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The effect of spray forming on the structure and properties of a 17% Cr, 2.5% C white cast
iron is described and compared with conventionally cast material of the same composition.
Spray forming resulted in a substantial reduction in microstructural scale (eutectic
(Cr,Fe);C; fields of up to 500 um in conventionally cast material were replaced by discrete
carbides of typically 2-8 um diameter in the spray cast deposit). Carbide size varied as a
function of position in the spray deposit, being approximately twice the size at mid section
compared with either surface or interface with the collector. Carbide size was not altered by
the gas to metal ratio used to atomise the spray. Spray forming increased transverse
rupture stress and work of fracture by ~50% compared with the conventionally cast
material. Forging of the spray formed material was possible at ~950°C, without inducing
carbide fracture or void formation in the matrix. Quenching into iced water from 300°C
induced extensive macroscopic cracking in the conventionally cast material whereas 400°C
was required in the spray cast material to induce similar damage. The relationship between
processing, microstructure and mechanical properties is discussed. © 17999 Kluwer
Academic Publishers

1. Introduction is atomised and accelerated by a high velocity gas (in
High chromium content white cast irons are widely the case of ferrous metals this gas is usually nitrogen)
used in industry for applications that require high resis-and the resulting spray of metal droplets is directed
tance to wear [1]. For example, white cast irons are curonto a substrate where it solidifies and consolidates to
rently the most widely adopted materials for hot rolling create a high density preform. The metallurgical ad-
mill work rolls in Europe. The high wear resistance of vantages of the process arise from the relatively rapid
these materials arises from a high volume fraction (ap€ooling rates achieved prior to deposition and to the
proximately 20—-35%) of hard chromium carbides dis-high kinetic energy of the accelerated droplets which
tributed throughout a ferrous (usually hardened marteninduces high nucleation rates on impact at the surface.
sitic) matrix. However, conventional casting techniquesldeally, the droplets cool rapidly during flight and are
produce structures containing coarse, interconnectegemi-solid just prior to impact with the collector sur-
eutectic carbides, which are detrimental to propertiedace. After deposition, subsequentimpacts break up the
such as impact resistance, fracture toughness and faelidifying structure and a mushy zone is maintained at
tigue resistance. Control of the eutectic carbide structhe surface in which the nucleation frequency is high.
ture has long been seen as a plausible strategy for imFhe resulting structure is macrosegregation free, con-
proving the mechanical integrity of white castirons [1]. sists of fine uniform equiaxed grains and contains fine
However, attempts to modify the morphology and dis-uniformly distributed primary and secondary phases. In
tribution of the carbide phase by control of casting pa-practice, control of the casting conditions is achieved
rameters and alloy additions have met with only limitedby adjusting the ratio of the atomising gas to molten
success [2-7], and heat treatment does not modify ewspray volumes. The higher the volume of atomising gas,
tectic carbide morphology. the smaller the atomised droplets and consequently the
The conception of the spray deposition process isooler the deposition conditions.

