2-8 JAN 2004 | CHROM UM BORI DE COATI NGS Rel ated Applications Copending
application Serial Nos. and filed on even date herewth and assigned 5 to
the common assi gnee hereof disclose subject matter which is rehpggﬂNtQ%the
present invention. Background of the Invention Field of the Invention
present invention relates to chromum 10 boride coatings having excel | ent
adhesi ve wear and corrosion resistance and to a process for preparing

such coatings. Mire particularly, the invention relates to hard, dense,

| ow- porosity, wear and corrosion resistant coatings containing ultrafine
15 chrom um boride particles dispersed in a netallic matrix. The invention
also relates to a process for preparing-sych coatings in situ by thernal
spray and diffusion reaction techniques. Throughout the specification,
reference 20 will be nade to plasma arc spraying and detonation gun
(D-Gun) techniques for deposit| g g g IE a ;ﬁ@i”%tonation gun

techni ques are disclosed in b Rol? k BRIDE n and 2, 950, 867.
Plasma arc spraying techniques are disclosed in U S Patent 25 Nos.
2,858,411 and 3,016, 447. O her tRedstiedsApa}iceddionisques are al so known,

for exanple, so called "Qggg yﬁgongxicP&qggas%Qq'Wn“ggsonlc" conbustlon
spray processes, as well ﬂ I'ame spra processes. Heat
treatment of th&ndoati ngsfHegooﬁe€§9§aﬂ§t§nhemittél @ agskgnetkposition

in a 28 JAN 200¢d; 2tRe common assignee hereof disclose subject
matter which is related to the present invention.

Background of the Invention

Field of the Invention
The present invention relates to chromium
10 boride coatings having excellent adhesive wear and

corrosion resistance and to & process for preparing
such coatings. More particularly, the invention
relates to hard, dense, low-porosity, wear and
corrosion resistant coatings containing ultrafine

15 chromium boride pérticles dispersed in a metallic
matrix. The invention also relates to a process for
preparing such coatings in situ by thermal spray and
diffusion reaction techniques.

Throughout the specification, reference

20 will be made to plasma arc spraying and detonation
gun (D-Gun) techniques for depositing coatings.
Typical detonation gun techniques are disclosed in
U.S. Patent Nos. 2,714,563 and 2,950,867. Plasma
arc spraying techniques are disclosed in U.S. Patent

25 Nos. 2,858,411 and 3,016,447, Other thermal spray
techniques are also known, for example, so called
"high velocity" plasma and "hypersonic" combustion
spray processes, as well as the various flame spray
processes. Heat treatment of the coatings is

30  necessary and may be done after deposition in =



10 vacuumor inert gas furnace or by electron beam .laser beam induction
heating, transferred plasma arc or other techniques. Alternative
deposition techniques. such as slurries, filled fabrics or 2 8 JAN 2004
el ectrophoresis, followed by heat treatnment, are also known. Still other
met hods i nclude simultaneous deposition and fusion utilizing plasma
transferred are, |aser or electron beamsurface fusion with or w thout
post deposition heat treatnent. Back round Art In the petrol eumindustry,
mechani cal gate valves are comonly used for handling a variety of
corrosive |iquids under high hydraulic pressures. 15 During operation of
these valves, the gate is required to nowe zagai nst a val ve seat quite
rapidly under high nechanical force in order to close and seal the valve.
Such conditions create severe adhesive and erosive wear on the netallic
surfaces 20 of byl i dAUmeHY & Vﬁ?ﬁﬁée“@fcﬁgcé'fek‘i?gnt% ead" |y
failure of the valve. I S commD ractice int etrol eum |ndustry to
enpl oy nechanlcaﬂﬁgﬁﬁebﬁﬂmmxiﬂﬂﬂﬁﬁé;nehﬁ@%iv&-aﬁﬁaéﬁﬁsrvédr@§ﬁ§@ant
coatings appli edge 23 ihdPlidkhRIcL | C AeterABE1val UepREdaB faces.
Due to differences in substrate mater s and ¥€ mg ani sm

i nvol ved, the cod€chidBiRA isdEh AS thigeiesanf &ﬁdefﬁbﬁﬂc§upﬁaces are

usual |y di ffBrene1elds TR aﬁ@imWéaosyQH@aEuegéﬁ%ﬁen%O Gebi de based

coating has been %sed successful | rotect the nmetallic gate surfaces
agai nst adhesi ve83f@akngiN e He d@eﬁﬁg BedRAChrEBect ed by a 28 JAN
2004 3 simultaneous deposition and fusion utilizing plasma

transferred arc, laser or electron besm surface
fusion with or without post deposition heat
10 treatment.

Backeground Art

In the petroleum industry, mechanical gate
valves are commonly used for handling a variety of
corrosive liquids under high hydraulic pressures.

15  Dpuring operation of these valves, the gate is
rtequired to move against & valve seat quite rapidly
under high mechanical force in order to close and
seal the valve. Such conditions create severe
adhesive and erosive wear on the metallic surfaces

20 of both the gate and valve seat which can lead to
early fallure of the valve.

It is common pfactice in the petroleum
industry to employ mechanical gate valves having
adhesive and erosive resistant coatings applied to

25 the mating metallic gate and valve seat surfaces.
Due to differences in substrate mﬁterials and types
of wear mechanism involved, the ccatings applied to
the gate and valve seat surfaces are usually
different. For example, a detonation gun tungsten

30 carbide based coating has been used successfully to
protect the metallic gate surfaces against adhesive
wear while the valve seat has been protected by a



Ni-Cr-B-Si-Fe alloy applied as an overlay by known welding techniques. A
problemw th these particular coating conbinations has been that the val ve
seat coating is 5 not conpatible with many heat treated and harden?ﬁhﬂN2m4
al l oys which are useful as substrate materials. For exanple, a
conventional N -Cr-B-Si-Fe coating alloy, when applied as an overlay to a
val ve seat nade of AISI 410 stainless steel or ASI 4130 steel usually 10
fails by cracking or spalling after heat treatnment. This is due to a

m smatch in expansion rates between the substrate and coati ng.
Accordingly, there is a present need to_dgvglop new coati ngs which can be
enpl oyed with a greater variety of substrale 15 materials. Sunmary of the

I nvention According to the present invention, there is provided a new
fam |y of chrom um boride coatings having excellent adhesive wear and
corrosion 20 ré§1EFEﬁEésﬁﬁﬁemﬁ?&%YaPQP&éﬁ%aﬁ3ﬂ&9\MWQ¥¥P¥H§MM#“QH“ al | oy
substrates. Thege180A¢i 8gehpognesse hard, ultrafine, chrom um boride
particles dispersed in a netghlic qahrix, the particles constituting |ess
than about 30 vol une per8eRTOBReRL¥1LHatNESe PR LS WA 2 BHR%g net al
gatri x. The at chdnﬁbmgtﬁl:oﬁts ?ﬁbraﬁbnlrmmtta!thteomgm dent h:ﬁ?ja:@ﬁ?g'ngsiksl

etween ahout 0.8 an e.netal _matri e o ed .0 ckel or
a nickel base d? ycefaﬁf'ﬁimﬁg“égﬁef"gpy &8 c%%%%%%ﬁﬁﬁf%&%i sting
of chrom um 30eEléysowmhiiod arenuséfelcast isuds tafatichengteasialis | NVERE | on may
be prepared by pr wWQi ¢h g pesiting a2 8 JAN 2004 4

mechani cal | y bI%ﬁ%@ﬁfgbmﬂe °ﬂ§§58}8%§§ gﬁr@%i@hgg te coa{ing éﬁloy'

when applied as an overlay to a valve seat made of

AISI 410 stainless steel or AISI 4130 steel usually
10 fails by cracking or spalling after heat treatment.
This 1s due to a mismatch in expansion rates between
the substrate and coating. Accordingly, there is a
present need to develop new coatings which can be
employed with &8 greater variety of substrate
15 materials.

Summary of the Invention

According to the present invention, there
is provided a new family of chromium boride coatings
having excellent adhesive wear and corrosion

20 resistance and which are compatible with a number of
alloy substrates. These coatings comprise hard,
ultrafine, chromium boride particles dispersed in =&
metallic matrix, the particles constituting less
than about 30 volume percent of the coating, the

25  balance being metal matrix. The atomic ratio of
chromium metal to boron in the coating 1s between
about 0.8 and 1.5. The metal matrix may be composed
of nickel or a nickel base alloy containing a metal
selected from the group consisting of chromium,

30 silicon and iron.

