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Abstract

Silicon carbide, alumina and tungsten carbide powders Were added 10 the meral spray duwring sprayforming d twe different
steels. For thispurpose, a specially designed device was used which allows for the conirolled injection of powder particles
directly into the atomization zone where they mix With the metal droplets After deposition, the resulting billers were charac-
terized both by micrography. hardness measuvements und wear resistance tesis.

I ntroduction

Spray forming is a processwhich al-
lowsfor preparing metals and alloys with
properties such as low oxide content, fine
grain size, or ahigh content of metastable
alloy phases. This combination of prop-
erties caniiot he achieved hy con-
ventional casting methods'?, Onefeature
makes the spray process appear particu-
larly attractive: the possihility for modi-
tying the properties of the sprayed de-
posit by injecting powders such as ox-
ides, carbides, boiides, nitrides or pure
metals into tlie spray cone. The powdcrs
arc allowed to react with or to be wetted
by the liquid metal dropletsand 1o bein-
corporated mto the metal asit is depos-
itcdonto the substrate. Metal matrix com-
posites {MMCs} can be made by adding
nert powders such as carbides or oxides.
Known examples of such spray formed
MMCs arc SiC. Al O, or C {graphite) in
afuminam™ 8iC in magnesium®, graphite
in coppés®, or alumina in steel®. Besides,
by this so-called inert spray forming
“MMCs can be made by reactive Spray
forming, where the rewnforcing particlcs
are formed dUting sprayving by gas-lig-
uid, Hquid-liquid or solid-liquid reactions
of'the metal and theatomizing atmosphere
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and/or additions to the melt™'¢. Reactive
spray forming enahles oneto crcate sub-
niicrometer sized inclusions for disper-
sion strengthening, whereas the inert
spraying process used in the present
work rather aims on coarser particles rang-
ing from 3to 50 pm.

For making MMCs one has to be
able to disperse ceramic powders uni-
formly intke metal matrix and to ensure a
good contact hetween particles and lig-
uid metal during the deposition process
therefore achieving sufficient wctting of
theparticleshy the metal. Much care has
therefore bcen taken to develop an injec-
tion devicewhich allows for an effective
and reliable distribution of particles',

This paper reports on tlic injection
of silicen carbide, alumina and tungsten
carbide into two different stcels. There-
sulting microstructuse alid some me-
chanical properties are discussed.

Experimental
Procedure

The powder was injected into the
spray cone using a specialiy designcd
wjection system’®, Such devices are not
new hut only sparse descriptions exist in

the literature®™,

A twin screw feeder was used for
transporting the powders from a powder
hopper into a mixing chamber at rates be-
tween 0 ard 600 1zl per minute (see Lh.s.
of Figure 1). The powder transport gas
whichisapplied to themain transport line
with pressures up to 2.5 hargoes through
anozzle and creates a suction which drags
the powder from tlicmixing chamber into
the line. From there it is iransported to
the actual injection nozzle in tlie spray
chamher. The atomizing system consists
of three ringsof nozzles which create three
concentric, conical shaped gas jets as
depicied in (Figure 1) {r.h.s.). The powder
goes through the ring in the middle and
is therefore injected into the region be-
tween the atomizing gas nnd tlic primary
gasstream, which stubilizes the atomiza-
tion process. This way tlic powder par-
ticles cannot escape and are guided inio
thcatomization zone. This wav asery in-
tense contact between the ceramic par-
ticles and the metal dropletsis ensurcd.

In a first series of experiments the
two steels were Spray formed by using
"standard parameters established for
spraying without particle injection:
these tests the metal outlet of the twn-
dish had adiameter of 5 mm. Withacon-
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Figure 1. Device forinjecting powder into the spray cone. Left: Powder transport unit, right:

arrangement Of avarious gas jets.