usually attributed to Singer [8]. Subsequently, the most To date spray forming has been successfully applied
significant commercial advances have been made bip production of aluminium [11] and copper alloys [12],
Osprey Metals Ltd., the holders of the basic patentsiickel based superalloys [13], and a wide range of fer-
(the process is patented under the name of “The Ospreyus alloys, including stainless steels and tool steels, in
Process”) and their licensees [9]. The principles ofa variety of product shapes [14-17]. The process has
this process are well-documented [10]. Molten metalbeen shown to be particularly suited to the production
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of highly alloyed tool steels for which significant struc- structures were identified by X-ray diffractometry
tural refinement cannot be achieved within the confine¢XRD) using a philips 1710 diffractometer. The vol-
of conventional casting processes and for which refineume of austenite present in all materials was estimated
ment by hot working is largely prohibited. However, from XRD traces according to the procedure outlined
the application of spray forming to the manufacture ofby Durnin and Ridal [19]. In order to avoid contribu-
cast irons remains largely unexplored. Early work in-tions to integrated intensities from carbide reflections,
dicated that spray forming may be unsuitable for theonly those iron peaks occuring at angles remote from
manufacture of grey cast irons [18]. The current workthose of the carbides (i.e. (2@0and (220 (220)y,
examines the spray casting of a 17% Cr, 2.6% C whitend (311y) were included. Solid specimens mounted
cast iron (hereafter referred to as 17Cr-Fe). A convenin a rotating specimen holder were used for this pur-
tionally cast sample of the same composition was usegose in an attempt to negate the effects of preferred
as a comparison. Microstructure, mechanical propererystallite orientation. However, whilst the fine grained
ties, thermal shock resistance and formability were exspray cast materials exhibited no preffered orientation,
amined as a function of processing route. The work rethe coarser, highly directional dendritic structure of the
ported here forms a preliminary study with the ultimateconventionally cast materials was found to display a
aim to develop the Osprey process for the manufacturstrong prefered orientation. Consequently, the errors
of full size rolling mill work rolls [14]. encountered (reported as the range of austenite frac-
tions calculated from each trace) was much greater
for the conventional material. The volume fractions of
2. Experimental eutectic carbides were determined using a Swift au-
The chemical compositions of the high Cr white casttomatic point counting device in the optical micro-
irons investigated are listed in Table I. Convention-scope. Carbide sizes were evaluated from digitally cap-
ally cast material was supplied by The British Roll- tured images using PC based image analysis software.
makers Corporation Ltd. in the form of small section Each value reported is the average of a minimum of
(100 mm diameter) sand mould castings. Spray forme®&00 measurements. A form factor, describing the shape
billets were supplied by Osprey Metals Ltd. All spray of the carbides was also calcuated according to the
formed samples were produced on an experimentaxpression:
scale (80 mm diameter billets) by deposition onto a
rotating cold mild steel tubular collector. A range of A A
gas (nitrogen) to metal ratios was used to yield a wide St = P2
range of deposition conditions at the point of impact
spray forming were obtained from the same feedstoclgording to this analysis; for a perfect circle is 1.0
material as the conventionally cast material. Table | inyhjist for a line it is 0. The shape factors for an equila-
dicates that spray forming did not alter the compositionera| triangle, a square and a pentagon are approxi-
appreciably, exceptfor small changesin C and Silevelsmately 0.61, 0.79 and 0.86 respectively.

The microstructures of spray cast and conventionally Resistance to thermal shock was assessed using a
cast materials were characterised by optical, scanningchnique similar to that outlined by Kihara [20]. This
electron microscopy (SEM) (JEOL 6400) and imagejnyolved rapidly induction heating a disc specimen
analysis. The chemical composition of the carbidegat approximately 225C min~1) to 200°C, holding at
was determined using Energy Dispersive Spectroscopyemperature for 5 minutes and subsequently quench-
(EDS) in the SEM. The phases present in the as-casfg into iced water at 5-8C. After quenching, each
TABLE | Chemical analyses of spray-cast and conventionally castspeCImen WaS Carefu”y mspecteq for cracks. In the ab._
17Cr cast iron sence of visible cracks the specimen was re-heated in
the same manner to 30C and quenched once more.
Composition (wt %) The process was repeated at temperatures increasing
each time by an interval of 10@ until cracks were
positively identified. Again, all specimens were tested

Conventional 2.57 0.95 0.04 0.05 0.69 0.76 17.1 1.55 0.06in the heat-treated condition (Fig. 1).
Spraycast 272 0.87 0.03 0.03 0.67 0.76 17.0 1.44 0.06

Material C Si S P Mn Ni Cr Mo Cu

Hold $80°C
. 2hrs
TABLE Il A comparison of carbide sizes observed in all high chrome
iron materials (the values reported for the spray cast materials are thos Air cool to 400°C Hold 4 hrs
recorded at the half radius location) Hold for 24 hrs
Gas/Metal Area Perimeter  Shape Alr cool
Material ratio wmd)  (um) factor
Furnace cool Remp to 500°C '
Conventionally cast  NA 1618.6 4419 0.45 10 180°C
Spray cast 1.69 (Cold) 6.1 12.9 0.61
Spray cast 1.29 (Medium) 6.5 16.2 0.50
Spray cast 1.07 (Hot) 7.5 17.9 0.49
Spray cast 0.97 (Very hot) 6.4 14.7 0.51 Figure 1 The heat treatment schedule applied to both conventionally

cast and spray cast materials.
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Figure 2 Diagram showing the dimensions of the specimens used for three point bend testing and the location of the loading.

