction and temperature
of the sprays of hot metal particles. 'On being atomised, the
partieles of molten metal spread out in a conical spray ﬁattern;
which may be of circular cross-section or may be modified, as
also known in the ‘art, to form a dlfferent cross—sectlon or a
more even spread of steel. partlcles. '

The substrate may be any suitable surface, which may
for example be flat or tubular, with the metal spray to be
deposited on the inner or outer surface. |

It is generally preferred that the atomised droplets
be still at least partially liquid on impact, otherwise the
deposit may be too.porous. However, at least some of the droplets
should be undercooled (that is, below the solidus temperature).
By suitable control of the atomising conditions, the sprayed
metal is'partially 6r fully liquid on impact, so that, where
undercooled liquid particles are concerned, solidification takes
place 1mmediate1y on impact and there is no need for 1arge
amounts of heat to be extracted through the substrate.

It is possible to provide fibres, whiskers' or'partlcleS'
of refractory material, e.g. carbon or silicon carbide, on the
substrate in such a way that they become embedded in the coherent '
composire metal deposit and provide reinforcement for it. Also
if desired,'particles.of_refractory material can be incorporated
in the spray. The substrate may be translated, or reciprocated,



descr.i bed above. According to a further aspect of the invention,
thereforayotghggall s provided a nethod of formng a sprayed PETIGBH3/02273 st eel
on a substrate, which conprises providing at | east one atomni sed stream of
holten nartensitic (that is;..martensite-formng) -steel, and directing the
or each said WO 96/ 09421

PCT/ GB95/ 02273 : =9- -8- atom sed stream towards

t[le Suﬁﬂ'rﬁbﬁatedf thcﬁﬁiﬁaﬁntbabbllé@&o%ﬁeﬁdneﬁl%eé prapf 1nf‘t@z]j€ ,desmiﬁitﬁn |
at mosp ere pref erabl y_ cont ai ni n mor e than 0 i of o e

bal ance"$¥ edoni ﬁ’fﬁﬁ €8 ﬁgn uk? naxeﬁsﬁs Fg‘F d%ég"( kh as
ni t r ogesvemhthé s'srpct-.ﬁeeredf ta:regmpus:hﬁl | urr) and cooling of t he

deposited steel vay th t tlc t ansf t akes
pl ace. The rrarten3| e s?’éﬂé’ﬁdlls prt ‘e &estao_{ VH}.opoj‘et

will aIm@ybber%\aPpLeddt hnitdadilyar fplielwe@nemg@s mrmtcanream reeft euetazl]s
var ety opPEEter] o oty the SYPERLE WShEISts of THhe FErRECHet 2
as descH’BH!aT-ﬂ R’ééBthhle second. W%nﬁ’éﬁplhfn"@omlﬁ%@qw Hen W en,
as is k@ﬁViﬁbtél sthee s , i@eﬁ%é%péf&tétzg,gi@é@cdéall hbF&ld Orewddl in
t enper é\u;_ t he éﬁgaéi of  hot artlc es. On being atom sed, the
particl %8 %?mﬁﬁf"f’gn t Fé‘é'(? %’rﬁ'cal spray pattern, which rmay
be of circular crpes- exampda,oatlm;em et fliayersaof each metal may be
formed in alternating superimposed relationship. The thickness
of the alternating layers has a significant effect on the
properties of the laminate. In the as-sprayed deposit, each
layer preferably has a thickness in the range 0.01-10mm, more
preferably 0.05-0.5mm.
~ In a further embodiment, metals having different
volumetric changes on co_oling may be sprayed simultaneously, for
example, 'from the same spray nozzle or gun. It is believed that
spraying' of two or more such metals from the same spray nozzle
or gun in a sprayforming or épray deposition process may be novel
and inventive per se.
Preferred embodiments of the invention will now be
described with reference to the accompanying drawings, in which:
Figure 1 shows an exemplary spray deposition metal
forming process according to the invention;
Figure 2 is a schematic diagram . illustrating how
droplets build up incrementally in layers on the substrate;
Figure 3 illustrates how this process would normally
be expected to lead to the build up of tensile stresses due to
the continuing arrival of relatively hotter droplets onto a
relativeiy cooler deposit (the temperatures T, to T; in Figure 3
correspond, for the purposes of illustrating the process, to
those in Figure 2). )
Figure 4 illustrates a similar effect, but this time
the tensile stresses are compensated for, schematically, through
a phase change, and a volume increase due to this phase change,
occurring at temperature T;, where the temperatures are also the
same as those illustrated schematically in Figure 2;



al so known in the art, to forma different cross-section or a nore even
spread of | particles. The substrate may b Li.abl e -
surface‘ﬁgo\ﬁﬁ}log‘ﬁlnay for exanple be flat or tubular, with &%’?ﬁiﬁpray to .
be deposited on the inner or outer surface. It is generally
preferred that the atom sed droplets be still at least partially liquid on
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_ The following worked examples are, in comb:.na_tlon with
the drawings, given by way of 'explénatién' an’d‘ illustration in | ‘
order that the way in which the J.nvention may be put into
operation may be more fully understood.

The general apparatus a'rrangement for spray formJ.ng
processes is shown in F:.gure 1 and compr:.ses one or more arc
spray gquns A,B producing atomised metal sprays 2 which are
deposited on a substrate 1. The substrate is usually provided
on a manipulator arm 3 which is movable translationally in
mutually perpendicular directions, and is also rotatable. The
substrate is typically positioned inside a spray chamber 4 which
has an exhaust 5 to a wet scrubber. _

Referring to Figure 2, the metal spray compriées a
multiplicity of atomised metal droplets 6. The deposit is buiit
upon substrate 1 as partially liquid spats 7a land and 's'olidi'fy
upon solid splats 7b which may be above the equilibrium steady
state deposition temperature. Solid splats in the body of the
deposit 7c¢ attain and retain the equilibrium solid state
deposition temperature.. ' '

amp. (comparative
A tubular substrate 75mm external diameter was coated
with 0.8% carbon steel to a thickness of 3mm using nitrogen as
the atomising gas. On completion the deposit was cut to relieve



I sope enbodi nents, a first streamof netal droplets nmay be supplied
initially.whokhegd by a second streamof netal droplets, sq,éf)@j,,g,d}g;;
deposit consi sts of the first nmetal lamnated with the second. The supply
of nolten netal in two or nore streans gives the operator a great deal nore
latitude in determning the structure of a deposit. For exanpl e,
at least two |layers of each netal nay Belforned in alternating superi nposed
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di fferent voluffetric changes on cooling may be sprayed S|nultaneously, for
exanple, fromthe same spray nozzle or gun. It is believed that spraying of

two or nnkamgmehzggba@a&rﬂ@e sane spray nozzle or gun in a sprayf

ormng or spray depo proce and_inventiyve
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I nventi on; emat i c diagramillustrating how
droplets build up ffc the |seem thytrthenfagtorghacting in favour of
Figure Bcbinbyaggabas stQuddi £ pé:@&ﬁﬁfewuhgnn%"@dxmt@%a%wtxﬁﬂ fdctspd 1o
the build of tensile stresses dye to the continuing arrival
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I ner easewaes I:mep'leﬁsﬁ%sgtﬁ'gggg%’, or substantially stress-free, or with
another particularly desired stress system that may be
appropriate to particular product forms.