stant height of the metal colummn ot 250
mm thisyielded an averagemetal tlow of
300 gfs. The substrate wasrotatid =t 1.8
Hzat adistance totheatomizer of 300 mm
and waslowered at arate of (.85 mum/s as
soon at the deposit reached a height of
about 50 mm. The first experiments
yielded quite porous bitlets mainiy due
to cracking in tlie cooling phasc. More-
over, inthc case of siticon carhidestrong
metallurgical reactions between the SiC
particles and one of the steels(C35) could
be observed. The reasons for this were
thought 1o be a teo high melt tempera-
fure and wo low atomization pressures.
An adjustment of spraying paramcters,
namely a reduction of tlie melt tempera-
ture and the distance between atomizer
and substrate and an increase of tlie at-
omizing gas pressure lead to macro-
scopically denser billets in subsequent
series Of experiments. However. as sorne
residual porosity could till be found in
the microscoplic images, the latest experi-
ments with SiC and C35steel were casried
out at even lower superhents (120°C)
uhich isactually rhelimit because an even
lower temperature would increase the
danger of premature solidification in the
inetal outlet.

Materials

Steels

Tmo commercially available steels
werc gsed for the experimenis: an unal-
{oyed steel containing 0.33% carbon{Ger-

man dcsignation: €35, USA: SAE 1034)
and a ferritic stainless steel containing
0.2% carbon and 13% chromium (Ger-
man designation: X20Cr13, USA: SAE
31420). The first steel was chosen be-
cause it is a widely used and inexpen-
sive material which might have a good
application potential as particle rein-
forced material. Thestainlesssted! is fre-
quently used in machine construction
where its processing. e.g. by grinding
and polishing, gives riseto alarge vol-
umie of'wastematerial. Thiswaste is col-
lected and could berecycled inthe spray
forming process thus feading both toan
upgrading of the material and to new
application fields.

Powders

Alumina (ALO,) is inexpensivc and
available in many grain sizes, Five differ-
ent powdzrs were ohtained with mean
patticle disnietersranging from | 010 110
um. The powdrrs were characterized by
means of microscopy did by technologi-
cal powder tlow tests such as the mea-
surenent of theangle ufrsposc. The pow-
der with the best flow properties had a
meandianieterol’ 22 ym diameter and was
selected tor thespray forming experiment,
Table 1. This powder ig frequently used
in plasma spraying and is a standard com-
mercial product. A similar powder con-
taiiiing 3% titanium oxide was also con-
sidered. Such mixed oxidcsare used. ¢.2.,
to make plasma sprayed coatings in tex-
tile industry.

Next, various different tungsten cat-
bide baszd powderswere considerad. The
two powders which were tound (o be
suited for transportation in our injection
system included a 20um R'C powder
whichisnormally usad as filler metal iii
welding and a tungsten carbidc powder
with a protective nickei coating.

Silicon carbidc is an interesting al-
ternative to other common ceramics such
as tniigsten carbide because it is even
harder than WC and becuause it 18 avail-
ablein many different grain sizes at com-
paratively low cosis. SiC is dissolved in
liquid steel at high temperatures but the

Table }. Ceramic Powders used for the Spray Fonning Experiments.

powder s1ze fium]
particie manu- type range givnn - own mes- e
facturar by manufactu-  surement
rar
Al20O3 HC Starck  Amperit 740.0 5.6-725 5-45 22
AlpO3 + TiOg | HC Starck  Amparit 742.0 %5-225
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WC + Ni WOKA  WIOKA 8812-Ni 29.53 2-45 43
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short exposure to heat during spray form-
ing should not affect i too much. Again,
SiC powders of various sizes were taken
into consideration. Figure 2 shows a mi-
crograph and a particle size distribution
of the SiC particles used in tlic exper-
ments. Obviously, the main fractinii ofthe
angular-shapced particles is aboiit 40 pm
in size. This powder is used in grinding
mdustry and is fairly inexpensive.

Microstructures

ALO, + C35 Sted

Alumina particles were injected into
asteel C35 spray & various rates ranging
upto 700 g/minute, Tlie highest rate cor-
responded to an addition of 1810 g of ce-
ramic powder while at the sametime35hg
of steel wereatomized.