The coatings of the present invention may
be prepared by process which comprises depositing a



metal or a chromumalloy or mxture of both, and a boron-containing alloy
onto a substrate and then heat treating the as-deposited coating é&zlgeat
5 treatnment effects a diffusion reaction between the deposited Pg p
resulting in the formation of ultrafine particles of chrom um boride
dispersed in a nmetal matrix. The coating can be deposited onto the
substrate using any of the known deposition 10 techni ques nentioned
earlier. Brief Description of the Drawing Figure 1 is a group of curves
showi ng the rel ationshi p between hardness, abrasive and adhesive wear and
the volune fraction of CrB particles in a 15 coating according to the
present invention. Figure 2 is a bar graph4gshow ng the adhesive wear

resi stance of various coatings mated against a conventional detonation gun
tungsten carbide based coating. 20 Figures 3(a) and (b) through Figures 7
(a) and (b), I:ﬁ@éwéﬁy@amy%@aﬁaefm %%re%p*&aﬁﬁl‘z%ﬂno}f Shr SR fication of

200X showi ng the mcrostructures o sections perpe and parallel,

respectively, R@teheOS ffaREOBAVEYBILILY OmBIgduTRyPhHibIiRectnd 25

i nvention prepaefontédntlaihengna1vehueh thr actdulst e NS Bh@se. Figures
8(a), (b) and (%%%are ghggon1crograﬁhs taken at a magnification of 200X
showi ng the mi dFodt rtReattngr thesBsrAgRO54 Lo& SORL NG ar The thRBur face of

conventiond ansgatgendfief hecpsi ar daffusidnl A a4 p Heasiddmtitigy of the
Preferred Enbodjent,,. The coatings_of the present invention are_preferably
applied to a s %ﬁ?%&%@€§?ﬁﬁm?ﬂggnﬁPsuat?ng n"'the Formation of

ultrafine particles of chromium boride dispersed in

a metal matrix. The coating can be deposited onto

the substrate using any of the known deposition

10 techniques mentioned earlier.

Brief Description of the Drawing

Figure 1 1s & group of curves showing the
relationship between hardness, abrasive and adhesive
wear and the volume fraction of CrB particles in a

15 coating according to the present invention.

Figure 2 is & bar graph showing the
adhesive wear resistance of various coatings mated
against & conventional detonation gun tungsten
carbide based coating. ,

20 Figures 3(a) and (b) through Figures 7 (a)
and (b), inclusive, are photomicrographs taken at =z
magnification of 200X showing the microstructures cf
sectlions perpendicular and parallel, respectively,

- to the surface of typical CrB coatings of present

25 invention prepared with different volume fractions
of hard phase. |

Figures 8(a), (b) and (c) are
photomicrographs taken at & magnification of 200X
showing the microstructure of & section

30 perpendicular to the surface of conventional
coatings of the prior art.



spray processes. In one such process, i.e. plasma 5 spraying, an electric
arc is established between a non-consunmabl e el ectrode and a seconz

non- consunabl e el ectrode spaced. therefrom A gas is passed in 3n@§dmm
wi th the non-consunabl e el ectrode such that it contains the arc.. The
arc-containing gas is 10 constricted by a nozzle and results in a high
thermal content effluent. The powdered coating material is injected into
the high thermal content effluent and is deposited onto the surface to be
coated. This process and plasma arc torch used 15 therein are described in
U S. Patent No. 2,858,411. The plasma spraysprocess produces a deposited
coating which is sound, dense, and adherent to the substrate. The
deposited coating consists of irregularly shaped m croscopic splats or

| eaves 20 which are |nteq5 nggh@géc éYePP gegmbgdq&@ntanother and
also to the substrate. A

substrate is by detonatlonTancpbiéﬂﬂﬁ @ép&hq|Rﬂ¢93®%3&ﬂ¥ﬁﬂttﬁmiﬁﬁ%on3|sts
essentially of  25-@ryghiyCappideliiicfla Wit dax SWSIRY iKGmpng Wi Lh

an inside dianet inch. In operation, a mxture of oxygen
and a fuel gas. egPrBHcEtf?Féﬁéesl n dNsSE SUEh RRAPTIsuRiGy Bb2IRE T 1)

is feed intoghe parpgingl ORE Wikl td ieharee 1&f 3% dWVdaied q:é)@a@@@t@d The
gas is then ignited and the_ detonation wave acceleratgs the omder

about 2400 ft./sBen- F?Bé”ﬁ‘ﬁ?é@ plamtredee &N @ SR SHRED %4 6
close to or aboveeléétaehbl agaaeuntthe&fetferoni heA rgwlers ep<a§§edl henbarrel, a

pul se of nitrogen FE Fhéﬁ Fgé;gk@gnd re%g% 5% suchtpg Pext

det onati on. The c¥
1t contains the arc. The arc- containing gas is

10 constricted by a nozzle and results in a high
thermal content effluent. The powdered coating
material is injected intc the high thermal content
effluent and is deposited onto the surface to be
coated. This process and plasma arc torch used

15 therein are described in U.S. Patent No. 2,858,411.
The plasma spray process produces a deposited
coating which is sound, dense, &nd adherent to the
substrate. The deposited coating consists of
irregularly shaped microscopic splats or leaves

20 which are interlocked and mechanically bonded to one
another and also to the substrate.

Another method of applying the coatings to
a substrate is by detonation gun (D-Gun)
deposition. A typical D-Gun consists essentially of

25 a water-cooled barrel which is several feet long
with an inéide diameter of about one inch. In
operation, a mixture of oxygen and a fuel gas, eg.
acetylene, in a specified ratio (usually about 1:1)
is feed into the barrel along with a charge of

30 powder to be coated. The gas is then ignited and
the detonation wave accelerates the powder to about
2400 ft./sec. (730 m/sec.) while heating the powder



5 second. The D-@un deposits a circle of coating on the substrate with
each detonation. The circles of coating are typically about one inch (25
nmm in diameter and a few ten thousandths of an inch (i.e. 10 sevesal

m crons) thick. Each of circle coating is conposed of nany overlap%?n@”2m4
m croscopi ¢ splats corresponding to the individual powder particles. The
over |l apping splats are interl ocked and bond to each other and to the
substrate wi thout 15 substantially alloying at the interface thereof. The
pl acenent of the circles in the coating deposition are closely controlled
to build-up a snooth coating of uniformthickness and to mnim ze
substrate heating and residual stresses Fnéthke 20 applied coating. As a
general rule, the powdered coating naterial used in the thermal spray
process will have essentially the sane conposition as the applied coating

itself. Wth sogeskBetgBbrs@tawecdUWPHRILt 1D POVRYEr , AEPERJERei N

conposition may be expected. |In _such cases the powder conposition wll be
adj usted accor BPRERY F&iééhﬁ@@ehﬂﬁ¥QﬂﬂﬂqGRP{kﬁquik{EBﬂgggiPVBﬁ?SAIthough

the present inveRei BArvelll ahd 3@ adaww ithad swseimafderthethegarticul ar
2004 7 wi 11 be SRERPEELBR L ndPaiy e o WHErt SRLBETSI BT ¢ ARRFoies
described éarlisecond.al so be enployed. According to the present invention,
B o0 borreson oot ShATh SRR AR A WHLLEd 08 SoPRLAL bf,
contai ni ng parttbeesubbtrate with each detonation. The circles of
coating are typically about one inch (25 mm) in
diameter and & few ten thousandths of an inch (i.e.

10 several microns) thick. Each of circle coating is
composed of many overlappling microscopic splats
corresponding to the individual powder particles.

The overlapping splats are interlocked and bond to
each other and to the substrate without

15 substantially alloying at the interface thereof.

The placement of the circles in the coating
deposition are closely controlled to build-up a
smooth coating of uniform thickness and to minimize
substrate heating and residuzal stresses in the

20 applied coating.

As a general rule, the powdered coating
material used in the thermal spray process will have
essentlally the same composition as the applied
coating itself. With some thermal spray equipment,

25 however, changes in composition may be expected. 1In
such cases the powder composition will be adjusted
sccordingly to achieve the desired coating '
composlition.

Although the present invention will be

30 described hereinafter with particular reference to
coatings prepared by plasma arc spray processes, it



chromum nmetal or chromumalloy or m xture of both and a boron-containing
alloy or mxture of alloys, followed by heat treatnent at el evated
tenperatures, 10 eg, from about 900 to about 1100C. At these tenpqr Z@
di ffusion and chem cal reactions occur between the thin overlapping géﬁ é
deposited by the thermal spray process, sone of which contain the chrom um
netal conponent and ot hers of which contain 15 the boron-containing all oy
or mxture of alloys. These diffusion and chem cal reactions result in the
formati on of chrom um boride (CrB) precipitates which are dispersed in a
metal matrix. The precipitates are usually dispersed uniformy 20

t hroughout the matrix, although in sone taées they may be aggregated in
smal|l clusters which are evenly distributed in the matrix. Essentially no
reaction takes place between the powder particles during deposition so
that the spl at syibeflbe euhdatsfbollr ereeahy oft aibe thj\m idéﬁd@dttm\ﬂder

 Tao componentt Syt EFraporkBel BaFd e K3N whEh P EHEH um ail oy
conponent and a second Adocondtngt ibnithe @kb@pnaodmmuntian Hear

alternatively, éh&ngé*{%giggnpggggkﬁﬁﬁzﬁggﬁggﬁﬁb%relgﬂﬁ¥@gh dhegmul tiple

conponent system may I nc um et chron1un1a||oy
and may 2 § JAMepRUl Bc heubstuate blopdasmsesprisring ta umeaiwmablwto

i ncor porate chr&rgmar%@?ég ﬁﬁ‘ftakboléomtari'nﬁggcg{] ar tDEAB g to increase

corrosion resistance ormation of coatin taining 5 Ehrom um
bori de preci pi tG%ABI ¥R BHERY| OFERT DAL aﬂrl@d'e@c}' mmgﬁ PeHe of the

foll owi ng equatdrnsa bédonlEortaMiiBy at16vBotr Mixture of alloys,

followed by heat treatment at elevated temperatures,

10 eg, from about 900 to about 1100°C. At these
temperatures, diffusion and chemical reactions occur
between the thin overlapping splats deposited by the
thermal spray process, some of which contain the
chromium metal component and others of which contailn

15 the boron-containing alloy or mixture of alloys.
These diffusion and chemical reactions result in the
formation of chromium boride {CrB) precipitates
which are dispersed in a metal matrix. The
precipitates are usually dispersed uniformly

20 throughout the matrix, although in some cases they
may be aggregated in small clusters which are evenly
distributed in the matrix. Essentially no reaction
tekes place between the powder particles during
deposition so that the splats, before heat

25 ' treatment, retain their initial powder composition.