Bend testing was conducted on material in the as-cagtABLE 111 The fraction of retained austenite in as-cast and heat
and as-spray cast conditions. A three point bend tesfteated 17Cr Fe as determined from XRD traces
ing configuration was used to evaluate work of fracture ¢, qition
Notched beams (Fig. 2) were tested to failure using a

Fraction retained austenite

Hounsfield 10 kN screw driven testing machine. Work Spray cast—very hot 0.52:0.05)
of fracture was determined from the load deflectionConventionally cast 0.43%0.08)
Spray cast—heat treated 0.08Q.03)

curves and minor differences in the geometry of the €onventionally cast_heat treated 0.10(08)
specimens was accounted for by dividing by the mea-
sured cross sectional area in each case. The final value
is thus expressed as Jf Each value reported is the
average of two tests. o
The hot formability of spray cast and conventionally ESEE=

cast materials was assessed using a hot upset forging, @(!],G’ﬁ@@@
test on ring specimens. The details of this test are re- § -
ported more thoroughly elsewhere [21]. The ring speci-
mens tested were each 50 mm in height, 54 mm in outer
diameter and contained a central bore of 20 mm internal
diameter. All forging trials were conducted on materi-
als in the as-cast or as-spray cast conditions without
lubrication or prior heating of the test platens. In all If
cases, specimens were heated to approximately’ X100 &
and subsequently transferred to a 50 tonne vertical hy-
draulic press where they were upset forged. Forging was

continued until no further reduction could be achieved. k&%
Due to heat losses on transferral from the furnace to @&
the press, the temperature at the onset of forging was s
approximately 950C in all cases. Temperature (mea-
sured by means of an embedded k-type thermocouple),
load and ram displacement were logged continuously & s
throughout each test.

3. Results

The variations in spraying conditions (listed in Table II) ’
did not influence the scale of the spray cast microstruc- = *-
ture in a measurable way. Low magnification obser- *
vation of the spray cast billets indicated a porous anttigure 3 Low magnification optical micrograph showing the surface
inhomogeneous surface structure which extended to @gion of a section of a spray cast billet (etched in 2% nital).

depth of 2-3 mm, Fig. 3. Evidence that the spray con-

tained a high fraction of solid when it impinged on

the collector surface was present in this region, (fodibrium [22]. The fraction of austenite present in the
example, round prior atomised particles are visible inas-cast structure was comparable for both spray cast
Fig. 3). However, below this thin layer the structure wasand conventionally cast materials (Table IIlI). Subse-
macroscopically homogeneous and no coarse porosityuent to the heat treatment schedule outlined in Fig. 1,
was present. A few isolated pores were visible withinthe austenite contents in both the spray cast and con-

the spray deposit, typically of a size 20—40. ventionally cast materials were significantly reduced
In the as-cast state, both processing method§Table IlI).
produced a ferritic/austentic matrix with (Cr,i7€} Fig. 4 gives a comparison of the bulk microstructures

(hereafter MC3) carbides as would be expected at equi-of conventionally cast and spray cast 17Cr-Fe following
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Figure 4 Optical micrographs comparing the scale of the structures observed in spray cast and conventionally processed 17Cr-Fe: (a) Conventionally
cast and (b) spray cast.

a 2h isothermal hold at 70C€. This heat treatment TABLE IV Volume fraction of carbides in spray cast and convention-
decomposed much of the austenite retained in the agly cast materials as determined by point counting

cast state, allowing clearer differentiation of the carbide
distribution. However, the heat treatment did not have a :
measurable effect on carbide size or morphology. Spraffonventional Spray-cast
casting resultedina (_jram_atlc reflnement of microstrucy o (0.06) 0.31 £0.05)
tural scale. The carbides in the conventionally cast ma-
terial were present as coarse, networked eutectic phase

fields (eUteCtl.C flelds.Of up t0 50m in length were . TABLE V Quantitative EDS results showing the analysis of carbides
observ_ed) while C_arb'des in th_e Spray formed materialoyng in the spray-cast and conventionally processed 17Cr-Fe

were discrete (typically 2—8m in diameter) and more

Carbide volume fraction

uniformaly distributed. The average area, perimeter and As spray cast Conventional
shape factors measured for each of the spray cast am@lase Element Atom % Atom %
conventionally cast materials are compared in Table II:

Avariation inthe scale of the cast structure with depthMatrix Fe 89 89
below the billet surface was found, with the coarsest o 1 1
structure occurring at the half radius location (Fig. 5). W 0 0
Fig. 6 gives the area o_f the individual carblde parti- -, vide Fe 51 6
cles and Fig. 7 the perimeter of the carbide, both as cr 47 52
a function of position within the deposit expressed as Mo 2 2
the radial fraction {/R), from which it can be seen W 0 0

that the coarsest structure occurred in mid-section. In-
terestingly, the decrease in carbide size at the surface

and basal regions of the preform was associated with function of the gas to metal ratio used to atomise the
measurable change in the carbide morphology. Fig. 8pray (Figs 6-8).