That is, the increase in the amount of phase change
which occurs in the process involving spraying with nitrogen,
compared to spraying with air, produces an increase in volume of
the deposit resulting from solid state phase transformation,-
which could compensate for the tensile stresses arising from
shrinkage, so that the internal stresses in the deposit would
become compressive.

Example 3 _

A flat substrate 75mm x 110nim x 10mm thick was sprayed
with low carbon steel containing less than 0.4% carbon, using air
as the atomising medium. The stress levels in the deposit were
approximately neutral. However when (for comparison) the same
substrate was sprayed with the same steel using nitrogen, tensile
stresses were observed in the deposit on release from the
substrate. _

In this example, the level of carbon in the feedstock,
and the cooling rates achieved were not sufficient to produce
significant leveis of martensitic phase transformation on



occurring at tenperature T3, where the tenperatures are also the sane as
those illustrated schematically in Figure 2; ' WO 96/ 09421
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illustrates a process simlar to that of Figure 4 and Figure 3, but where a
phase/ vol ume change over conpensates for thermal contraction stresses such
that, on release fromthe substrat def ormati on occurs due to conpressive
stresses Figure 6 i|lustrates a further deposi tion process
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chanb er
pract cal application of the above observations was found to

be the making of spray formed shapes where the control of
dimensions was particularly important. ' ' ' ‘

When 1878 stainless steel was sprayed in the same
manner as described above the stress levels, when using metal
spray deposited with air or nitrogen are both tensile, in
character. ' |
| In this case the stalnless steel did not produce
s1gn1f1cant levels of reactlve products (i.e. ox1des) and it is
known that 18/8 stainless steel does not undergo any 51gn1f1cant
phase changes on cooling from the melting'point. Therefore in
this case, it is difficult to counteract thé'shrinkage stresses
inherent when the metal is spray formed onto a relatively cold
substrate.

_ To combat this tensile stress the procedure used was
4o deposit alternate layers of 18/8 and 0.8% carbon steel both
atomised with N;. This procedure allows the tensile stresses of
the 18/8 deposit to be offset by the compressive stresses of the
0.8% carbon steel. This procedure is particularly useful when
building up thick shells in the case of tools and dies made by
spray forming using a replication technique.

Example 5

The equipment consists of two arc spray guns set up as
shown in Figure 1.  Gun A is positioned to spray metal at
approximately right angles to the substrate surface. Gun B is



has an exhaust 5 to a wet scrubber. Referring to Figure 2, the

met al’ spr%ﬁquﬁi ses a multiplicity of atom sed netal droppei&Bosnzihse
deposit is built upon substrate 1 as partially liquid spats 7a |and and

solidify upon solid splats 7b: which nmay be above the equilibrium steady
state deposition tenperature. Solid splats in the body of the deposit 7c
attain and retain the equilibriumsoli-d3state deposition tenperature.
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over the substrate surface. '

'In this example arc spray gun A was operated at 80 amps

using air as the'atomising medium and 0.8% carbon steel wires.
(The operating amps is directly related to the feed rate of wire
through the gun.) Gun B was operated at 97 amps with nitrogen
gas as the atomising medium and 0.8% carbon steel wire.
_ With these spraying conditions the equilibrium deposit
temperature reached a steady state value of 257°cC. The'change
in shape of the deposit, on removdl of the substrate, indicated
that compressive residual stresses had existed in the deposit
prior to its removal from the substrate.

The deposit was also found to be very hard to cut,
indicating that a substantial proportion of martensite and/or
bainite and/or.pearlite were present in the final product. 1In
this case the volumetric changes associated with the phase’
changes occurring during spray deposition were more than
sufficient to compensate for the thermal contraction stresses in
the product, and net compressive stresses were introduced.

Example & S

 In this example the equipment was set up as described
in Example 1. Gun A was operated at 140 amps with air as the
atomising medium and 0.8% carbon steel wires. Gun B was
operated at 95 amps with nitrogen gas as the atomising medium and
0.8% carbon steel wires.

In this case metal sprayed by Gun A, using air, reacted

to some extent with the oxygen in the air. Carbon was oxidised
and the level of carbon therefore reduced in the droplets.



It will be seen that the factors acting in favour of conpressive stress in
Exanpl e 1 can be counteracted by factors acting in favour of tensile stress
in ExanWPP6P943 t hat by choosing appropriate netal /gas cdipeEd%3and rate,
of cooling, it is possible to achieve a beneficial phase change during
cooling below the solidus tenperature to produce a coating either with
conpressive stresses, or substantialhy._stress-free, or wth another

particularly de5|red stress systemthat my be approgrlate to particular
produd¥orpy p¥ides formedrihed; s aghevigenaed by t hbeametalinrghaad

changetitictures ®F the- dé]_ﬁb@:[@,ce@ﬁd O | N SP'BYAEEidh  Proht bOERNor

conpa d to s W, t h pr.ducges. an i pcrease i n volune of. the

CopbalhSses FeA T e mibgrasecd e [ ESnbTrafiSr S, S, MALeRARL SRRy

conpeﬁxumecmwrAmhwhnehstheretntesarr?vealngl&tdveayrhctagendsprbhablyhe
t | ' ress

| Nt er gy 55%@%#% mBQ@f n%?&&fggt gﬁﬂﬁégggugg PHE: ﬁr?Bw?%géﬁﬁn

A flat su strate was sprayed Wt
st eel formest nMﬁ@ﬂl&§§1:hah eMoingrieese uihngvelunes thutatthesiphasedi um

The sttméoeﬁﬁdﬂg e RPetde 1A %asa%% hebﬁﬂnﬁ%eia k@pﬁﬂ uWﬂe“

(for conparlsonk samne substrate the sane's si ng
ni t r oHEEN LEREL SdsF?é%Q%EeME?EedB§éFWEﬁ ﬁrﬂﬁé genbract banrsrresses s om t he

subst D&b@lets arrivird) fidom GuRY) hovdifer £\br Died WP Xhé sl FHELlSt OCK,

and the.c rates achi eved we uffi cient -to rodyce si nlflcant

| evel §e&P%ﬁé'ret ns???i “hnastn e r é&bﬁ# %ﬁ 8K the mar ensitic’ star
temperature M,, although it was not posszble to measure this.

The combined effect of all these factors would have. ‘

been impossible to predlct without the ‘experience galned during
the course of .the present invention, but the steady state
temperature of the deposit on the substrate was measured as
364°C. The change in shape of thefdepesit on removal from the
substrate indicated that tensile residual stresses had existed
in the deposit prior to removal. In this case lower volumetric
changes occurred than in Example i, and these changes' ﬂrere
insufficient to compensate for the tensile thermal contraction
stresses, so that the net re51dual stress system in the dep051t

was tensile.