The coatings of the present invention may

be prepared using a two component system, that is, a
first chromium metal or chromium 8lloy component and
a second boron-containing alloy component or

30 alternatively, a multiple component system may be
employed. The multiple component system may include
additicnal chromium metal or chromium alloy and may



(2) (MR-C) + (M1-B) -+ B + (M-M) (3) O + (M-B) + (M-Cr) rﬁ§+
(ML- M2-Cr) 10 wherein ML and M2 are nickel and optionally one or AN 2004
netal s selected from the group consisting of chrom um silicon,

phosphorus, alum num 15 nmanganese, cobalt and iron; and; B is boron. As
I ndi cat ed above, the purpose of the netal M2 is to nodify the properties
of the 20 matrix, e.qg., to include additional chromumin order to inprove
the corrosion resistance. In addition to the elenents nentioned, M and M
may al so contain small amounts of other elenents such as carbon, oxygen
and nitrogen. 25 The proportion of chrom upnnetal and boron wused in the
powder m xture determ nes the volune fraction of the chrom um borides that
precipitates in the nmetal matrix. Generally, the ratio should be kept in
a range fromabout 0.8 to about 1.5. 30 20 JAN 2004 9 For, opti num adhesi ve
wear propertiesbetngedydnubBoseacesss shed®r i di siseehiectPitates in

the coating shoyhdobgorBtet aheefibk detangdarPitHe dMi1aPasdtdex | ofgbout 30
vol une percent, preferable from5 about 15 to 25 vol une percent. The

e
coatings can beepfBBaPedtRi LRCACHELUMOTTOSIAN FHESDFS (@i um borides in the

above ranges if the el eygat orRathionb@forcziindsidehid iwingre kept
wthin the foll ow n rogor i.ons: froq1about 2.5 to 10 about, 10 wt. %
314 bog t

boron, 0 tc abcthT® AfoRrEMiPitates in a metal malrix may
proceed according to one of the following equations:

(1) Cr + (MI-B) -+ CrB + Ml'
(2) (Mz-Cr) + (MI-B) - CrB + (Ml-Mz)

(3) Cr + (M1~B) + (Mz-Cr) -+ CtB + (Ml-HZ-Cr)

10 wherein Ml and M2 are nickel and optionally one
or more metals selected from
the group consisting of
chromium, silicon,
phosphorus, aluminum,

15 manganese, cobalt and iron;
and;

B is boron.

As indicated above, the purpose of the
metal MZ is to modify the properties of the

20 matrix, e.g., to include additional chromium in
order to improve the corrosion resistance.

In addition to the elements mentioned, Ml
. and M2 may also contain small amounts of other
elements such &s carbon, oxygen and nitrogen.

25 The proportion of chromium metal and boron
used in the powder mixture determines the volume
fraction of the chromium borides that precipitates
in the metal matrix. Generslly, the ratio should be
kept in a tenge from about 0.8 to about 1.5.

30



0 to about 2 wt. % manganese, 0 to about 2 wt. % alumnum O to about 1
w. %carbon, O to about 5 w. %silicon, 0 to about 5 w. % phosphorus, O
to about 2 wt. % copper and O to about 5 wt. %iron, 15 the bal anckeB d&N g
ni ckel . Most any boron-containing alloy can be used to prepare coatings
according to the present invention so long as the alloy satisfies the
reaction requirenments for one of the Equations (1) 20 (3) above as well as
providing the desired elenents in the netal matrix. Alloys which are
particularly suited for use in preparing coatings according to the
present invention are given in Table | below TABLE |I 25BORON- CONTAI NI NG
ALLOYS Conposition (weight ".) Alloy No. N B CrSi Fe 301Bal ance3 744

2Bal ance7.3 3.22.6 3Balance8.9 3.02.22.7 2 8 JAN 2004 - 10 GCenerally, the
powder m xture used to prepare the coatings has a particle size of |ess

t han about 200 nesh. It &sS.i t .l p [ f 5 .present
I nvention to heat treat #%% gg?g%%@s??QEEQQSa??%S §?0§e§&p i € %'y
el evat ed t enpervatlvme firact hen bof ophtoni winnbngidel pyecd pda atles drenough to

promot e the di sl ¢ 640001 4 YBE CRbL e aBANL 1300C: Fae Rgalydgeat ment
tenperature can be 10 subStantia I% hlg er than oC i esired, e.g.
about 1100C, b@bawHe kZrfrerakent 3PovieHuRet PpECED L, hipgle f85 abd eddindment al | y

effect thessubgHcte 15T 25 volume percent.

The cosatings can be prepared with a volume
fraction of chromium borides in the above ranges if
the elements in the boron-containing alloy are kept
within the following proportions: from about 2.5 to

10 about 10 wt. % boron, 0 to about 25 wt. % chromium,

‘ 0 to about 2 wt. % manganese, 0 to about 2 wt. %
saluminum, 0 to about 1 wt. % carbon, 0 to sbout 5
wt. % silicon, 0 to about 5 wt. % phosphorus, 0 to
about 2 wt. % copper and 0 to about 5 wt. % iron,

15 the balance being nickel.

Most any boron-containing alloy can be used
to prepare coatings according to the present
invention so long as the alloy satisfies the
reaction requirements for one of the Equations (1) -

20 (3) above as well as providing the desired elements
in the metal matrix. Alloys which are particularly
suited for use in preparing coatings according to
the present invention are given in Table I below.

TABLE 1

25 BORON-CONTAINING ALLOYS

Composition (weight %)

Alloy No. Ni B Cr Si Fe
30 1 Balance 3 7 4 4
2 Balance 7.3 3.2 2.6

3 Balance B.9 3.0 2.2 2.7



as-deposited coating should be maintained at the heat treatnent
tenperature for tinmes sufficient to 15 pronote the reaction and/or

di ffusion between the conponents of the coating. Alimted, but 28 JAN 2004
i mportant, anount of diffusion reaction occurs also wth the substrate.
The heat treatment of the coating is 20 generally carried out in a vacuum
or an inert gas furnace. Alternatively, the heat treatnent can be

achi eved by surface fusion processes such as electron beam |aser beam
transferred plasma arc, induction heating or other technique so |ong as
the 25 tine at elevated tenperature is sufficiently short or a protective
atnosphere is provided such that no signifijgant oxidation of the coating
occurs. The coatings of the present invention can be applied with success
to many different types of 30 substrates using the known deposition

t echni ques descri bed above,_ Howeyer, t subsirate nust be ble to
w t hstand the effects of hgﬁpeffgiyneﬁggﬁfﬁRﬁ%ﬁlﬂﬁﬁfqrﬁjpsﬁﬁtkgut any
harnful result. Spréphte shestoatdngsahas & partiidleasi e cbalessaccordi ng

to the present ipyenti LN d or exanple, steel, stainless steel,

I ron base aIIoys,ER§8k%ﬁ$u%igbglﬁgsbése al l oys, cobalt, cobalt base alloys,
chrom um chrom um base allltoys, impoatiamh in tthe praasice ab f otke
refractory al s f < I e Y, In. t ' ances
where a coa??%g 1B@§gg%§d?ﬁggﬁgxPﬁ§E%rgg%%tﬁqgéghéﬁﬁ1%% %%%??%géﬁo a heat
treated and har dep@dténg| péyasgpffigienddon edevayes) vemprrgavoret fer, for

exanpl e, the vol ugRe H686h-€BneE1NIRNANA INAE KT Lifi @Se b ¥Eh 280 20
promote the diffusion reaction, typically about
g00°C. The heat treatment temperature can be

10 substantially higher than 900°C if desired, e.g.
about 1100°C, but the temperature should not be so
high as to detrimentally effect the substrate. The
as-deposited coating should be maintained at the
heat treatment temperature for times sufficlent to

15 promote the reaction and/or diffusion between the
components of the coating. A limited, but
important, amount of diffusion reaction occurs also
with the substrate.