shows that the shape factor varied from approximately The volume fraction of carbides present in the spray
0.65 and 0.7, at the substrate and surface respectivelyast and conventionally cast materials was essentially
to approximately 0.5 at the mid radial location indi- the same (Table IV). Quantitative EDS of the carbides
cating that the finer carbides are more globular. Thendicated that their composition was approximately the
carbide size and shape did not vary appreciably as same in each of the materials (Table V).

2294



TABLE VI Bend test data for conventional and spray cast specimens

Energy to Specimen cross Energy to fracture
fracture sectional area per unit area

Material ) (mm) (kJ/n?)

Conventionally cast 0.85 99.6 8.5
17Cr-Fe

Spray cast 17Cr-Fe  1.30 99.1 131

TABLE VIl Summary of thermal shock observations

Observations
Material 200°C/Quench  300C/Quench  400C/Quench
Conventionally  No visible Extensive —
cast 17Cr-Fe cracks cracking
. - Spray cast No visible No visible Extensive
W0 LA . 3 17Cr-Fe cracks cracks cracking

;’5, 74 G

TABLE VIII Summary of forging trials

Temperature Forging
at onset of Appearance reduction
Specimen deformationC) after forging (%)
Conventionally cast 969 Heavily cracked 36
Conventionally cast 950 Cracked 38
Spray-cast 919 No cracking 50
central bore
fully closed
Spray-cast Temperature No cracking 47
readout failed central bore
fully closed
T-;',"' '%l{ AR,
b2 B (®, VA 5 X i
! T WA R The observations of the thermal shock experiments

are givenin Table VII. Thefirstvisible cracks in the con-
ventional material appear after quenching from 300
while those in the spray cast material appear after
quenching from 400C. This indicates that the thermal
shock resistance of the spray cast material is higher than
that of the conventional 17Cr-Fe material.

The results of forging trials are summarised in
Table VIII. These show that the spray cast material
exhibits superior formability compared with its con-
ventionally cast counterpart. The forging reduction
achieved for the spray cast materials was 47-50% while
that for the conventionally cast material was 36—38%.

- On completion of forging, the conventionally cast spec-
{£) Near substmate: (p/R~0) imens were found to be heavily cracked (Fig. 10). In
Figure 5 Micrographs comparing the scale of the structure observedCONtrast, no evidence of macroscopic cracking was ob-
through the radius of the spray cast preforms. served in spray cast specimens after forging to the
greater reduction of 49%. Therefore, the forging re-
duction data apparently gave a conservative measure of
the formability of the spray cast material.

Table VI gives the bend test results (each value is the The microstructures of the two materials after forg-
average of two tests), in which the energy to fractureng are compared in Fig. 11. The large eutectic carbides
(a measure of toughness) has been evaluated from tle the conventionally cast material were extensively
area under the load/deflection curve (Fig. 9). It is ap{ractured (Fig. 11a). In some locations the collapse of
parent from these results that the bend toughness of tHarge fields of eutectic carbides had resulted in clusters
spray cast material is consistently greater than that obf fractured carbide separated by thin layers of matrix
the conventionally cast material (the values recordednaterial. In contrast, no carbide fracture was positively
represent a 50% increase). observed in the spray cast material (Fig. 11b), and the
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Figure 7 Perimeter of MC3 as a function of radial location in the spray deposit for three different gas/metal ratios.

uniform distribution of the carbide presentin the as-castonventionally cast material, load increased rapidly to
spray formed state was maintained after forging. a maximum value (the load capacity of the press used)
The load displacement curves from the forging ex-and remained at this maximum until the capacity of
periments were significantly different for spray cast andthe press was insufficient to induce further displace-
conventionally cast materials, Fig. 12. In the case of thenent. For the spray cast material, yielding occurred at
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Figure 9 Load deflection curves for notched 3-point bend specimens.

alower applied load than for the conventional materialing. Only in the outer 2—3 mm of the billet radius and
The flow stress increased continuously up to the main the basal region close to the substrate (in total ap-
chine’s capacity with increasing strain (as a result ofproximately 10% of the deposit thickness) was there
the falling work piece temperature, Fig. 13). evidence of significant porosity or microstructural in-
homogeneity. These findings compare favourably with
those of Ebalard and Cohen [18] whose attempts to
4. Discussion spray form a grey cast iron were largely unsuccess-
4.1. Microstructure ful. These authors reported a layered structure, simi-
A high density &99% theoretical) preform of high al- lar to that observed in the near surface region in the
loy white cast iron has been produced by spray formwork reported here, which persisted throughout the
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(2) (b)

Figure 10 Photographs of forged specimens after maximum reduction: (a) conventionally cast material and (b) spray cast material.