Example 7
In this example only one of the arc spray guns was used
i.e. Gun B, spraying at 45 degrees to the substrate surface. o
This gun was operated at 95 amps with 0.8% carbon steel
wires. The atomising gas supplied to the ghn was alternated
between nitrogen and air. Each of the gases was used for
periods of 30 seconds before switching to the alternative gas.
In this case the effects described'in:Example 1 were
combined with the effects described in Example 2, and a layered
structure was produced.  The 1ayer1ng also produced the bi-
metallic strip effect at the same time. |
Again, the combined effects would have been impossible
to predict. In this case, the steady state temperature of the
deposit was 155°C, which is well below the martensitic start
temperature M,. The deposit on removal from the substrate
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-12- coolwogwom t he presence of oxides resulting from thePECHEBIIRITHS -
nolten steel droplets with the air atom sing gas resulted in an increase in
Vol une of the deposit as the. density of the oxides is |ess than the matrix
material which had the efféct” of counteracting the shrinkage stresses.
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This particular process was_repeated experimentally
eight times in succession on one occasion, with precisely the .
identical result each time. Indeed the previous, and also the
following examp;es, have also been found to be precisely
reproducible under identical conditions too.

Example 8

In this example the Gun B was used to generate the
deposit. _ _

The gun was operated at 100 amps using nitrogen gas as
the atomising media. The wire feed to the gun consisted of one
spool of 0.8% carbon steel and one spool of copper. The two.
wires were fed into the gun at the same rate.

In this case, based on the embodiment of the invention
described in Example 1, it would be anticipated that the steel
component would be dep051ted on the substrate in compression due
to the phase changes. The copper, on the other hand would be
deposited in tension because there are no phase changes in copper
to give the desired volumetric increase. The combined deposit
of copper and steel was designed, based on previous embodiments
of the invention; to give a net neutral stress system in the
deposit. _

The steady state temperature of the deposit was
measured as 201°c;'just below the martensitic start temperature
M,.  The deposit on removal frdm the substrate exhibited no
change in shape indicating that the stress pattern in this
deposit was balanced and neutral. |



to deposit alternate |ayers of 18/ 8 and 0.8% car bon st eel

bot h at oni sed

with N2. This procedure allows the tensile stresses of the 18/ 8 deposit to

be of f s 9éi9aehe conpressive stresses of the 0.8% car bonPETEBISN22THi s

procedure is particularly useful when building up thick shells in the case

of tools and dies nmade by spray formng using a replication technique.

Exanpl e5

The equi prent consjsts of two arc spray guns set up as

shown in Figure 1. @Qn Ais positTBﬁéd to spray nmetal at approximately
ri ghtExamepde 90 the substrate surface. G@Qun B is - WD 96/ 09421
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se@isé | candsiinfmafy specific chiebhiit fugpes nates%ar

t proaute
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t hr outthan rdeglmable Qevel vof paeosityl, athéde dips pof inary trreq;ﬁrrejmltas t he
atom $L % f?ék%@é‘%d n%iﬁ:%)a(la Q%s%t qutuyt %n. Th:Ls would be the case

for many coated products,' and also partlcularly in the
manufacture of tools and dies by spray formlng. In such a case
it is desirable to subsequently £i11 any re51dua1 porosity that
results from a low spray depositlon temperature.

There are a varlety of approaches to this problem, but
in one speclflc example a porous: product was infiltrated at room
temperature with a chemical ceramic sol. Such sols are well
known in the ceramics industry. There are many ceramic sols
available. In our case we used a very simple silica sol, and
soaked the porous deposit in this. The product was then dried,
and fired at a low temperature of 200°C for two hours to produce
silica ceramic within the surface porosity. The porosity was not
completely filled at this stage, but_repetition of the samne
process three more times, making four treatments in all,
substantially filled the poroslty in questlon.

The flnal product was therefore substantially fully
_dense at the surface, with s;gnlficant. penetratlon of full
density below theﬂsurface. The silica produced inside the pores
was also well bonded to the metal, with evidence of bonding to
natural oxides that would have been present within the pore
cavities.

Example 10

In this example, the two arc spray guns were set up as

described 1n Example 1. A sprayed dep051t u51ng condltlons

similar to those descr:.bed m Example 1 was formed on the

substrate to a thlckness of approx1mately 6mm (The residual

stress in the deposit was assumed to be compre551ve at this stage
based on previous results and examples). The wires in Gun B

-



Wth these spraying conditions the equilibriumdeposit tenperature reached
a steady bdsmedsg! ue of 257C. The change in shape of the depCEFGBIS2273
renoval of the substrate, indicated that conpressive residual stresses had
existed in the deposit prigr.to its removal fromthe substrate.

The deposit was also found'to be very hard to cut, indicating that a
substantial proportion of martensite atdror bainite and/ or pearlite were

present (afghlea fathals Megiteés t6 thes supstralte)valdiettien Wldgsd from
associaéeg mﬁth-&pe hqgg chan es.gccutrigngurin%ﬁigﬂa dq$osition gere_
more t h3n BEUFPEEBh ST L onP AL RPERAEP - ¢ hd BN EPFA HERSTTH 3T ERER in
the prodootinued meting quredsitce sprags shepowite d uminiioeds imu Bxanedesby
wns opelatiy e Gl A EBERY, dlivallilh Ored FOLLLAR akBer:  uith R 2B
st eel wPpPexated @i, &9 AMpHidtihially 5Nt 180 AP RYEY 3 Beried
- atoni si g BodsEBbARE Qi%¥.C8hBOPesteftade’ 88 aluminium cbﬂﬁ&béa €8s¢, g%t al
sprayed by . Gun A Usin ir, reacted to so extent, wth t oxygen_in the
ot CarBbhain st U2 ok apRESLE, uR%,BTAINRIY HOERRRR] CHR LBEORACE he
dropl et a. graded \WOnHosi%in over this region). After 60 seconds of
PCT/GBQ%&%%&E%neous spray deposition, the Gun A was switched off. Gun
B continued to spray deposit aluminium at 180 amps for a further
6 minutes building up a thickness of approximately 8mm of
aluminium on top of the 0.8% carbon steel deposit.

The steady state temperature measured while the spray
deposit of 0.8% carbon steel was being built up was 265°C. The
steady state temperature measured -while the aluminium was being
deposited was measured as 183°C.

' The deposit when removed from the substrate exhibited
no change in shape. This result indicated that a neutral stress
situation existed in the deposit prior to removal from the
substrate. The spray depbsited layer of 0.8% carbon steel alone
(see Example 1) would have exhibited compressive stresses. The
addition of a graded layer followed by an aluminium layer has had
the effect of neutralising these compressive stresses i.e. the
combination of compressive stresses generated when 0.8% carbon
steel is spray deposited using conditions described in Example
1, were neutralised by the tensile stresses generated in the
aluminium layer deposited on the 0.8% carbon steel.