The heat treatment of the coating is

20 generally carried out in a vacuum or an inert gas
furnace. Aiternatively, the heat treatment can be
achieved by surface fusion processes such as
electron beam, laser beam, transferred plasmsa arc,
induction heating or other technique so long as the

25 time at elevated temperature 1s sufficiently short
or a protective atmosphere is provided such that no
significant oxidation of the coating occurs.

The coatings of the present invention can
be applied with success to many different types of

30 substrates using the known deposition techniques
described sbove. However, the substrate must be
able to withstand the effects of heat treatment



percent or nore. In the case where a coating is 15 applied to AISI 4101
stainless steel, the volune fraction of hard phase shoul d be kept below

" about 20 percent. It has been found that the coatings having ? 04
fraction of CrB above these |levels are not ductile enough to wi thstand the
hi gh internal 20 stresses inposed by expansion of the substrate. This is a
particularly troubl esone problemw th sone alloys such as AISI 410 which
undergo thermal expansion through the martensite phase transformation. 25
The thickness of coatings prepared according to the present invention
generally varies fromabout 0.005 to about 0.040 inch (0.1 to 1.0 nm. 30
1The nom nal conposition of AISI 410 is 213 wt. % Cr, 0.15 w. % nmax. C,
bal ance iron, while that of AISI 4130 is 0.3 C, 0.5 Mh, 0.2 Si, 1.0 Cr,
0.2 Mo, balance iron, and AISI 4140 is 0.4 C, 0.9 Mn, 0.2 Si, 1.0 C, 0.2
Mo, bal ance irorwi¢h8ut ABhZ0R4ThEulTire smiler.ostSuddtatrles safbgtmat®at i ngs of

th t | [ t ood.
Hovever Tt i s IBBHRETe By wBORT 6 6o, B8 RoRE A B r ditis o HELT hoe
contain-a hard;ﬂnsseﬁtcbnpensﬁqg dhciafliene fpar eixdmpleof teehi um boride in
ametal matrix. JHeiSELAL HBLELX §20RSBRAY Aty Ll yR A NGt vely

dense, softer than and has a Io ger mea pendi ng
upon the vmiﬂnaﬁﬂamt$bhobs th@balm hepdadtadasien ad laws i rghTemEu®hr oni um

boride particl&s, g1 b Qﬁ§895§98yb” %1%%%ﬁhﬁﬁtLéﬁﬂéhi&ﬁ“ﬁé&é“'“a””er
t hroughout the matrix or t ticles_may regated in small clusters
whi ch alloys, refractory metals and re ractory -metal base

alloys.
In those instances where a coating

10 according to the present invention is applied to a
heat treated and hardenable alloy substrate such as
AISI 4140/4130 steel, for example, the volume
fraction of the hard phase can be as high as 20
percent or more. In the case where a coating is

15 applied to AISI 4101 stainless steel, the volume
fraction of hard phase should be kept below about 20
percent. It has been found that the coatings having
a volume fraction of CrB above these levels are not
ductile enough to withstand the high internal

20 stresses imposed by expansion of the substrate.
This is & particularly troublesome problem with some
alloys such 8s AISI 410 which undergec thermal
expansion through the martensite phase
transformation. |

25 The thickness of coatings prepared
according to the present invention generally varies
from sbout 0.005 to about 0.040 inch (0.1 to 1.0 mm).

1The nominal composition of AISI 410 is 12.5 wt. %

30 Cr, 0.15 wt. % max. C, balance iron, while that of
AISI 4130 {s 0.3 C, 0.5 Mn, 0.2 Si, 1.0 Cr, 0.2 Mo,
balance iron, and AISI 4140 is 0.4 C, 0.9 Mn, 0.2
Si, 1.0 Cr, 0.2 Mo, balance iron.



are usually distributed evenly in the matrix. 15 Generally, clusters of CB

particles are fornmed in the coatings as the volune. fraction approachﬁf
the wupper limt of about 30 volunme percent. The size of the chr om2 A
boride particles wll vary dependi ng upon several factors including 20
the heat treatnent tenperature and tinme. Generally, the average particle
size will be sub-mcron, typically fromabout 0.1 to about 1.0 m cron.
The hardness of the coatings varies in proportion to the volune fraction of
the hard 25 phase. It is possible, therefore, to tailor the hardness to a
particul ar range of values by varying the atonic rati o of chrom um net al
to boron within the powder m xture. Gbne%gl t he hardness of the
coatings ranges from about 250 to about 7 DPH300 30 (HV.3). An inportant
advant age of the present invention is that the diffusion reaction between
2 8 JAN 2004 - 13 chro un1o oy ca |n|ng
all oy takes place at rel f@r9%€F%§§¥ % eéfngﬁF ﬁaﬁgggétﬁﬁg eg about
10000C. AIthoughdﬁunﬁn&nﬂenttﬁmomréosombwhaphenmpﬁannanﬁ matt &mdénstood

it is 5 believed e due t ui g r l; , St £sses and
di sl ocati ons iﬁﬁéﬁ%%ﬁ\ ‘anme ?ééwég1a%g 98 Rﬁgghegr tggée5é5%5|ted onto
the substrate Har tdegrdmxttedreiyathgthe nccentnaSt gonnaém amhiaed ddesehave
been forne by £est 1 e

signifi cam(:él y hl% \é%ﬂ}u%;g\%%t ur eisrlﬂVg €e5?g{:1% ag?a ﬁggmﬁ@o%%%i%{ﬁese hi gher

t enrper at ur es aﬁemﬁiﬁﬂlqﬁtﬁi¥+rmﬁh%]m@bah0§§t§#éeﬁ§ epgénitd &ldd | ow heat

treat ment tenpeREides) {AEIUd Bsk i Vel PeaPh8ESCNEoERRL RY P’ RFRS hardese
phase and has & low permeability. 7
.Depending upon the volume fraction of the
10 hard phase in a coating, the chromium boride
particles may be dispersed In a substantially

1004

uniform manner throughout the matrix or the
particles may be aggregated in small clusters which
are usually distributed evenly in the matrix.

15 Generally, clusters of CrB particles are formed in
the coatings as the volume fraction approaches the
upper limit of about 30 volume percent.

The size of the chromium boride particles
will vary depending upon several factors including

20 the heat treatment temperature and time. Generally,
the average particle size will be sub-micron,
typically from about 0.1 to about 1.0 micron.

The hardness of the coatings varies in
proportion to the volume fraction of the hard

25 phase. It is possible, therefore, to tallor the
hardness to a particular range of values by varying
the atomic ratio of chromium metal to boron within
the powder mixture. Generally, the hardness of the
coatings ranges from about 250 to about 700 DPH300

30 (HV.3).

An important advantage of the present
invention is that the diffusion reaction between



15 substrates can now be coated wi thout any harnful effects. The foll ow ng
exanples wll serve to further illustrate the practice of the preadhﬂAszu
i nvention. 20 Exanple |I A nunber of CB coatings were prepared by plasm
sprayi ng powder m xtures of an alloy of nickel-20 chromiumand Alloy No. 2
onto | ow carbon AISI 1018 2 steel specinmens neasuring 1/2 x 3/4 x 25 2-3/4
i nches (13 x 19 x 70 nm, AISI 410 stainless steel specinens neasuring 5/8
Xx 1 x 2 (16 x 25 x 51 mm, Inconel 718 3 superall oy speci nens neasuring
2The nom nal conposition of AISI 1018 is 0.18C, 30 bal ance Fe and I nconel
718 is 19 C, 3.0 Mb. 5.1 No, 0.9 Ti, 0.5 A, 18.5 Fe, 0.08 C nmax, bal ance
Ni. 3"Inconel"” is a trademark of Internajgonal N ckel Conpany. 28 JAN
2004 - 14 1/2 x 1 x 2-3/4 (13 x 25 x 70 mm and Al SI 4140 and AISI 4130
all oy steel specinmens nmeasuring 1/2 x | x 2-3/4 inches to a thickness of

about 0. 020 i“Qﬁgﬁébfhm'HQ-cﬂigprmt81fb§t8ﬂhcﬁﬁétEBrBRJQQ§qg?M1 m Xt ure

5 was about 1. e as- deposi coatings"were headt ~ treate ' offe hour at
t enper at ur es ofalflymtdkas pbawe tat 10edativeldcliom beadr gaeatimeritoned by a

sequence of heglodfsaldRs, dPRA0N RO ASC! Nex HBRLEAR TRLGAl . The

as-coated and hea oat1 ngs had an apparent porosity of |ess
t han about 0. Fesaqerfior |thiscehrnenenent b8 Boat Lndersiteooder it fisne OB

preci priat §s i 1Y drel Yodll ARET 6@ Ucnt MoQYIAHE BeNnagh S AR 1 x. The
interdiffusion zone of the coating/substrate had a thiCkness of 15 about
30 to 40 microfdr&sses and dlslocations inside the lamellar splats
or leaves that are deposited onto the substrate by
thermal spraying. 1In contrast, chromium borides
have been formed by conventional casting or hot
10 pressed methods at significantly higher temperatures
greater than about 1150°C. These higher
temperatures are usually degrimental to most
steels. Due to the low heat treatment temperatures
required in the present coating process, these
15 substrates can now be coeted without any harmful
effects. _ ‘
The following examples will serve to
further 1llustrate the practice of the present

invention.