A resulting microstructure is shown
m {Figure 3) (Lh.s.). One seesa fairly uni-
form distribution of particles and a few
residual pores {appearing slightly darker
than tlie particles). The voliriie ffaction
of particles was deterinined by giiantita-
tiveimage analysis of a polishcd saimple
and was fdund to be 3.5% in tlie case
shown. Theglobal content of particles in
a spray foniicd billet is difficult to deter-
inine because ocal contents obtained
from micrographs cannot be easily ex-
trapolated to the entire sample owing to
inhomogeneities of the distribution. Tlie
dciisity of the sample corresponded to
about 99% of the theoretical density if
one assumes aparticle content of 3.5%
As the porosity level appéars to be

e

Figure 3. ALO, particles embedded in spray lomed C33 steel. Left: anly

etched in pikrin acid — HCL
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substantially lowerihan 1% from (Figure
31. there either must be some porosity in
regions ufthe sample not visible here or
the theorstical full density is over-
estimated. Themassratio of injected par-
ticles to the total sprayed metal iS 1:19.
corresponding to a volume ratio of 1:9.
Onewould therefore expect a particle frac-
tion of 11% instead of merely 3.5%,. The
discrepancy is a manitestation of the
higher particle overspray for ceramic par-
ticles as compared to stee] droplets aris-
ing from the difference i density of steel
(7.8 gfem?®) and alumina (3.8 giem’)
Lighter alumina particics are more proiie
to hydrodynamic drag which removes
thern from the spray cone more easily than
the heavier steel particles.

Figure 3 (rh.s.) aso shows an em-
bedded powder particle in more detail.
One secs the ferntic (light) and pearlitic
(dark) phases of the steed and the embed-
ded particle {black). All particles are sur-
rounded by ferrite. This means that the
hard alumina particles reinforcethe softer
and more ductile phase of the steel which
couid be iinportant for applications.

The mixed oxide ALLO +3%TiO, be-
haved very much like pure alumina.

Al + X20Cr13 Steel

Tlic same aluinina powder which
was mected into C35 steel wasalso used
for reintorcing rhe ferritic steel X20Cr13
inspray forming experiments. Up to 1200
g/minute were added, corresponding to
an amount of 3050 g in 35 kgofstcel . One
resulting microstructure is given in
{(Figure 4.

polished, right:

e

Figure4. ALQ, particles embedded inspray
formed X20Cr13 steel.

One sees that a uniform particle
disrnbution and alow content of residual
pores (darker patchesin Figure 4) could
be achieved. The volume fraction is
slightly higher than in the materials
shownin{Figure ). However. such good
microstructures were limited to the cen-
tre of the sprayed billets. In tlie outer re-
gions the content of residual porosity
wassignificantly higher. Although param-
eter variatiops were not carried out to an
optimum, it seems that one can conclude
that the ferritic steel is more prone to
porosity foimationin the presence of ce-
ramic particlesthan the C35 steel.

SiC + C35 Stedl

In first experiments tlie injection of
silicon carbide caused an exothennal re-
actionintheC3: steel. However, thecar-
bide particles are still visibleinthebillet
and have even bonded with the metal.
Theexample shownin (Figure 3) demeon-
strates this nicely. Note that 1 injecting
silicon carbide into tlic ferritic steel no
metallurgical reactions of this hiiid were
observed.

In asecond experiment tlic reaction
wassuppressed by choosing a low er melt
temperature. This lead to an improved
macrostructure with still a good bonding
between steel and SiC.

Spray forming experiments with vari-
ous injection rates ot SiC were carried out.
Tlichighest pow der injection rate applied
was atbout 60{0g/min corresponding to 1.6
ke powder in 35 kg steel This mass ratio
of 1:21 corresponds to 2 volwme ratio of
about 1:8. The simation iy therefore tlie
same zs for ALQO, iii C33: instead of a
volume content of 12.5% one merely finds
aboiit 4% owing to rhe much larger
overspray for ceramic particies.




Steel C35 with embedded SiC

Figure 5.
particles.

The resulting microstructure of one
such C35 steel with embedded SiC par-
ticlesis shown in (Figure 6). The SiC paz-
ticles are needle-shaped and show a ten-
dency to agglomerate in small clusters.
Someresidual pores can also be seen.

WCin C35 Sted

Tungsten carhide powder was in-
jectedinto C35sted in further expeiirnents.
Chemical analysisof theresulting imateri-
alsrevealed atungsten content of 4 wt.%.
The carhide, however, was completely dis-
solved and not visible any more. Nickel
coated tungsten carhide powders lead to
similar results. Thedissolutionof particles
could not he prevented’'.