Example 11

In this case a single arc spray gun was positioned
220mm from a rotating aluminium cylindrical mandrel (50.56
outside diameter x 20mm long). Commercial purity aluminium wire
was sprayed onto the cylindrical mandrel using 200 amps current.
Nitrogen was used as the atomising gas, and metal was sprayed for
60 secs. | '

The sprayed deposit was removed from the mandrel by
slitting to produce a split ring. The cut was along the axis
of rotation of the mandrel and the change in dimension of the
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carbide particles in the aluminium ring deposit. As before the
ring was removed from the mandrel by slitting along its axis.

The diameter was observed to increase only slightiy in
this case, to 50.65mnm. The result shows that the introduction
of silicon .carbide particles has the effect of reducing the
tensile stresses in arc sprayed aluminium depoéits. There are
two reasons for this, in combination. '

Firstly, the injection of cold silicon carbide
particles into the spray plume had-the effect of lowering -the
average temperature of the spray. This then had the effect of
reducing the overall thermal contraction taking place in the
solid as previously described in connection with the behaviour
of steels. ' ' '

Secondly, it is well known that silicon carbide itself
has a lower coefficient of thermal contraction than aluminium,
and therefore the thermal contraction to be anticipated by the
composite would be less anyway, so reducing the total thermal
contraction stresses due to cooling. ' '

Referring to Figures 3 to 5 and 3a to 5a, these
illustrate in generalised schematic detail a déposition process
using notionally sequentially deposited layérs 1 to 6. |

Referring initially to Figure 3, layer 6 is the moét_
recently deposited layer, which is semi-solid and at a droplet
arrival temperature T6. Layer 5 is just solid (temperature T5)
such that no stresses have yet developed. . Layer 4 (temperature

anps with

¢
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combined with the effects described in Exanple 2, and a | ayered structure
was produg@g%mg&pe | ayering al so produced the b| net al | i ¢ pdmeBosmRaCct at

the same ti Agai n, the conbined effects would have been

i possi bl.e to predict. In thIS case, the steady state tenperature of the
deposit was 155[err]C, which'is well below the martensitic start
tenperature Merr]. The deposit on reno¥8t fromthe substrate WO

96/ 09421 / 7
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layer. There is no phase change in the solid state to
dompensate for thermal contraction stresses, and upon removal
from the substrate deformation of the sprayed deposit occurs, to
the form shown in Figure 3a. _

Referring to Figure 4, layers 6 and 5 are in similar
conditions to those described for Figure 3 (no stress developed).
Cooling of the deposit (or controlling of steady state
temperature) and/or metal compositidn or atomising gas are
tailored such that layer 4 (at temperature T4) is tensile with
respect to layers 1 and 2 due to contraction from T5 to T4, but
layer 3 (temperature T3) undergoes a compensating phase dhange
with increase in volume to be neutral with respect to layers 1
and 2. This phase change compensates for thermal contraction
'st.resses resulting in the deposit retaining its dimensional
accuracy when removed from the substrate and cooled to ambient
temperature, as shown in Figure 4a.

Figure 5 shows the situation when the phase change in
the solid state overcompensates for thermal contraction stresses
to the extent that there is compressive deformation of the
deposit upon removal from the substrate, as shown in Figure 5a.

Figure 6 shows a situation in which deposition is
tailored such that a steel layer 30 is deposited in compression,
with an aluminium.' layer 31 subsequently being deposited in
tension such that the overall "stress system" of the product is
neutral (i.e. there is no deflection/deformation).



Exampl e 8 In this exanple the Gun B was used to generate the .
deposi t. - The gun was operated at 100 anps using nitrogen gas as
t he at owiom6/egd2redi a. The wire feed to the gun consi st ed RET/GBSS/QpB0l  Of

0. 8% carbon steel and one spool of copper. The two wires were fed into the
gun at the sane rate. In this case, based on the enbodrnent of
the invention described in Exanple 1, it would he antrEm # R

st eel conponent woul d be deposited oA% he substrate in m

t he pR&hddMShanges. The copper, on the other hand moul

tensi on because there are no phase changes in copper to give the desrred
volumetric_increase. The conbined deposit. of capper and steel .was

desi ghed, Ba®e&adn fﬁ&r@ﬂ%Qmmwlbchmrimmhamtepsgoﬁe a net

neutral stregg)syste@dgoditEinifRidiised metal o fﬁdﬁgbﬁ
t enper at ur e. of )the d%%pgt vvargfrre sured as 201 err 8 ust e‘fowcﬁ

martensitic start te etppst P?ﬁﬁléép§9ﬂﬂdé icakdon qﬁ(ﬁh@he
substrate exhibited- uepﬂsmu;armeﬁ&wpe i ndi cating that .the stress pattern

0 Chi s depgshy vas BAGAMAR A lRHe S atomse%megg;gggg%g said at g

enbodi nent of the mﬂmtonpdztcaﬂ.hgd smlﬁi:afr:bee dep051ted metal on
said substrate, and '

»

(iii) " allowing the metal depos1ted onto 'said at least
' part:r.ally sol:.d:r.f:r.ed deposz.ted metal to fully
solidify on the substrate; . ‘

the cooling of the further atomised and/or further
deposited metal, and the compos;tlon of the metal and/or of
a gas used in the atomlsatlon of the further atomised metal
being tailored such that volumetrlc contraction on
solidification and coollng of said further depos1ted metal
is compensated for, when said dep051ted metal has been
cooled to ambient temperature, by volumetrlc expansion in
a reaction or phase change in saiad further depos1ted metal.

2. A metal forming process according to claim 1, wherein said.
phase change in said further depos1ted ‘metal comprlses a
solid state phase change. | |

3. A metal forming process according to claim 2, whereln sald
solld state phase change in saia further deposxted metal 1s
a martensitic phase change reaction.

4. A metal forning process according to claim 3, wherein the
metal being deposited comprises at least one stream of
atomised steel directed towards the ‘substrate to form
sequentially deposited layers of steel, and wherein the
cooling of the stream of atomised steel and/or the
deposited steel is tailored in such a way that a required
degree of martensitic phase transformation, to compensate
for said volumetric contraction, takes place in the

RN 0 L

deposited steel.



& produced a sli ghtly n more | por ous pr duct t han usual or desirable for many
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porous deposit in this. The product was then dried, and fired at a | ow
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produced i nsi deenprRrafnEre. was al so mell bonded to the netal, wth evidence
of bondi ng to natural oxi des that woul d have been present within the pore
cavities. npl e 10 In this exa the two_arc_ s

were set p asA d%"é]r FERERHNEBFPFRSS. aCCQrngayte Gdpami &, u!’Pﬁgeé n Pt‘fsions

reaction comprises reaction of the atomised metal with the
atomising gas, resulting in formation of reaction products.