20 | Example I
A nunmber of CrB coatings were prepared by

plasma sprayling powder mixtures of an alloy of
nickel-20 chromium and Alloy No. 2 onto low carbon
AISI 10182 steel specimens measuring 1/2 x 3/4 X

25 2-3/4 4inches (13 x 19 x 70 mm), AISI 410 stainless
steel specimens measuring 5/8 x 1 x 2 (16 x 25 x 51
mm), Inconel 7183 superalloy specimens measuring

2The nominal composition of AISI 1018 is 0.18C,

30 balance Fe and Inconel 718 is 19 Cr, 3.0 Mo, 5.1
Nb, 0.9 Ti, 0.5 Al, 18.5 Fe, 0.08 C max, balance Ni.
3“1ncone1" is g3 trademark of International Nickel
Company.



A series of heat treatnent experinents were conducted on the coateg
specinens in a horizontal furance, equipped with an oil quench appn&ﬁﬂ&ﬂm4
and with a 10 cfh static flow of argon gas. The heat -20 treatnents
applied to the coating/substrate systens are outlined in Table Il bel ow
28 JAN 2004 15 - TABLE Il Heat Treatnent Schedules 5 Coating/410 SS (1)
Heat treated at 1000C/ 1 hr./Ar, furnace cool to 940C, hold at 940C 15
mn./Ar, fan cool in Ar. (2) Tenper at 700C/45 min./Ar oil quench, and
tenper at 685C/ 45 min./Ar, oil quench. Coating/lnco 718 10 (1) Heat treat
at 1000C/1 hr./Ar, fan cool in Ar. (2) Agggat 700C/ 4 hrs./Ar, fan cool in
Ar. Coating/4140 (1) Heat treat at 1000C/| hr./Ar, oil quench 15 (2)
Tenper at 600C71 hr../Ar, oil quench. or, tenper at 450C/ 1 hr. [ Ar, oi

quench. or, tenpes jafy %Wi/&”(iﬂx 95! qv@ng@ LRGTARISS |4y 43P e he

first heat treatnent step (1) pronotes the usion reaction in
coating, while #HSL&H sy t5Eee hepPesiepnsopeaguniloged /tthe dess red

mechani cal properdims Hctidy t@t@%ﬁf&ﬁneé@t k! 8966@“'00 o%af{w&g% '(%n sand
penetrant techni ques were, e %% to reveal any defects in
coating or subs@®k-e é[frteercrbg‘}r)&) t#bP0b¢ FRElO NhjAkerpowder mixture

5 was about 1. The as-deposited coatings were heat
treated for one hour at temperatures of from about
970 to 1020°C in vacuum or argon, followed by &
sequence of heat treatments, depending upon the
substrate material. The as-coated and heat-treated

10 coatings had an apparent porosity of less than about
0.5 percent. 1In the heat-treated coating, the very
fine CrB precipitates were uniformly dispersed
throughout a8 Ni-Cr-Si-Fe matrix. The interdiffusion
zone of the coating/substrate had a thickness of

15 about 30 to 40 micrometers. '

A serles of heat treatment experiments were
conducted on the coated specimens in & horizontal
furance, equipped with an oil quench apparatus and
with a 10 cfh static flow of argon gas. The heat

20 treatments applied to the coating/substrate systems
are outlined in Table II below.



- .16 heat treatnment cycles. It was found that the coatings were
essentially uneffected by the second heat treatnent except for th? JAN 2004
- coatings on the AISI 410 stainless steel which showed evi dence of @
cracking. In subsequent experinments with this sanme coating on 410
stainless steel, crack-free coatings were produced by nmaking adjustnents
in the heat treatnent schedul e. However, this nodification 10 requires
very precise control of heat treatnent which makes it unsuitable for
actual use in production. Exanple Il A nunmber of CB coatings were
prepared by 15 plasma sprayi ng powder m xtures of nickel-20 chrom um and
Alloy No. 1 onto AISI 410 stainless steehegnmeasuring 5/8 x 1 x 2 inches (16
Xx 25 x 51 mm to a thickness of about .0%8 inch (0.5 mm). The m xture
formul ation was as follows: Alloy No. 1 + 20 39.3 (N-20 Cr). A
conpositions wll be expressed hereinghker i} wei ght percent, eg. 60.7
w.%A loy No. 1 +39.3w. (N-20 G) equalrs Alloy No. 1 + 39.3
(Ni-20Cr). The Cr to B atomic ratio was about 1.4. The as-deposited
coatings were heat treated 25 fipptOonrecheHentt se®yaaenaiures of about 970 to
1020C in vacuum or argon. The coatTngs consisted of CrB precipitates
uni formy dispersed throughout a N -Cr-Si-Fe matrix. The volune fraction
of the OB precigut gigess180sEn these coatings was 15.5 volune percent. This
was 28 JAN 2004 - 17 Tess than volune percent of precipitates in the
coatings of Exanple&1) Heat treated at 1000°C/1 hr./Ar, furnace

5 cool to.940°C, hold at 940°C/15 min./Ar,

fan cool in Ar.

(2) Temper at 700°C/45 min./Ar oil quench, &nd
temper at 685°C/45 min./Ar, oil quench.

Coating/Inco 718

10 (1) Heat treat at 1000°C/1 hr./Ar, fan cool in
AT.

(2) Age at 700°C/4 hrs./Ar, fan cool in Ar.

Coating/4140

(1) Heat treat at 1000°C/1 hr./Ar, oil quench.
15 (2) Temper at 600°C/1 hr./Ar, oil quench.
or, temper at 450°C/1 hr./Ar, oil quench.

or, temper at 350°C/1 hr./Ar, oil quench.

In Table I1 above, the first heat treatment
step (1) promotes the diffusion reaction in the
20 coating, while the second heat treatment step (2)
achieves the desired mechanical properties of the
substrate.
Metellographic examination and penetrant
techniques were employed to reveal any defects in
25 the coating or substrate after completion of the



The coatings prepared in this exanple were subjected to the sane heat
treatnment schedule for 5 the AISI 410 stainless steel substrate as
outlined in Table Il. After the heat treatnment, the coatings were?éiéN*ﬁ@&
and found to contain no cracks or defects, indicating that this particular
coating was conpatible with the 410 stainless steel substrate. 10 The

har dness of these CrB coatings was about 340 DPH300 (HV.3). This was |ess

than the hardness of the coatings prepared in Exanple |; however, the
i nstance coatings were nore ductile and strain resistant. 15 20 25 30
Exanple 111 A nunber of CrB coatings were prepared by plasma spraying

powder m xtures of chromumnetal or nitk&-20 chrom um and a
boron-containing alloy onto AISI 1018 steel specinmens neasuring 3/4 x 1/2
X 2-1/2 inches to a thickness of about 0.020 inch (0.5 mm). The powder

m xtures were baged @Fddienertordpd bés on D waoi Ebundethat €hB In the

rom about 13, 4008 14DES MR RS SEL f 00 FURRET SeFons Yo r e L8 eP s Rova:
(1)Alloy No. 1 head (tNMes2@@nt (€)ddpDYEdD. the +c88tBngsi eAOChE AIFAI | oy No.
5 1A 2004 - 1841Hhe TR HeaF ot st lered ek phER 88 £0r one T
5 cracking.
In subsequent experiments with this same
coating on 410 stainless steel, crack-free coatings
were produced by making adjustments 1n the heat
treatment schedule. However, this modification
10 requires very precise control of heat treatment
which makes it unsuitable for actual use in
production.

Example 11

A number of CrB coatings were prepared by
15 plasma spraying powder mixtures of nickel-20
chromium and Alloy No. 1 onto AISI 410 stainless
steel measuring 5/8 x 1 x 2 inches (16 x 25 x 51 mm)
to a thickness of about .020 inch (0.5 mm). The
mixture formulation was as follows: Alloy No. 1 +
20 39.3 (Ni-20 Cr). All compositions will be expressed
hereinafter in weight percent, eg. 60.7 wt.% Alloy
No. 1 + 39.3 wt. % (Ni-20 Cr) equals Alloy No. 1 +
39.3 (Ni-20Cr). The Cr to B atomic ratio was about
1.4. The as-deposited coatings were heat treated
25 for one hour at temperatures of about 970 to 1020°C
in vacuum or argon. The coatings consisted of CrB
precipitates uniformly dispersed throughout &
Ni-Cr-Si-Fe matrix.
The volume fraction of the CrB precipitates
30 in these coatings was 15.5 volume percent. This was



hour at tenperatures of from about 960 to 1020C in vacuum or argon,

foll owed by oil quench. The coatings consisted of fine CrB preC|p|ﬂbﬂd$Nﬂm4
a5 N-C-Si-Fe.. The calculated volune fraction of the hard phase in the
coati ngs prepared fromeach formulation (1) to (5) was 13.4, 15.5, 19.7,
32.5 and 42.6 percent, respectively. The hardness of the CrB coatings
varied 10 from about 280 to 740 DPH300 (HV.3). For conparison, a nunber of
coatings were made from conventional alloy powders designated herein as
G, a brazing alloy (Alloy No. 1) and C2 were prepared by plasma spraying
the all oy powder 15 onto the sane Al SI 1018 steel specinens, then heat
treating the as deposited coating in the ffnp manner as descri bed above.
Coati ngs nade from another conventional alloy powder (N -Cr-B-Si-Fe)
designated herein as C3 were applied onto the steel specinens 20 using

standard wel d ge osi tion tgchnl ues. e 1l §|OM/|I ts &he nom nal
conposi tions foRSE EPREReY &ﬂ%159r%ﬁ?J 26@% ip HCN
cVs"?20 t~?20 n gohoiReg¥0 o4OMamptd 1T .+l Ov-C)WOON i f) NN-4.4.-4C') Nepp~

The coatings prepared in this example were

subjected to the same heat treatment schedule for

5 the AISI 410 stainless steel substrate as outlined
in Table 11. After the heat treatment, the coatings
were examined and found to contain no cracks or
defects, indicating that this particular coating was
compatible with the 410 stainless steel substrate.

