On the Evolution of Porosity in Spray-Deposited Tool Steels
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In this article, porosity, as defined by the distribution and amount of pores in spray-deposited A-2
tool stedl, was investigated. Ceramic and copper substrates were used in order to understand the
influence of substrate material on the formation of porosity. Moreover, the relationship between
porosity and spray distance was studied using three different spray distances together with a ceramic
substrate. Distinct porosity zones were identified in the deposited material. Interstitial and gas-related
porosity were both present in the deposits. Experimenta results show that the optimum parameters
correspond to a 178-mm deposition distance, in the case of a ceramic substrate. The experimental
results suggested that the pore formation mechanism in spray-deposited materialsis closely dependent
on the thickness of the mushy layer in the upper surface of the deposit during the spray-forming
process. The thickness of the mushy zone is determined by the solid fraction contained in theimpinging
droplets and the thermal-transfer conditions. Moreover, the deposition angle appears to closely influ-
ence the pore morphology, as well as the thickness of the surface porosity band of the deposits.
Finally, the present results suggest that residual internal stress may be animportant factor in influencing
crack formation in the spray-deposited tool steel.

. INTRODUCTION

ONE of the most important characteristics of spray-
deposited material sisthe presence of discontinuitiesor pores
in the materials. Because spray-forming processing essen-
tially involves the deposition of discrete liquid, semiliquid,
and solid droplets on a deposition surface, such defects may
occur during solidification asaresult of one or acombination
of the following mechanisms. gas entrapment, interstitial
porosity, and solidification shrinkage.l*-! Although porosity
is not aways deleterious in spray-deposited materias, it
is generaly undesirable, especially for applications where
strength and ductility are critical. Porosity should be reduced
to the lowest possible value by optimizing the spray-deposi-
tion conditions or by thermomechanical processing. Regard-
less of the significant importance of porosity on the
performance of spray-deposited materials, porosity in spray-
deposited materialsremainsacritical factor in many applica
tions, and the underlying mechanisms remain far from
being understood.

Gas-related porosity isanticipated asaresult of thelimited
solid solubility of inert gases in most structural materials.
It has been suggested that the formation of gas pores is
related to the presence of an excessive proportion of liquid
during deposition. For the same material, porosity is rela
tively high when the liquid fraction is high.[®! On the other
hand, the solubility and reactivity of gases used in spray
deposition may also affect the formation of gas pores. Exper-
imental results indicate that the materials produced using
Ar asan atomization gas consi stently exhibit a higher amount
of porosity than those produced using N, as the atomization
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gas!l It has been argued that nitrogen may react to form
nitrides with alloying elements, thereby reducing the partial
pressure of N, in the pores!® However, in view of the
irregular morphology of pores, it is highly improbable that,
in al cases, a large proportion of the porosity originates
from the rejection of entrapped gases, since gas porosity
generally exhibits a spherical morphology. The formation
of shrinkage porosity is due to a lack of feeding liquid in
the dendritic mushy zone or from a riser, such as those
present during ingot casting.

Available experimental evidence suggeststhat alarge pro-
portion of the porosity that is observed in spray-deposited
materials may be attributed to interstitial porosity. This type
of porosity is generally aresult of the incomplete filling of
the interstices between partially solidified droplets.d
Accordingly, these types of pores are present primarily at
former droplet boundaries and exhibit a highly irregular
morphology. This mechanism is closely dependent on the
thermal condition that is present throughout the deposited
material.

Inrecent years, several investigations have addressed vari-
ous aspects of porosity formation in spray-deposited materi-
as. The thermodynamic properties of the materials being
spray deposited, the thermodynamic properties of the atom-
ization gas, and the solidification conditions, as well as
considerations pertaining to apparatus design, are al
important to the properties of the final deposit.>-51911 Bew-
Lay and Cantorl*?¥ studied the porosity distribution in
spray-deposited materials as a function of thickness, and
proposed that there are three distinct zones of porosity for
Sn-38 wt pct Pb alloy and 316L stainless steels, i.e., an
upper band (surface), a lower band (bottom), and a central
portion. The amounts of porosity in the upper and lower
bands are both relatively high. For example, the volume
fraction of porosity in the lower band of commonly used
aloys, such as Al-4 wt pct Cu, IN718, and low-carbon stedl,
is generally high, in the range from 6 to 30 pct.[14