8. A metal forming process according to claim 7, wherein said
reaction is oxidising.

9. A metal forming process according to claim 1, wherein said
phase change comprises adding a further material phase
during deposition.

10. A metal forming process according to claim 9, wherein said
further material phase has a coefficient of thermal
expansion substantially less than that of the metal.

11. A metal forming process according to claim 9 or claim 10,
wherein said further material phase is added to form a
matrix with said atomised metal during deposition.

12. A metal forming process according to claim 9 or claim 10,
wherein said further material phase is added as a separate

layer in alternation with a layer of said atomised metal.

13. A metal forming process according to any preceding claim,
wherein reinforcement fibres, whiskers or particles are

embedded in the deposited metal.
AR O




simlar to those described in Exarrple 1 was forned on the substrate to a

t hi ckness of appr thi§ Sta laced(The residual stress in the deposit was
assunedWO@GWMonp st age based on previ oué’(ﬂéﬁm-‘){o@”énd
exanpl es). The vvi . WO 96/ 09421
.PCT/ GB95/ 02273 . -17- (angled at 45 degrees to
the substrate) were then changed fro 0 8% carbon steel to alum nium The
sprayi ng process was then conti nued 6i§ng Gun B to spray deposit al um nium

si mul kareodsmetal fareig rprosessyadeprdingnio0 adny 'Q:a:rdmd:'sngaed:lamiw B was

operated a S ti n 0 80, ver.
sgconds (i. bh%q' e@pgygent%{iﬁd% u%énl um co%p%%% tor%c%car on steel I n

the deposi F‘Wﬁ‘é‘-egir ddudihe aWRRIRRD FREAY) kB gr aded conposition over
this regi on) After 60 seconds of si rrultaneous spray deposition, the Gun A

was sw tch off B, continued to B aé( %OSIt al um niym at 180 anps
for alPlth etad %gl’b%ll”a?ﬁﬁsﬁpaﬁc FRERHeSS SWYaRRSSE %I B of
al um ni um wm.tcxhp parther(. SGSaprides thec|stieposift . simultaneoushesprapdy

state tenp e r . _ | r t 8% car bon steel was
bei ng bui | &&%;@%ﬁ%ﬁ%ég&e%%y@%?g%W%%%%éa ure neasured while
t he al um ni um was bei ng dep05| t ed was neasured as ‘183C. ' ~ The :
depos when o t b r&l‘%_rw ; Thi s
resul ?'%l nd?cat 3 tﬁfa%% neu ﬁagtﬁréggsglaéggt :t%ﬁ%g%?ste I N tie eposi t
prior to ré’hﬂ?ﬁ ‘Tr@rntR?é-“’sPJd’é‘ﬁfat TRFaYF ayrileplonised ayretat 8%

carbon stediffld¥itig composition are controlled to produce a layer
structure, and/or at least one graded layer of graded ‘
composition ha’ving a variation in relative proportions of
differing metal compos:.tlons through the depth of the or
each graded layer.

17. A metal forming process in which two or more streams of
atomised metal are deposited onto a substrate, either
together to form an intimate mixture of the metals, or
sequentially td' form a layered structure; at least one of
said streams of atomised metal being deposited by a process
according to any of the previous claims. -

18. A metal forming process in which a plurality of metals is
atomised together using the  same spray source, and
deposited onto the same substrate to form an intimate
mixture of said metals; at least one of said metals being
deposited by a process according to any of the previous
clainms. R

19. A metal forming process according to claim 17 or claim 18,
in which partial alloying occurs between the plurality of
metals. '

20. A metal forming process according to any preceding claim,
wherein said volumetric contraction on solidification and
cooling of the further deposited metal is compensated for
to the extent that, in cooling of said further deposited

* [= L M S *




peutralising ese conp .e. the conbi nati on of conpressive
stresses generated mhen eel I's spray deposited using
conditions described in Exanple 1, were neutralised by the tensile stresses
generated in the alumniumlayer deposhged on the 0.8% carbon steel.

Exanple 11 In this, case a single arc spray un was positioned
220mm 11 om a BeKE (¥R SRBAERF (REEPEFALITEa diBeREIonado Mstanthan: of Aot or

X 20mm | ongQ) .resultimiqi st ielet goRpr it hygmeaiae fixthen’ aéiﬁﬂlﬁéa thetal

cylindrical ent. Nitrogen was used as the
at om si ng ga@%@%ﬁ%s@#@@%ﬁe?%f 60 secs. The sprayed
deposit was renoved fromthe mandrel by slitting to produce a split ring.

The cut pmas %1%&41“%%1316&’8; o Aecrdity T4hG o2Nd1hiisCl3Wed

di mensi on of the | _ . .
PCT/ GB95/ 022 Mherein said volumetric contractiongonssqlidificationandied.

The deposi t %thlrbﬂféeidsfh&haﬁ, depos ifed MateH AP m e?aﬂma

This result {m“CQ%Fd hat S£%§ ar t tensile stresses existe g qﬁ%rlng

prior to cuttiMfy fi tRE toé? FAPLRASLYR | BEF2E88SHEAML ¢

are no phase rducgd in pamﬂefurthnnnﬂepssutedmﬂateﬂrabrsduhethht in
cooling an intermediate article formed by the process to
ambient temperature dimensional distortion would occur;
the process including a further stage of deposition of a
different atomised metal 1layer onto said intermediate
article, such that, on cooling to ambient temperature,
differential thermal contraction of the metal layer and the
intermediate article compensates for said dimensional
distortion.

(see .Exanpl e 1).mould ave exhi %&ﬁ 16ANPr essi ve stresses. The addition of
a graded Wﬁr,%ﬁﬂl | owe ﬁ‘ m m I ayer has had the epépeipo9éaars
y :

22. A metal forming process according to any preceding claim,
further comprising a stage of treatment of an article
formed by the process to reduce the porosity thereof.

23. A metal forming process according to claim 22, wherein the
porosity reducing treatment comprises impregnating the
article formed with a ceramic sol.

24. A metal coated or metal backed substrate, wherein the
coating or backing has been applied to the substrate in
accordance with a process as defined in any preceding
claim.

25. A tool, die or mould formed in accordance with a process as
defined in any of claims 1 to 23, followed by removal of
the deposited metal from the substrate.