10 The hardness of these CrB coatings was
about 340 DPH300 (HV.3). This was less than the
hardness of the coatings prepared in Example I;
however, the instance coatings were more ductile and
strain resistant.

15 Example I11
A number of CrB coatings were prepared by

plasma spraying powder mixtures of chromium metal or
nickel-20 chromium and a boron-containing alloy onto
AISI 1018 steel specimens measuring 3/4 x 1/2 x
20 2-1/2 inches to a thickness of about 0.020 inch (0.5
mm). The powder mixtures were based on the
formulation of stoichiometric CrB in the coating
_such that the calculated chromium boride volume
fraction varied from gbout 13.4 to 42.6 percent.
25 The mix formulations were a&s follows:
(1) Alloy No. 1 + 50 (Ni-20Cr)
(2) Alloy No. 1 + 39.3 (Ni-20Cr)
(3) Alloy No. 2 + 56 (Ni-20Cr)
(4) Alloy No. 3 + 35 (Ni-20Cr) + 15Cr
30 (5) Alloy No. 3 + 30Cr



InMMM]Mnn1HMpG&MJMwIm)Mbm_mMWQMer.-Ly-QNmsﬁﬁ% 2
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The as-deposited coatings were heat treated for one
hour at temperatures of from about 960 to 1020°C in
vacuum or argon, followed by oil quench. The
coatings consisted of fine CrB precipitates in a

5 Ni-Cr-Si-Fe. The calculated volume fraction of the
hard phase in the coatings prepared from each
formulation (1) to (5) was 13.4, 15.5, 19.7, 32.5
and 42.6 percent, respectively.

The hardness of the CrB coatings varied

10  from about 280 to 740 DPH,,, (HV.3).

For comparison, a number of coatings were
made from conventional alloy powders designated
herein as Cl, a brazing alloy (Alloy No. 1) and C2
were prepared by plasma spraying the alloy powder

15 onto the same AISI 1018 steel specimens, then heat
treating the as deposited coating in the same manner
as described above. Coatings made from another
conventional alloy powder (Ni-Cr-B-Si-Fe) designated
herein as C3 were applied onto the steel specimens

20 using standard weld deposition techniques.

Table II1 below lists the nominal
compositions for all the coatings:
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conposition of coatings prepared

conposition

5 particularly coating C3. Although the

simlar to those of conventional
of these coatings are significantly different9 40 Abrasive wear properties
prepared above were determ ned using a standard dry

of the coatings

Total Composition (wt. %)

q Pormulation (wt. %)

Coatin

Sl

mi

1.5 <0.25

2.0

1.5

13.5

81.5

{1) nlloy No. 1 + 50 (Ni-20Cr)

2.43 1.82 "<0.30

1.82

12,1

81.83

{2) Alloy No. 1 + 39.3 (Ni-20Cr)

5

coat i ngs,

0.02

1.1

12.87 2.64

83.19

{3) Alloy No. 2 + S6{Ni-20Cr)

1.1

1.3

4.7

23.6

69.3

(4) Alloy No. 3 + 35(Ni-20Cr) + 15Cr

1.82 1.47

J2.24 6.79

57.68

(5) Alloy No. 3 + 30cCr

4.0 3.0 <0.05

7.0 3.0

82.95

(6) C1

17.0 3.5 4.0 1.0 1.0

70.5

{(7) c2

10

3.7 4.25 0.65

2.5

11.5

77.35

(8) €3

i nvention are



sand/ rubber wheel abrasion test described in ASTM Standard G55- ﬁz
Procedure A In this test, the coated specinens were | oaded by gn@“dwma
| ever arm 15 against a rotating wheel with a chlorobutyl rubber rim around
the wheel. An abrasive (i.e., 50-70 nmesh Otawa Silica Sand) was

I ntroduced between the coating and the rubber wheel. The wheel was rotated
in the direction of the abrasive flow. The test 20 speci nens were wei ghted
before and after the test and their weight | oss was recorded. Because of
the w de differences in the densities of different materials tested, the
mass loss is normally converted to volune loss to evaluate the relative 25
ranking of the materials. The average volungclqss for coatings of the
present invention ranged from about 5 to 50 m®B/ 1000 revol uti ons. The
volune |oss was found to decrease with increasing vol une fraction of t he

hard phase in the. coating T at| ect

erosion tests. These teStS§S\B§8° gﬁd%t B8 5&3&(5’%&{1& :ﬁaid&}%lt ptl" %edures
usi ng al um na par¢ospesividh af6chNiﬁg@4p{eghreﬂrﬁnnmmmixlze of 27
e, ol AR, BB B B o
be about 60 to l120cmpasbhbbon 66 tbe3¢onwena¢@maﬂscdaqﬁnggyznn

respectively.s Th e eghsta f ot t bori de
and the convent|§%9§¥coa?§§ig c§ggig Puate%ﬁﬁg&h§% ¢h {F%ﬁ ring (al pha)
tester. A coatede|mgﬂh&ns&gPaeﬂéFGdaﬂﬁéﬁrgdmaﬂNQ)Qﬁb(RrQEﬁ@%at|ng
produced by Uni omy £ght 6 CRER. o YRUPRC! 18 tHBHORA! iYL dhddV 15, vas

rotated agai nst a statlonar¥ coat ed h the test coatings. The
coatings, m croscopically the structures of these

coatings are significantly different.

10 Abrasive wear properties of the coatings

'~ prepared sbove were determined using a standard dry

sand/rubber wheel abrasion test described in ASTM
Standard G65-80 Procedure A. In this test, the
coated specimens were losded by means of & lever arm

15 against a rotating wheel with a chlorobutyl rubber
vim arocund the wheel. An abrésive {(i.e., 50-70 mesh
Ottawa Silica Sand) was introduced between the
coating and the rubber wheel. ' The wheel was rotated
in the direction of the abrasive flow. The test

20 specimens were welighted before and after the test
and their weight loss was recorded. Because of the
wide differences in the densities of different
materials tested, the mass loss is normally
conﬁerted to volume loss to eveluate the relative

25 ranking of the materials. The average volume loss
for coatings of the present invention ranged from
about 5 to 50 mm311000 revolutions. The volume
loss was found to decrease with increasing volume
fraction of the hard phase in the coatings.

30 The CrB coatings were also subjected to
erosion tests. These tests were conducted according
to standard procedures using alumina particles with



test conditions were fixed at 800 oscillation, 1000 and 2000 cycles, 164
Kg (360 I bs.) normal load and 15 18mmn. (60 ft./mn.) rotating spggg iﬂ 004
“dry air at roomtenperature. The adhesive wear resistance of the HP &
was determ ned by neasuring the volune |oss based on neasurenents of wear,
scar length and width on the block and weight loss on the ring. The 20
coatings prepared with mx fornmulations (1) to (3), inclusive, exhibited a
wei ght loss of about 1.3 nm 3 while the conventional coatings exhibited a
wei ght |l oss of over 2.0 nm 3, both at 1000 cycles test. At the 2000 cycles
test, the respective 3 15 weight losses were 1.4 to 1.9 and 1.8 to 3.4 nm
Tabl e 1V sunmari zes the netal |l ographic -eynl wati on, sand abrasi on, erosion
and adhesive wear resistance of all the coatings tested.” 30 4,,UCAR' is a
trademark of Union Carbide Corp. 2 8 JAN 2004 -22 Ch OtTIr N-~n NN O

QO\ MN in BApgldiha1OsiMe Nf 27 microns and a particle velocity
of sbout 91 meters per sec at two impingement angles
of 90° and 30°, The average erosion rate was found
to be about 60 to 120 and about 30 to 37 micrometers

5 per gram, respectively.