Surface porosity has been attributed to two possible
sources: adecrease in the gas-to-melt flow rate ratio (GMR)
and atermination of theincident droplet spray.*™ For central
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zone porosity, Grant and Cantor*® studied the evolution of
steady-state porosity in an Al-4 wt pct Cu aloy and reported
that decreasing the gas flow rate and the deposition distance
led to increases in the temperature and the fraction of liquid
phase at the upper surface of the spray-deposited material.
They argued that an excessive amount of liquid promotes
the formation of porosity. Substrate porosity is mainly influ-
enced by the efficient dissipation of thermal energy of the
material in the vicinity of the substrate.[121416-18 Annavar-
apu and Doherty™® reported that when the weight fraction
of liquid phase in the incident droplet spray was low (e.g.,
f1 = 0.2), there was not sufficient liquid phase in the vicinity
of the substrate to fill al of the interstices.

More recently, the application of spray forming as an
alternative approach to manufacturing tool steel hasattracted
considerable interest. The impetus for using spray-forming
approaches to process tool steelsis to develop a cost-effec-
tive, reliable manufacturing technique to rapidly fabricate
prototype metal mold tooling. For high bend-strength, hard-
ness, and wear-resistance applications, the porosity in tool
steel should be reduced to the lowest possible value by
optimizing the spray-deposition conditions or by thermal
mechanical processing. So far, there has been some work
pertaining to the microstructural and mechanical properties
of Spray-deposited tool steels,[*%2021 put experimental and
theoretical studies on porosity-formation mechanisms are
very limited. The objective of the present article was to
provideinsight into the mechanismsthat govern the porosity
formation in spray-deposited A-2 tool steel. The type,
amount, and distribution of porosity in the deposits was
investigated via the variation of deposition distance and
substrate thermal conductivity, in order to optimize spray-
forming conditions.

1. EXPERIMENTAL PROCEDURES

The alloy used in the present investigation was A-2 tool
steel, supplied as as-rolled rods (approximately 19-mm-
diameter and 914-mm-long). The spray-forming details
described elsewhere.lt An A-2 tool steel bar charge of 4000
g mass was placed in a zirconia crucible. The charge was
induction melted and superheated to 1630 °C and then spray
atomized, using nitrogen gas at a dynamic pressure of 2.1
MPa, and deposited onto a substrate. The substrate rotation
rate was 30 rpm. The mass flow rates of the atomizing gas
and melt were 65 and 49 g/s, respectively. In the present
study, two types of deposition substrates were used: a copper
substrate, which was water cooled and positioned at a dis-
tance of 254 mm from the atomization nozzle, and a ceramic
substrate (RESCORE* 780 cer-cast ceramic), which has a

*RESCORE is a trademark of Cotronics Corporation, Brooklyn, NY.)

sguare surface of 150 X 150 mm with three deposition
distances, as described in Table I.

An Inframetrics ThermaCAM SC-1000 focal-plane array
infrared radiometric thermal imaging system was used to
monitor and record the real-time thermal distributions over
the surface of the deposit during deposition. A photograph
of the apparatus is shown in Figure 1. In-situ temperature
measurement was conducted using a type B thermocouple
to measure the temperature on the deposit surface during
spray deposition. Using this temperature (1329 °C) and the
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Tablel. Processing Conditions of Spray-Deposited A-2

Tool Steel

Deposition Deposit
Experiment Substrate Distance Height
Number Type (mm) (mm)

1 ceramic 178 67

2 ceramic 254 66

3 ceramic 330 26

4 copper 254 75
LB ‘

Fig. 1—Photograph of the infrared radiometric thermal imaging systems.

simultaneous thermal image taken from the deposit surface,
the emissivity of thetool steel at that temperature (1329 °C)
was estimated. By adjusting the emissivity over a high-
temperature range (>800 °C), the thermographs can offer
information about the instant temperature distribution on the
deposit surface during cooling. Moreover, the temperature
history of particular points of interest can also be determined
from consecutive measurements.