O R



vol ungtric increase required to conpensate for the tensile stresses

gener at ed wWglokgsyasPr ay deposi tion. A second experilggg%ngmgiz‘;ghen

carried out. In this experinment the spray conditions were identical to

those described above except that 10 mf#on particles of silicon carbide

powder were injected into the spray plunme of liquid alum niumdroplets

(near to the point of atom sation). This procedure had the effect of

i ntroduci ng approxi mately 10% by volume of silicon carbide particles in the

alumniumring deposit.\ As byfqgre t ring was renoved fromthe mandrel by
Tpe di aneter was observed to increase '

slitting.along its axNg.

only sugé I/ in this cyA tdul 65nm ,The result shows that the

i nt rodyc 2;n of silicongagfoi AT t i Cl has the effect of reducing the
tensile stresses ifala %ﬁ\ay i ﬁlunio?hn1deposits. There are two reasons
for this, in conbifmati on_A$ Fr , the injection of cold silicon
carbide particles inte~the éyraﬁéplune had t™e_effect of |owering the

average tenperaturg of the _g@#@ This then hady the effect of reducing the

overal | thermal ;ptraction TAKEy place in the polid as previously

descri bed in conpedren-lt h hkba. o our of stelg econdl

it is well known that silicd tself has| a ent ofy

thermal contraction than aI‘*'“Iﬂﬂil“"““-“““-“W“--%%?yﬁé%zgé/fg t ti
ont iSRS hraction

to be anticipated by the conB§S|te gﬁuld be_ljess angw&aggé;lgégg ing the

total thermal contraction stresses e to ¢qoling. Referring to

Figures 3 to 5 andBa4e—ba—t-hege ustate—-A generali sed schematic

detail a deposition process using nptionally sequentially deposited |ayers

1to 6. Ref e y to Figure 3, layer 6 is the nost
recently deposited | ayer, which i&\epf-solid and at a droplet arrival
tenperature T6. Layer 5. 15 just sol i (tenperature T5) such that no
stresses have yet .devel oped. Layer 4 (tenperature
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"-19--T4) is tensile with respect to layers 1,2 and 3 due tBCTIGRINA2273

cont r act WR9PR9AL cool i ng bet ween tenperatures T5 and T4. Layer 3 is at a
itenperature T3 and is tensile with réyéect to layers 1 and 2 due to therma
contraction from,T5 to T3. Layer 2 is at a steady state (equilibrium

t enper at ur, [ﬁ% dis tensile with respect to layer 1 due to therma
contracti fromTI5.to T2 layer 1 is deposited on the substrate and is- at
steady stdte tenperature Ts. It can be seep that in this exanple dach solid
| ayer is ijf tension with respect to the imediately underlying |aver.

There is hd phase change in the solid state to conpensate for therjnal
contracti ¢ stresses, and upon renpval fromthe substrate deformatfi on of
the spray¢@ deposit occurs, to the formshown 1n Flgure 3a.
Referring |0 Frgure 4, Tayers 6 and 5 are in simlar conditions tg those

descri bed § \‘st'\\% =z’ \\\\\\&\\\\‘\\\\\\\\\:\\\\\“\x‘\$\\\\$\§\§\\§\\\\\\\‘\\\\\\Q\\g t (or
~control li §§§§\§§§§§§?ﬁ§\§§§§:§§§§S ﬁig?\%ws§§$%\‘§§§§n\\§§u§§§§§§§§§or

with respect to layers 1 and 2 due to contraction fromT5 to T4, but |ayer
3 (tenperature T3) fundergoes a conpensati ng phase change with increase in
volune to be neutral with respect to layers 1 and 2. This phase change

conpensates for therjg% contraction stresses resulting in the deposit

retaining,llgLigészi_-> igSQigcy when renoved figiliEE_EEEELLgme and
cool ed tofanbie :
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tenperature, as shown in Figure 4a. Figure 5

when t he gnﬁﬁﬁ)sﬂpnge in the solid state overconpensat
. 9

gontractlon stresses to the extent that there is conpr

t he deposit upon renoval fromthe sub3{%ate, as shown

Figure 6 shows a situation in which deposition is tai

shows the situation
es f Oﬁcgﬁ?wﬁm

essi ve deformation of
in Figure 5a.

p

steel layer 30 is deposited in conpression, with an alum niumlayer 31
subsequent|ly being deposited in tension such that the overall "stress
syst ent of}gﬁ pregtiuct is neutral (i.e. there is.no
deflection/defé?&ggion). 1. A netal form ng process, which
conprises the stéps of: (i) depositing atonised netal onto a
substrate as to cause at least partial solidificafion of

he 5 deposi ted net

Sa
e

i
ast

d substrate; and
S

solidif]ed
(rrr) al | owi ng
partiralTy sol|dified

ite t
t al posited onto sard at T
i T B

- Fieb

_
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Solidify on the substrate; wherein during the form ng process the follow ng

par afret er wowemokai | or ed: (a) the <cooling of the fuCHeBISARLTS sed
and further deposited net al,s and, (b) the conposition of
the further atom sed and further deposited netal and/or of a gas

used in the atom sation of the further atom sed netal; such that
thermal volunetric contraction on solidification and cooling of said

further deposit s ~conpensat ed for, when said deposited netal has
been cooled to ' erature, by volunetric expansion in a reaction

or phase change in said further deposited netal. 2. A netal formng
process according to claim1l, wherein said phase change in said
further deposi C SES a "SOITd state pnase cnange. 3. JA
metal form ng pr cg?r%pﬁﬁ)to claim2, wherein said solid state

phase change i s%gwfur't her deposited net
change reactjon. =1 :

600 j— BEutectoid carbon steel
: C-0.89%. Mn-0.29%
Austenitized at 885°C

500

200 —

50% Martensite

90% Martensite

100 |-
_ _ 1 min 1 hour 1 day 1 week
o | I |
] i \ | | | | 1
1 10 10* 10° 10* 10° 10°
Time (s)
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A. A netal formng process according to claim3, wherein the met al

bei ng degy bﬁtl 21corrpri ses at | east one stream of at om peticBy®e1273
directed towards the substrate to form sequentially deposited | ayers of
Steel, and wherein the cool i ng o%/5the stream of atomised steel
and/or the deposited steel is tailored in such a way that a required
degree of martensitic phase transformation, to conpensate for said

vol unetric contraction, takes place in the deposited steel. 5. A
metal form ng process according to claim4, wherein at | east one
stream of atom sed steel is produced using atom si ng gas contai ni ng
no nore than 12% by wei ght of oxygen, the bal ance predom nantly
conprising a non- reduci ng, non-oxi di sing gas. 6. A nmetal formng
process according to claim4 or claimb, wherein the steel is

deposi t ed ungéIG:pﬁg]E @s such that the equilibriumtenperature of
the deposit during the deposition process is above the martensitic
transformation t enper at ur e. 7. A netal form ng process according to
claiml1, wherein said reaction conprises reaction of the atom sed
metal with the atom sing gas, ngdsigng in formation of reaction

pr oducts. 8. % Jn?liai‘sf orm g pro;;.efs- aC{:oordi n.pz_tso cl qkm 7, 1¥\{'5erei£0 sai d

react.ion is %6(9 g I T T | ] T
| 1700
1600 }—
1534 ‘ Liquid

Temperature (°C)

° .
1100 1147 C

1000

+ Fe,C -
900 K

800

700 P S - 723° )

600 4— a+Fe_,(f
S8 S TR AN N TR TR M N S
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Weight § Carbon
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9..'A rretal form ng process according.-to,glaim1, wherei] | e
change conprises adding a further mater%gl phase dmmsﬁm
10 A metal form ng process according to claim9, wherein said

further teri.al _phage .has a coefficient of thermal expansi on

subst ant %ﬁ%ﬁé@g—@%ﬂﬁﬁt of the metal.