(a) (b)

Figure 11 Optical micrographs of forged specimens: (a) conventionally cast and (b) spray cast.

entire preform cross section. The boundaries of thessubsequent processing (e.g. machining) and therefore
layers, and of prior atomised droplets, were decoratedo not represent a process problem.
with graphite, which significantly reduced mechanical The observed variation in scale of the structure across
strength. Using higher rates of deposition, for whichthe billet radius (Figs 6-9) is associated with an in-
the temperature of the deposition surface of the billecrease in cooling rate in the surface and basal regions
was raised above the liquidus temperature, Ebalard anof the preform. In the basal region rapid cooling is as-
Cohen avoided the formation of this embrittling lay- sociated with deposition onto the cold substrate and
ered structure. However, since under these conditionthe consequent heat losses by conduction (this also in-
the deposit surface was entirely liquid the formation ofevitably results in local porosity). As the layer thick-
large spherical gas pores then occurred. ness increases the influence of the substrate diminishes
The poor integrity of the surface regions observedand the cooling rate decreases since deposition is onto
in the work reported here is thought to result from rel-hot spray formed material. In thick section spray de-
atively rapid cooling of the deposit at the outer sur-posits, a steady state may be achieved which results in
face after the completion of deposition, and is com-a constant microstructural scale until the surface is ap-
mon in spray cast preforms [10]. Nevertheless, suclproached. Atthe end of deposition, rapid heat losses oc-
thin (2-3 mm) surface layers would be removed duringcur at the surface by convection or radiation resulting in

2298



450 +

400 +

350

300 +

250 -

Load (kN)

200

150

100

L I " . i

T T t T 1

5 10 15 20 25

Displacement (mm)

Conventional 17Cr Fe Spray Cast 17Cr Fe

Figure 12 Load displacement curves recorded during forging of conventionally cast and spray cast materials.

950

930 -

910 +

Temperature (°C)

890 +

870 +

850

Time (seconds)

Conventional 17Cr Fe Specimen A - Spray Cast 17Cr Fe Specimen C

Figure 13 Forging temperature as a function of displacement for spray cast and conventionally cast materials.