The dry adhesive wear resistance of both
the chromium boride and the conventional coatings
was evaluated using a block-on-ring (alpha) tester.
A coated ring having a detonation gun (W,Cr)C-Co

10 coating produced by Union Carbide Corp. under the
designation UCARQ LW-15, was rotated against a
stationary block coated with the test coatings. The
test conditions were fixed at 80° oscillation, 1000
and 2000 cycles, 164 Kg (360 1bs.) normal load and

15 18m/min. (60 ft./min.) rotating speed in dry &ir at
toom temperature. The adhesive wear resistance of
the coating was determined by measuring the volume
loss based on measurements of wear, scar length and
width on the block and weight loss on the ring. The

- 20 coatings prepared with mix formulations (1) to (3),
inclusive, exhibited a weight loss of about 1.3
mm3 while the conventlonal coatings exhibited a
welght loss of over 2.0 mm3, both at 1000 cycles
test. At the 2000 cycles test, the respective

15 weight losses were 1.4 to 1.9 and 1.8 to 3.4 mm3.

Table IV summarizes the metallographic
evaluation, sand sbrasion, erosion and adhesive wear
resistance of all the coatings tested.

30  S"UCAR" is a trademark of Union Carbide Corp.
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The group of curves in Figure | show the relationship between hardness,
~abrasive and adhesive wear and the chromnmi um boride volune fraction in
coatings prepared according to the present 5 invention. The curves arf N 2004
based on average values of test results obtained on various C B coat ng@
prepared in this-exanple. It should be noted first that the hardness of
the coatings is linearly proportional to the CB volune fraction. The sand
10 abrasion wear rate of the coatings is represented by curve A It wll
be seen that the sand abrasion wear rate is non-linear and varies
inversely with the volune fraction of chrzanum boride. The adhesive wear
rate at 1000 cycles is represented by 15 curve B and at 2000 cycles by
curve C. The adhesive wear rate increases non-linearly with increasing

boride content in the coq%bn%rdﬂyadyxgdﬁugseﬁﬁlpiéur@ hlghgﬁ adeesi ve wear
rate when tested at 2000 C It should al so be noted that m ni mum

vol ume 20 | oss EééﬂﬁéﬁﬂsbﬁPbéﬁFﬁﬁﬁ§Iﬂﬂﬁqﬂfﬁﬁ(ﬂﬁ?ﬁﬁ%h?%oﬁﬂﬁeadbﬁﬁéﬁﬁ
fraction of betypgp &h@Utthh2cmrﬁQ1anfdlﬁrHe véDahé NPEabBYbAYLIA Vol ume

fraction greater th@n about dpercent srmw¥615|gn|fican I ncrease in
vol une coatings prepare according presen
3 invention. The curves are based on average values

of test results obtained on various CrB coatings
prepared in this example. It should be noted first
that the hardness of the coatings is linearly
proportional to the CrB volume fraction. The sand

10 abrasion wear rate of the coatings is represented by
curve A. It will be seen that the sand abrasion
wear rate 1is non-linear and varies inversely with
the volume fraction of chromium boride. The
adheslive wear rate at 1000 cycles is represented by

15 curve B and at 2000 cycles by curve C. The adhesive
wear rate increases non-linearly with increasing
boride content in the coating. The coatings exhibit
a higher adhesive wear rate when tested at 2000
cycles. It should also be noted that minimum volume

20 loss occurs with coatings having a chromium boride
volume fraction of between about 12 and 30 percent.
Cdatings having a volume fraction greater than about
30 percent show a significant increase in volume
loss.

25 The bar graphs of Figure 2 show comparisons
in the volume loss between chromium boride coatings
and conventional alloy coatings against mating UCAR
LW-15 coatings. The CrB coatings M2, M3 and M4
representing those prepared from mix formulations

30 (2), (3) and (4), respectively, are superior to the
conventional alloy coatings Cl and C2 and comparable
to or better than conventional coatings C3. The



| oss. 25 The bar graphs of Figure 2 show conparisons in the volune |oss
bet ween chrom um bori de coatings and conventional alloy coatings ag?qum2m4
"mating UCAR LWi5 coatings. The CrB coatings M2, M3 and M4 representirng
those prepared frommx formulations 30 (2), (3) and (4), respectively,
are superior to the conventional alloy coatings C and C2 and conparabl e
to or better than conventional coatings C3. The 28 JAN 2004 - 24 vol une

| oss of LW 15 coatings when nmating against CrB coatings is 3 to 10 tines

| ess than those mated against the conventional alloy coatings. The

m crostructures of sections parallel 5 and perpendicular to the surface of
a series of chrom um boride coatings nad %rom mi x formul ati ons (1) to
(5) are shown in Figures 3(a) and (b) through Figures 7(a) and (b),

i nclusive. The volume fraction of chromumboride in the coatings prepared
10 from t hese anHUNanMQﬁs(Dﬁ;%HjlicﬁQ%ﬁimaﬁg%beﬂr@ﬁiims.ASFénég.6%) I n

all the photoni g(rggrc%fﬁ §Q & 6§ Std 00 L HEmEO2i £BY. tRahCERDRe! BaltRY

substrate, the areas are precipitates and the Iight areas are 15
matri x. - The mi cegsingdt dhes asmvart 5egl oklopefpBRANEEFar to the surface

of the coatings reveal gt gheddeciPtipéesopl sebtephdmplaeridelare
di spersed substantially unjfornm throqghout the 2 natrléﬁln he case of

the coating® na@@% PERRAENALG 1tR i Ure fuUyfae9)ohng fSFLR5vPig a vol une
fraction of CrBebfrobiuvh bbridansbd®ingds mespefiomenyx &srmbaan iiomsFi gures

(), 4(a) and §(2), TS W WHENT o1 lird 8836831 kRS (B39eHTREn
Figures 7(a) and (b), inclusive. The volume
fraction of chromium boride in the coatings prepared

10 from these mix formulations (1) to (5) ranges from
13.4 to 42.6%. '

In all the photomicrographs, C refers to
the coating, S refers to the substrate, the dark
areas are precipitates and the light areas are

15 matrix. |
_ The microstructures of the sections
perpendicular to the surface of the coatings reveal
that the precipitates of chromium boride are
dispersed substantially uniformly throughout the

20 matrix in the case of the coatings made from mix
formulations (1), (2) and (3) having & volume
fraction of CrB of 13.4, 15.5 and 19.7%
respectively, as shown in Figures 3(a), 4(2) and
5(a). The microstructures of the coatings made from

25  the remaining mix formulations (4) and (5) reveal
that the precipitates of chromium boride aggregate
as lamellar clusters distributed throughout the
matrix as shown in Figures 6(a) and 7(a). These
coatings had a CrB volume fraction of 32.5 and 42.6

30 percent, respectively.

The section of the coatings parallel to the
surface 1s generally exposed to the wear



25 the remaining mx formulations (4) and (5) reveal that the preci
of chrom um boride aggregate as lanellar clusters distributed throu
the matrix as shown in Figures 6(a) and 7(a). These coatings had a
vol une fraction of 32.5 and 42.6 30 percent, respectively. The sect
the coatings parallel to the surface is generally exposed to the we

JAN 2004 25

environnent. It is therefore expected that the coating

m crostructure in the section parallel to the surface has a signifi
i nfluence on the wear behavior of a particular coating. Figures 3(b
7(b), inclusive, show the m crostructure gauthe sections parallel t

surface of the coatings made frommx o
respectively,

[ations (1) through (5),
and reveal basically the sane type of precipitation a

occurs in the sections 10 pergendlcular to the surface of the coatin

coatings nade fergrhnenmendymul
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preclpitation as occurs in the gections
perpendicular to the surface of the coatings. The
coatings made from mix formulations (1), (2) and (3)
having CtrB volume fraction of 13.4, 15.5 and 19.7%
exhibit a substantially uniform preciplitation of the
chromium boride throughout the matrix as shown in
Figures 3(b), 4(b) and 5(b). In the remaining
coatings made from the other mix formulations (4)
and (5), the preciplitates aggregated in clusters
which were distributed evenly throughout the matrix
as shown in Figures 6(b) and 7(b). These coatings
had a volume fraction greater than 30 percent.