- -2 - .11. A nmetal formng process according to claim9 or claiml1l0,
wher ei n i d fau [ ' t 1% rix with said
atom sedsz%e't a E’tﬁ]rg ?ﬁllg ?&ﬁchr%%s%&f%ﬂ%i%%eto%gﬁgﬁ nﬁga r}'foooc s§“°a"\ﬁc r ng
to claim9 or dd€aiafeRrding Giaim 25 satbereather masting ophammldingided as
a separate  artdydle | Ash§elgald OBo¥A L N nidul 1Y eBrOfd&%i' Qn?t Ui B Ay

13. A netal form ng ;process accordi ngfto any, eceding claim

:
separating said article from sai(i) tool, mould or die.

27. An article moulded or cast in a production process
according to claim 26.
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wherein reinforcenment fibres, V\/mskers or particles are enbedded |n

t he: deposited netal . 14. A netal forming. DFU€€§%:5 PV 3
preceding .claim . wherein the substrate Iy é{@& 9 gég
. Or. .....
%sg e@ Q

rotated in the atomi sed spray of netal . 15.
according to any preceding claim whiggy fiju
‘é’”ﬁ% DS P, mef Pl 3
AT my - PagSd gty BR&E

si mul t aneous spray peeni ng at | east part {o Eig

A netal form ng . process according to any precdd

plurality of CPpMEM&t of atom sed netal of dlfferlng conposi tion §re
controlled to produce a |ayer tructure aABE (Ht‘ RFdéEﬁPTol?é"

| ayer of graded 0 Lti,on havin Lation atl e _proportions

of dlfferfl ng rreectlaril:)g-S 5'§'f‘?|%’ﬁ%°? o) é ‘é'm&% ﬁs htené" Pg 8! each

graded | ayer. 17. (A et arlepeshthy; mteadsed netml cqnm subgtratetseass
of atom sed netal are depesuaedaenia-.ﬂ: sgal&a:ti@at goleaihetation drogdieher

to forman intimte n1xturedgkogggé&mﬁéﬂa sequentially to forma
| ayered structure; at |east dld streans of atonmi sed neta

bei ng dep03| ted by Bibrocesdepositing ofunthen atomisel mgtapy conbassaidiatks.
least partially solidified deposited metal on

said substrate; and

(iii) allowing the metal deposited onto said at least
partially solidified deposited metal to fully
solidify on the substrate;

_wherein during the forming process the following parameters are
tailored:

er)c

(a) +the cooling of the further atomised and further
deposited metal; and,

(b) the composition of the further atomised and further
deposited metal andfor of a gas used in the
atomisation of the further atomised metal;

guch that thermal volumetrie contraction on solidification and
cooling of said further deposited metal is compensated for, when
sald deposited metal has been cooled to ambient temperature, by
volumetric expansion in a reaction or phasc change in said
further deposited wetal.

2. A metal forming process according to claim 1, wherein said
phase change in said further deposited metal comprises a
sclid state phase change.

3. A metal forming process according to claim 2, wherein said
solid state phase change in said further deposited metal is
a martensitic phase change reaction.

[T



-23- . 18. A netal formng process in which a pIurallty of nmep F@E -
atom sed t.ogether using the sane spray source, and dep05|te on Nﬁé‘ -
sane suhstrate to forman intinmate m xture of said netals; é#%aﬁt one
of said netals being =~ deposited by a process according to any:

previ ous cl ai ns. 19. A netal forningiprocess according to claim 17 or'
claim 18, in which partial alloying occurs between the plurality of

net al s. 20." A netal form ng. process according to any precedlng cl,ai m

wher ei n sai d 4=l uRemetalcéarming |MWSSGFFEF¢?9 thrflgie 3. wBgEeiRgthe

the further d?poshﬁa&dln&k&"ngl ameeaamﬁpﬁmges att Qehbe ewtecnstidmm , of n
cooling of said Tyl gsel® Nyt raqtlill ot fediPRD! JHRZLRGUMS, forn

di nensi onal distortion o artlc nprising said further
deposited netal sequsnsebéunsipapsyt?ﬁe BYRES . of EEQ‘“A Ad aWheBRIT nGhe

process accordi ng dd13any Oéfclﬁ-ldrsstrbeml%f atoniseai nstsee X \aoidymat r khe
contraction on sol d|f| at,i n % g faut ¢ dp nisda
material is conpeﬁg %ed g£8€f t??f¥%yed QP Hé? %oﬁ%géggﬁve 2?$%sses
woul d be degree of martensitlc phase transformation, to compensate

for said volumetric contraction, takes place in the

deposited steal.

5. A metal forming process according to claim 4, wherein at
least one stream of atomised steel is produced using
atomising gas containing no more than 12% by waight of
oxygen, the balance predominantly comprising =a non-
reducing, non-oxidising gas.

6. A metal forming process according to claim 4 or claim 5,
wherein the steel is deposited under conditions such that
the equilibrium temperature of the deposit during the
dopos«ition process is above the martensitic trans iformation
temperature.

7. A metal forming process according to claim 1, wherein said
reaction comprises reaction of the atomised metal with the
atomising gas, resulting in formation of reaction products.

8. A metal forming process according to claim 7, wherein said
reaction is oxidising.

$. A metal forming process according ta ciaim 1, wherein said
phasge change comprises adding a further material phase
during deposition.

10. A metal forming process according to claim 9, wherein said
further material phase has a coefficient of thermal
expansion substantially less than that of the metal.

A



i nduced in said further deposited materi al such that in © CGpbi 2 ,
intermediate article formed by the process to anbi ent ter'rg@?m]‘ SHEET

di mensi gnal distortion would occur; t he process including a f'uztge’[m. 996
stage of deposition of a different: atom sed netal |ayer onto sail K i
I nternmedi ate article, such that, on-=c@@l +ng to anbi ent tenperature,

differential thermal contraction of the netal |ayer and the

internediate article conpensates for said di nensi onal ., distortioqn. .. 22.
A netal fornitg plodesalsaEoEming PIFendy W&?@amg@m%mm Y Tch‘ﬁ‘ﬂe?'o'

conpri sing a st ageheiretincatatentfwfthar amatieriisl phaseordsecdsied Hee pfeoorss to

reduce the porositysehl1er g9ty said atomised metal during deposition. -24-
23. A netal form ng process according to claim 22, erein the
porosity reducing treatnent conprises inpregnating the article with a

ceranmi ¢ sol. 1224.A netwt foiniog peocdsktagcordiagt el cladbuld ot Hiadm dle
met hod conpr iyildi¥in said further material phase is added as a separate

layer in alternation with a layer of said atomised metal.