Discussion: Porosity

The formation of porosity is always
a problem when gy forming metals

choosing appropriate process param-
eters, by using heated substrates etc. one
can minimize such effects™. The problem
is exacerbated by thepresence of ceramic
particles in ths steel spray. Initially, the
additional cold powder changes thether-
mal conditions. If the spray parameters
are left at the values determined for par-
ticle free steels, the result will he a roo
cold spray with the usual consequences.
Secondly, ceramic particles niight act a
Separatorsbetween individual steel drop-
lets and prevent them from properly amal-
gamating to a metailically honded bulk.

In the present studies the residual
porosity could not he lowered helow
ahout 1% by appropriate Parameter
adaptions which is morethan for particle
free spraving and quite some residual
porosity could he found even in the best
samples.

Although porositv is an unwanted
phenomenon, it is instructive to study the
forms of porosity which cccur. Figure 7
shows one type of porosity which ge-
curs when thetemperature ofthe impact-
ingmetal dropletsistoo low, e.g., because
standard parameters were used w hichdid
not take account of the additional par-
ticles acting as a heat sink. In this case
the impacting metal droplets solidified
very quicklv As the spray cone scans
over therevolving substrate, themetal is
deposited discontinuousty. After each
revolution liquid metal bits an already so-
lidified surfacethus giving rise to typical
cold porosity. As a resuit a staircase-

Figure6. SiC particles cmbedded in spray formed C35 steel tvolume content

about 4%).

22

Figure 7. Cold porosity in & X20Ct1 3 steel
to w hich aluming particles were added

shaped layer of poresisfonned. This cold
porosity car hercmoved. ¢.g., hy increas-
ing the thetinal content of the spiay 12,
Figure 8 shows a region with pro-
nounced porosity in a higher magnifi-
catioii. The grey alumina patticles stand
in contrast with the light stecl matrix and
thedark pores. Itisapparent that the par-
ticles accumulate preferentially on the
inner walls of the pores. Hardly any par-
ticles can he tound which are completely
enibedded in the stee! matrix iz this cnse.
This s observed m deposits which show
cold perosity as well as in ones which
havedeveloped more rounded gas pores.
Various possible explanations can he
given for this observation, namcly:

i) asalready deseribed the cold ce-
ramic partictes disturh the commpac-
tion process hy causing premature
solidification of the metal droplets
and therefore creating cold porosity,

ity theceramic particles are incorporated
into the liuuid metal hut then float
towards the next pore ducto in
sufficient wetting, thus minimizing
their surface energy:

i) particles which are tmpped in thc
liquid metal might act as hetero-
geneous nucleatiott centers for vas
whicli is dissolved in the melt and
which forms gas pores aext to the
particle.

Char acterization

Hardness Measurements

Vickers hardness (HV30) was meas-
ured for all the sumples. Tahle 2 lists some
of the resulfs. Nine values were ohtained
for cach sample frem which an average
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Figure 8. ALO, patides embedded in a
porous region of C35 Sted!.

was calculated. One seesthat in all cases
rhe averaged hardness is higher in the
sprayed state as compared to the
iiiisprayed starting material. Hoxcver, it
is also obvious that the scatier is very
large for some of the samples.

The macroscopical hardness of
spray formed billets compared to un-
sprayed starting matenals is expected to
be influenced by various factors:

ij by tlie specific microstructure of
the sprayed steels,

iiy by the porosity of the billets, and
finally,

i) by the embeddad pariicles.

That the former infliience can be
quite important can be seen b looking at
billets with low particle contelit aiid low
porosity. Evenfor such sainplestliehard-
ness varied considerably between differ-
ent regions of the sample. One sample
made of the stainless steel. ¢.z.. showed
hardness vauesbetween HY 300 and 530,
This observation can probably be ex-
plained by different thermal liistories of
various paris of thc billets (temperature
heterngeneities during spray ing and eveli
cxposure to heat during cultiiig of the
samples). Even different bitlets of the
same material show different hardness
values owing to dlightly different spray-
ing parameters, Table 2, where two val-
uesare given for cach MMC.

Pores in the materials lead to an un-
predictable influcnce on liardness. A hid-
den pore near the location where hard-
ness is measured can produce unrealisti-
cally low values. On the other hand, an
accidental particle agglomerate near the
location of the hardness measurement will
yield a oo high value.