For comparison, the microstructures of
sections perpendicular to the surface of
conventional plasma sprayed and heat treated Cl and
C2 coatings and weld-deposited C3 coatings are shown

in Figures 8(a), (b) and {(c), respectively. Since

these conventional alloy coatings were made by using
a prealloyed powder, the microstructure of the
section parallel to the surface of each coating is
expected to be the same as that of the section
perpendicular to the surface. For cocatings Cl,
relatively high boron and low chromjum content
result in the formation of very fine Ni3B

ures
30

C2
(b)



these conventional alloy coatings were made by using a prealloyedymgo

the mcrostructure of the section parallel to the surface of each coating
is expected to be the sanme as that of the section 30 perpendicular to the
surface. For coatings G, relatively high boron and | ow chrom um cont ent
result in the formation of very fine Ni3B 2 8 JAN 2004 - 26 structure as
the primary hard phase. For coatings C2, the chrom um boride precipitates
are in a needle shape as shown in Figure 8(b). In the weld deposited
coatings C3, the OB precipitates are 5 blocky with a particle size of
about 3 microneters. The norphol ogy and @& ticle size of the chrom um
boride precipitates were also examned in sections parallel to the surface
of the CrB coatings by scanning electron mcroscope (SEM. It was found 10
that both the n@tﬂlﬂ@t@ga agdtpar prdmary tared gHese chrkow wodbings

i pitat de th h t
Powter  compondhie. the ot gyl hERasl sfREid Alfec i Ny SHEHE 1 LD
and ni ckel -20 cd:iﬁmpemsoshohno:mumig&metﬁe(lb) .hadrma trtme‘eﬁdform
distriputi on ofsiRes1 PEECkRbEThES, CAAT (HIOIEHTIAS I dHuecy pompOnENt

chron1 m an

i.e., boron- coﬁ? nin ckel - rom um net al For
t he coat i nys cdm1@¢hrngithBa Pérmﬁﬁlﬁrédﬁﬁom§(ﬂquizﬁ M ORHEe TS 7%

di ffusion 20 reaction begﬂgeﬁopgthS§FIghhg%éf%qdygtéfgbrgpkgﬁe base al |l oy

and chromumin the N - chrom um Olution result in rod or
pl ate-1i ke CrB chFerlpptbeEidRi PREgA PATELAS WAL SFsQIARHNS] Hcroneters

(in length of rQ@b@ioﬁbaﬁﬁiﬁiléﬁ 22 Rhat ehriPacd N Eaad NUSBE NBsiet Yhid two
powder COWpomﬂky scanning electron microscope (SEM). 1t was found
10 that both the morphology and particle size of the
chromium boride precipitates depend upon the
formation mechanism. Coatings made with two powder
components, 1.e., a low melting boron-containing
nickel base alloy and nickel-20 chromium or chromlum
15 metal, had a more uniform distribution of the
precipitates than those made with three components,
i.e., boron-containing alloy, nickel-20 chromium and
chromium metal. For the coatings containing CrB
volume fractions of 13.4, 15.5 and 19.7%, diffusion
20 reaction between boron from the low melting nickel
base alloy and chromium in the Ni-20 chromium solid
solution result in rod or plate-like CrB
precipitates with an average size of about 0.5
nmicrometers (in length of rod or diameter of
25 platelet).

In coatings made with two powder components
using mix formulation (5) and having a CrB volume
fraction of 42.6%, diffusion reaction between boron
from the low melting alloy and pure chromium leads

30 to the formation of blocky CrB precipitates with a
particle size of 1 to 5 micrometers. 1In coatings
made with three powder components using mix



using mx formulation (5) and having a CB volune fraction of 42.6%

di ffusion reacti on between boron fromthe |ow nelting alloy and pure
“chromiumleads 30 to the formation of blocky CrB precipitates WIthzaZBJAN2m4
particle size of | to 5 mcroneters. In coatings nade with three powder
conmponents using mx 2 8 JAN 2004 27 5 fornulation (4) and having a CB
volunme fraction of 32.5% the formation of precipitates was controlled by
bot h nechani snms nenti oned above. Therefore, fine plate-like CB
precipitates forned in the matrix between boride clusters which contained
bl ocky precipitates with a particle size of 1 to 5 mcroneters. 28 JAN
2004 28 CLAIMS 1. A wear and corrosionsesistant coating on a substrate,
said coating conprising multiple, thin, irregularly shaped splats
over |l appi ng and bonded to one another and to said substrate, said splats
conprising - har forhi bRi RS (4SNRAK WAWANG 4 A V&1 Gife UoREESGH 4P 2
nmetal matrix, es 'having an avérage particle size of |less than
about one nlcrtha 8, tbasfprositign efs pmesi ridake30vasicomtpeltedt of the
coating, the b%?”ﬁ@th%eggHﬁ&@lns”&%'t&on%d RAYRAL ] ngrﬁ&tgé’fa &'éé‘g fpnglaiml

wherein the chrom um bori articles constitute fr out 1 about

30 vol ume percemlade- ihbecﬁaﬁl QecéPiAﬂé@étlﬁ&“&ﬁtdﬂhl#ﬁﬁtﬁﬁ%Ib¥n1l wher ei n

the averade SIB@toéeﬁabdrmaét bfibg%e&%n%%cf}f @Brﬁhﬂﬂe@ H1deky about 1.0

mcron. 4. A coatin ccord o claim1 wherein t
precgp tates w th a particle size ogll to 5

micrometers.



metal matrix is a nickel base alloy containing a netal selected fromthe

group consisting of chromum silicon, phosphorus, alum num mngﬂagﬁﬁ 0
~cobalt and iron. 5. A coating according to claim1 wherein the s z;gé
is a mterial selected fromthe group consisting of steel, stainless
steel, iron base alloys, nickel, nickel base alloys, cobalt, cobalt base
alloys, chromum chrom um base alloys, titanium titanium base alloys,
refractory netals and refractory-netal Rase all oys. 6. A process for
produci ng a wear and corrosion resi St 4Rt “coat i ng on a substrate
conprising: depositing 26 JAN 2004 - 29 a nechanically bl ended powder

m xture of at least two conponents including a first conponent contai ning
chrom um and a second conponent containing a boron- containing alloy onto
said substrate and then heating t@éﬁ-‘édeposi ted coating to an el evated
tenperature suffli.ci et wea refaneic tcoa rdisfifais i mse @it arodei veern tae

deposi ted eIS(lalgesrg__trgEl reesuslatiiwg:oiancitnhe cfo(?nr ma.tsiion Orr]:ultujl. tlreaf it_%a.ﬁ:hron‘i um bori de
particles di sperse& i'n 58 T Ometal e XE T ﬁ?gprocessp accor dt ng to claim®6
wher ei n t helrmeghdr@irdyl Isnalpeshded afenwdere miadpirey i sndidpusie@dtontme sai d
substrate b I ng.: B. r s accordl Q j erein the
bor on- cont a|}§rr11i‘ajkgl%ar}'flIaglleir ??rr%r%ilsdgss _rsc%nr’l%a ofutsaagl.q% %ol%aébo%?h%ﬂvwﬁ?%}o boron, O
to about 25h@rd,odirefiing, chrogiaBodorids Pakehghesesporsedabout 2 wt .

% al um num 50de®@ aabeisit rli it £ h% ¢RAMRAR1 Y i alyitad Mergsilicon, 0 to
about 5 wt. % phosphor.ous, 0 to about 2 w. % ‘copper and to about 5 w.
%iron, thePBAFARCE midcf sk 58'&’?6b§btci"€n Y i a coating

constituting less than about 30 volume percent of the

coating, the balaﬁce being metal matrix.

2. A coating according to claim 1 wherein the
chromium boride particles constitute from about 12 to

about 30 volume percent of the cocating.

3. A coating according to claim 1 wherein the
average size of said particles ranges from about 0.1 to
about 1.0 micron.

4, A coating according to claim 1 wherein the
metal matrix is a nickel base alloy containing a metal
selected from the group censisting of chromium,
silicon, phosphorus, aluminum, manganese, cobalt and

iron.

5. A coating according to claim 1 wherein the
substrate is a material selected from the group
consisting of steel, stainless steel, iron base alloys,
nickel, nickel base alloys, cobalt, cobalt base alloys,
chromium, chromium base alloys, titanium, titanium base
alloys, refractory metals and refractory-metal base
alloys.

6. A process for producing a wear and corrosion
resistant cocating on a substrate comprising: depositing



conprising a nmechanically bl ended powder m xture of at |east. two
conponents including a first conponent containing chromumand a second
conponent containing a boron-containing alloy, the atonmic ratio of 28 JANZ004
chromumto boron in said mxture being between about 0.8 and 1.5. 10. A
conposition for producing a coating according to claim9 wherein the
anmopunts of chromum and boron containing alloy enployed in said m xture

are such that from about 12 to about 30 v&lune percent of the coating
conprises chrom um boride particles. - 29 -

a mechanically blended powder mixture of at least two
compecnents including a first component containing
chromium and a second component containing a boron-
containing alloy conte said substrate and then heating
the as-deposited coating to an elevated temperature
sufficient to effect a diffusion reaction between the
deposited elements resulting in the formation of
ultrafine chromium boride particles dispersed in a

metal matrix.

7. A process according to claim 6 wherein the
mechanically blended powder mixture is deposited onto

said substrate by plasma spraying.

8. A process according to claim 6 wherein the
boron-containing alloy comprises from about 2.5 to
about 10_wt. % boron, 0 to about 25 wt. % chromium, O
to about 2 wt. % manganese, 0 to about 2 wt. % aluminum
0 to about 1 wt. % carbon, 0 tc about 5 wt. % silicon,
¢ to about 5 wt. % phosphorous, 0 to about 2 wt. %

copper and 0 to about 5 wt. % iron, the balance nickel.

9. A composition for producing a coating
comprising a mechanically blended powder mixture of at
least two components including a first component
containing chromium and a second component containing a
boron-containing alloy, the atomic ratio of chromium to
boron in said mixture being between about 0.8 and 1.5.

10. A composition for producing a coating
according to claim 9 wherein the amounts of chromium
and boron containing alloy employed in said mixture are
such that from about 12 to about 30 volume percent of

the coating comprises chromium boride particles.