13. A metal forming process according to any preceding claim,
wherein reinforcement fibres, whiskers or particles are
embedded in the deposited metal.

14. A metal forming process according to any preceding claim,
wherein the substrate is translated, reciprocated or
rotated in the atomised spray of metal.

15. A metal forming process according to any preceding claim,
which further comprises the step of siwultaneous spray
peening at least part of the deposited metal.

16. A wetal forming process according to any preceding claim,
wherein a plurality of sprays of atomised metal of
differing composition are controlled to produce a layer
structure, and/or at least one graded layer of graded
composition having a variation in relative proportions of
differing metal compositions through thc depth of the or
each graded layer.

17. A metal forming proceas in which two or more straams of
atomised metal are deposited onto a substrate, either
together to form an intimate mixture of the metals, or
sequentially to form a layered structure; at least one of

said streams of atomised metal being deposited by a process
according to any of the previous clainmez.
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deposi-ting atomised metal onto a Ssubstrate so as to _ cause at

| east partial solidification of the deposi t ed ' ' met al ; ﬂﬂﬂA
depositi.ng further atomised nmetal, onto said at _ _ Ieast par thM NT SHEET
solidified deposited netal on said _ substrate; and I vinn - Mdb
allowing the netal deposited onto said at2apeast partially

solidified deposited netal to fully solidify - on- the substrate;
wherein durln% the form ng process the follow ng paranmeters are

tail ored: A mefal ?Eﬁkﬂﬂﬂﬂﬁﬂ&eéﬁ ﬂhe"hlﬁhPﬁﬂplﬂﬂ@#ﬂ§¥d°§ndetﬁlﬁhhﬁ

deposited netal; amdmised togetﬁbﬁ ) uklifigCOBROSi ddne) @prialje Euﬁkbet and

atom sed and t gy q§§ﬁ§ d/ I n
t he atom sation o?‘?ﬁsuﬁ?t ﬁte‘FBat om se %@%@ﬂ €8 f% az? g_ﬂf_ﬂ;{é@
thermal  vol umet Pi¥tureqat rsald petalg; at least °Eﬁﬂ9§hﬁﬁ%§a@ﬁ6ﬁlanhelnq

. cooling of said fdephsitedkpbgi hepprocess accorkimg ts mwypensthedpkaviowdien

sai d deposited nmekidhims. has been cooled to anbient tenperature, by

vol unetric expansion in a reaction or phase change in said

further deposited nmetal; and, renoving said tool mould or

die f rom said9. A metalsﬂdn_st:’a_m; @roceﬁé.adbamtﬂmdtbpclmﬁkim aan caatimcli®,

conpri sing: in( %hiGR! BhPt 14 % 11 ing BHEEr O béllfadiP WA YirhRELPr @F €SS
metals.

20. A metal forming process according to any preceding claim,
wherein said volumetric contraction on solidification and
cooling of the further deposited metal is compensated for
to the extent that, in cooling of said further deposited
metal to ambient temperature, dimensional distortion of a
resulting article comprising said further deposited metal
is substantially prevented.

21. A wmetal forming process according to any of claims 1 to 19,
wherein said volumetric contraction on solidification and
cooling of said further deposited material is compensated
for to the extent that compressive stresses would be
induced in said further deposited material such that in
cooling an intermediate article formed by the process to
ambient temperature dimengional distortion wounld accur;
the process including a further stage of deposition of a
different atomised metal layer onto said intermediate
article, such that, on cooling to ambient temperature,
differcntial thermal contraction of the metal layer and the

intermediate article 'compensates for said dimensicnal
distortion.

22. A metal forming process according to any preceding claim,
further compriasing a stage of treatment of an article
formed by the process to reduce the porosity thereotf.
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deposi.ting atonmi-sed metal onto a substrate so as . . to cause at |east

partial -solidification of the ‘deposited netal ; ' deposi ting
further .atom sed netal, onto said at | east partially soli dREPLAOEMENT SHEET
deposited netal on said ~substrate; and al | owi ng theégﬁtﬁl q :
deposited onto said at |east partiall pasalidified deposited a ARO]QB
fully solidify on the substrate; . . mhereln during the form ng process

t he fol I'owi ng paranmeters are tailored: (i) the cooling of the .

further atonizied anwetaltbherming procesdepcsordihgravaklaimd??, wherein the
conposi tion of thegdrustegr ﬁdﬁ@ﬁ:ﬁd ¢htment  compriddier 151{??@&1’\5%(5“%3&

and/ or of a gas usegli Q .atom sation of the further atom sed

net al ; such cle; NifhA ceRﬁﬂHSWEP fc contraction on

sol i dification and cooling of said further deposited metal is

conpensated fgy, Wﬁ@tﬁ@&%&%ﬂfﬁ@tﬂ?iﬂ a tool2SmdBRN o208 &Y i HERKBA!
“tenperature, by vO et C expansion In a reaction or phase change in

said \ furthe tal; and, renovi ng said too

moul d or die from said
depositing atomised metal onto a substrate so as to
cause at least partial solidification of the depeosited

metal;

depositing further atomised metal, onto said at
_least partially solidified deposited metal on said
substrate; and

allowing the metal deposited onto said at least

partially solidified deposited metal to fully solidify

on_the substrate;

wherein during the forming process the following

parameters are tailored:

(i) the cooling of the further atomised and further
deposited metal; and,

(ii) the composition of the further atomised and
further deposited metal and/or of a gas used in
the atomisation of the Further atomised metal;

such that thermal volumetric contraction on

golidification and cooling of said further deposited
metal is compensated for, when said deposited metal
has been cooled to ambient temperature, by volumetric
expansion in a reaction or phase change in said
further deposited metal; and,
removing said tool mould or die from =aid

substrate;

25. A method for waking an article comprising:

{a) obtaining a tool, mould or die formed by the process
Lof:
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.suﬁstpate;_(b) casting or noulding said article using said tool, noul d
~or die; and (c) separating said article fromsaid tool, nould qﬁﬁ{héﬁMENTSHEET

depositing atomised metal onhto a substrate so as
to cause at least partial solidification of the
deposited metal; _

depositing further atomised metal, ontc said at
least partially solidified deposited metal on said
substrate; and

allowing the metal deposited onto said at least
partially solidified deposited metal to fully solidify
on the substrate;

wherein during the forming process the following

parameters are tailored: '

{i) the cooling of the further atomised and further

' deposited metal; and,

(ii) the composition of the further atemised and
further deposited metal and/or of a gas used in
the atomisation of the further atomised metal;

such that thermal volumetric contraction on

solidification and cooling of said further deposited
metal is compensated for, when said doposited metal
bas been cooled to ambient temperature, by volumetric
expansion in a reaction or phase change in said
further deposited metal; and,
removing said tool mould or die from said

substrate; '

{({b) casting or moulding said article using said tool,
mould or die; and

{(c) separating said article from said tool, mould or die.
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