2299



a refinement of structure. The variation of microstruc-present, with (Cr,FelC; being the only carbide present
tural scale as a function of radial position within a sprayin the as cast condition in both cases.
deposit has been investigated experimentally and mod- Not withstanding the regional variations in mi-
elled for Al-4% Cu by Granet al.[10, 23]. These au- crostructural scale, it is apparent that spray casting led
thors found a strong correlation between the scale of théo a dramatic refinement of microstructure. The coarse,
microstructure and both predicted and measured valugsterconnected eutectic carbides typical of white irons
of surface temperature across the billet radius. In agreen the conventionally cast condition were not present
ment with the current work, a refinement of structureafter spray casting. In contrast, the material contained
was found adjacent to the substrate. Gedratl.also ob-  discrete, small (typically 2—4m in diameter) and uni-
served a reduction in microstructural scale at the fredormly distributed carbides. Furthermore, the hetero-
surface. However, this was over a substantially smallegeneities associated with a dendritic structure were
distance than that observed in the present work. Grargvoided. Previous attempts to control the structure of al-
et al. attributed this refinement to heat losses from thdoy white cast irons have been reported by various au-
surface due to convection. One explanation for the difthors [2—7]. Rapid cooling through the use of chills
ferences in surface behaviour observed may lie in thand the employment of lower superheats during cast-
greater efficiency of cooling at the free surface of theing have both been shown to increase the nucleation
17Cr-Fe compared with the Al-Cu alloy due to the addi-frequency of the carbide phase in white irons, leading
tional radiative cooling expected in the former. Clearly,to a refinement of the eutectic structure. For example,
the extent to which this surface effect influences theFischer [2] found that the size, volume fraction and
spray cast microstructure will depend on the thicknessnorphology of the eutectic carbides varied with dis-
of the deposit. Thicker deposits will be dominated bytance from a cast iron chill plate for a Nihard white
the steady state regime, and this has been demonstrateast iron. Immediately adjacent to the chill, the carbide
recently on full-size hot mill work rolls [14]. volume fraction was a maximum and the size a mini-
The gas to metal ratio used to atomise the liquid metainum. The morphology of the carbide varied from high
did not appreciably alter the scale of the microstruc-aspectratio “wheat-like” clusters to more discrete glob-
ture. A high gas to metal ratio induces smaller liquidular forms as the chill was approached. However, the
droplets, therefore more rapid cooling in-flight and con-refinement associated with the chill was limited to rel-
sequently a greater solid fraction at the point of impactatively thin sections€£50 mm) and therefore this strat-
onthe collector surface [10]. For example 4 diam-  egy for reducing carbide size is not appropriate to the
eter droplets of Al-Cu (produced by a high gas/metal rainanufacture of large items. Alternative strategies have
tio) are cooled at 333 K3, whereas 20@m diameter  relied on the adjustment of alloy chemistry. For exam-
droplets of the same alloy (produced by a low gas/metaple, boron [3], silicon [3, 4] and antimony [7] additions
ratio) will be cooled at 21.8 K. It is therefore sur- have been investigated. Si additions may refine the car-
prising that a change in gas/metal ratio from 1.69 tobide structure [3], although other work [4] indicates
0.97 (Table II) did not induce a significant change inthat Si can also have the opposite effect and reduce car-
microstructural scale. The absence of change in mibide nucleation rate. Similar controversy exists for the
crostructural scale implies that the scale of the carbidedditions of rare-earth elements [5, 6].
was dictated by processes within the mushy zone af- It would appear that each of the above strategies has
ter impact of the semi-solid droplet, not during flight. had only limited success. Furthermore whilst a degree
This is also evidenced by the strong influence of posbf control over the morphology of eutectic carbides may
deposition cooling conditions on the scale of the mi-be possible, no evidence has been presented to suggest
crostructure, as discussed above. The fine structurebatthe formation of a dendritic microstructure has been
associated with spray forming are partly a result of thesuppressed. By its very nature interdendritic eutectic
disruption of growing nuclei by impact of subsequentsolidification will lead to inteconnected networks of
droplets at the surface, which induces high nucleatiortarbide. The morphology of the carbides within the eu-
rates. This therefore implies that the dropletimpact contectic is thus only one of the factors which will influence
ditions were similar for the range of gas/metal ratiosmechanical integrity. In this context, spray forming of-
used here. Grant [10] points out that for solid fractionsfers a significantly better strategy for microstructural
prior to deposition of up to 0.4, the solid fraction pro- refinement through its effect on both carbide morphol-
portion does not significantly alter the droplet spreadingogy and distribution.
behaviour on impacting the collector surface. While the
solid fraction at impact was not measured in the current
work, it is probable that it was less than 0.4 since solid
fractions>0.4 lead to ‘cold’ porosity in the final deposit 4.2. Mechanical properties
(which was not the case in the bulk of the deposit). It is well documented that spray forming, through
The volume fraction of eutectic carbides in white castits refinement of microstructure, gives rise to an en-
irons is expected to increase with cooling rate [2]. In thehancement of mechanical properties [11]. Furthermore,
present work, the carbide volume fraction was similarspray casting allows the production of alloy compo-
for both spray cast and conventionally cast materialssitions which cannot be processed via conventional
suggesting that the substantially higher cooling rate irmeans [24].
the spray cast material was notimportantin this respect. The improved thermal shock resistance and greater
Moreover, the spray casting did not alter the phasesoughness of the spray formed material compared with
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its conventionally cast counterpart is directly related to (iv) The refinement in microstructure from spray
the refinement and homogenisation of the microstrucforming resulted in an increase in transverse rupture
ture, in particular the scale and distribution of thestrength and work of fracture e¥50% compared with
chromium carbides. Interconnected carbides in conthe conventionally cast material.

ventionally cast material provide potent crack initiation  (v) The spray formed material could be forged with-
sites and an easy crack propagation path. In the sprayut carbide fracture or void formation in the matrix.

cast material, the carbides were largely discrete, such
that a higher proportion of crack propagation would be

in the tougher matrix than for the conventionally castReferences

material. Furthermore, carbides of size 2¢m would 1.
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