In concluston. the influence of the
embedded particles on harduess 1S diffi-
cult to separate trom the nther factors.
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The values listed in Table 2 suggest that
there is such an influence but definite
valzes cannot be given. It was thzrsfore
concluded that hardness is not a suffi-
ciently suited quantity to characterize
MMCs.

Characterization of Wear

For a further mechanical char-
acterization the wear resistance of the
sprayed and - as areference test - of tlie
starting materials was determined. For
this, pin-on-disk tests were carried out
on different samples. Twotestswere con-
ducted for each material. Pins with & mm
diameter and 15 mm length were cut out
ofthebillets. The disk wasa bearing steel
{100Cr6 with 1% C and 1.5% Cr) witha
hardness of HRC62. Thetesting load was
0.75MPa and anemuision of alumira and
water was used as lubricant. The ex-
perimenis werestopped atter arun of 5440
meters except for the stainless steel start-
ing material which had to be stopped af-
ter 2240 in owing o strong wear.

Theunalloyed steel C35 (SAE 1034)
in its untrcated state showed a compara-
tively low wear under the conditions cho-
sen, wherens wear of tlic stainless steel
X20Cr13 (SAE 31420} was so0 high that
the test had ro be stopped. Tlie friction
coefficient gradually increased from: 0.3
to 0.5 for C35 while it fluctuated between
0.3 and 0.9 for X20Cr1 3. Spray formed C35
billetswithout particles showed a slightly
incrcased wear, most probably due to
soinc porosity. For X20Cr1 3 spray form-
ing alone already reduccd wear by about

50%. Here it can be assumed that the mi-
crostructural changes iii thematerial due
to spray torming overcompensate the
presence of some pares.

Particle inclusions in the C35 steel
nroduced a decrease 1n wear resistance
in the first test series. Tliereason for this
rather disappointing result was quickly
identified: Due to non-optimised spray
parameters tlie porosity was rather high.
A gecond series of spray experiments
then produced MMCs with an improved
density {such as the ones shown in Fig-
ures 3,4 and 6) which also had improved
wear propertics. In rhs best case an in-
crease by a factor of 10 compared to the
particle-free but sprayed state could be
realized. SiC aiid alumina additions to
X20Cr13 had asimilar effect: incriasesof
wear by factorsof 2 and 6, respectively,
could be achieved.

In conclusion there is no doubt that
wear resistance of steels can be enhanced
by adding ceramic powders to the steel
during spray forming. The exact relation-
ship between wear and particle type and
content, however, still has to be deter-
mined.

Summary

It was shown that cerarnic powders
such as silicon carbide, tungsten carbide
and alumina can be incerporated into un-
alloyed and stainless steels in volume
fractions up to about 6% during spray
forming. The distribution of particleswas
fairly uniform and in some cases a chemi-
cal bond between particles and steel was

Table 2. Hardness Of Various Spray Formed Billets,

stee] particle HV2G

Crermany 1i8A type (average)
{33 SAT 1034 none B
ALG, 199

R

WO RIUR

RET

WC/ NI 32+ 48

Si 230~ 9

104 = 46

X203 SAE 51420 none RAY R

ST 328 =32

3061 16




C35+A1203, dense

C35+A1203

C35+A1203

C3I5+WC/Ni

C35, s.f., dense

C35, not s.f.

—
0.05

0.10

wear {mm}

X20Cr13 +A1203 |

X20Cr13+8iC |

il
]
e

10 1.5
wear (mm)

Figure9. Wear tests on untreated, spray formed and particie-reinforced reinforced stedls.

observed. Only silicon carbide and alu-
mina remained in the melt as particles,
whereas tungsten carbide was dissolved.
Particle reinforced steels were found to
have improved wear properiies provided
that they were virtually pore free. What
remainsto ke shown intheongoing work
is the relation between particle content
and particleisteel bonding conditions on
one Side and wear aid other mechanical
propetties on the other. Moreover, even
highcr contents of particles will be con-
sidered. Porogity could not be completely
climinated in all the experiments. Probably
amechanical post-treatment, e.g. hy roll-
ing. is necessary to obtain completely
tense productsand therefore thie hest me-
chanical properties.
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