The geometry of the spray-deposited A-2 tool steel exhib-
ited a contour akin to the Gaussian distribution of droplets
impacting on the substrate.l?? The preforms were sectioned
across the center with wire electrical discharge machining
(EDM), and the porosity distribution was characterized by
examining the overall macrostructure and measuring densi-
ties at some specific locations. Four representative samples
from each zone—the bottom, surface, center, and periph-
ery—were sectioned from each deposit in order to conduct
a microstructural examination and density measurements.
These samples, with approximate dimensions of 10 X 10 X
10 mm, were then mechanically ground. Oncethis procedure
was conducted, the densities were measured by using Archi-
medes principal according to ASTM standard B328-94.
Here, the theoretical density (7.86 g/lcm™3 for A-2 tool
steel?) was taken to determine the percentage of porosity,
on the basis of density measurements, as

P=(1— p/p) X 100 pct [1]

where P is the porosity, and g, and g, are the experimentally
determined density and the theoretical density, respectively.

Microstructural examination was conducted on these den-
sity samples. The samples were etched with 3 pct nita
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70mm

Fig. 2—Residual stress measurement positions on the surface of a half-
cut deposit.

reagent. Examinations were conducted to establish the mor-
phology of the pores present in the deposited tool steel using
a Nikon Epiphot optical microscope and a Hitachi-S500
scanning electron microscope (SEM).

Residual stresses were measured using the X-ray diffrac-
tion technique (Proto Manufacturing Ltd., Ontario, Canada);
one of the samples is shown in Figure 2. Both axia- and
radial-direction stresseswere measured in each location. The
three measured locations were 15 mm (A), 35 mm (B), and
60 mm (C) above the bottom of the deposit, respectively.

1. RESULTS

A. Digtribution of Porosity

The porosity distribution in spray-deposited tool steel can
beclassified, in accordance with the amount and morphol ogy
of pores, into four zones, as shown in Figure 3, (i.e, a
surface band, a central zone, abottom band, and a peripheral
zone, which is located on the circumference of the deposit),
regardless of the deposition distance or substrate type
selected. This result is consistent with the results obtained
with other spray-deposited materials.***3 In the present
study, the thickness of each zone varies with the spray dis-
tance and type of substrate, as shown in Table ll. In the case
of the ceramic substrate, the surface-band thickness tends
to decrease and the bottom-band thickness increases with
increasing deposition distance. Interestingly, when compar-
ing experiment 2 to 4, both of which have the same deposi-
tion distance of 254 mm, the bottom-band thickness
decreases with the ceramic substrate, while the surface-band
thicknesses are almost the same.

Table |1l showsthe amount of porosity at each zone under

Surface band

Central zone

Bottom band

Peripheral zone

Substrate

Fig. 3—Schematic of the porosity distribution in the A-2 tool steel deposit.
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Tablell. Thickness of Porosity Bands in A-2 Tool Steel

Deposits (mm)
Experiment Deposition Surface Bottom
Number Distance Band Band
1 178 55 4.0
2 254 5.0 5.0
3 330 45 55
4 254 5.0 85

different processing conditions. Consistent with macrostruc-
tural observation of the half-cut surfaces of the deposits, the
porosity is high in both the surface band and bottom band
and relatively low in the central zone. It is noted that the
surface-porosity amounts in Table Il were measured from
the tops of the deposits, which might be lower than those
in other locations of the surface bands. The present study
also showsasimilar pore distribution with a spray-deposited
steel preform produced using a rotating roll substrate:!*4 the
porosity at the periphera region is consistently higher than
that along the centerline of the preform. The resultsin Table
[11 show that the deposition distance significantly affectsthe
amount of porosity in every zone. In the center zone, for
example, the porosity amount is at a minimum when the
deposition distance is 178 mm, with a ceramic substrate.
Increasing the deposition distance resulted in an increase of
porosity. Especially with a distance of 330 mm, the porosity
in the bottom band is relatively high. It is noted that the
deposition distance also affectsthe overal yield of deposited
material. The deposits are 67, 66, and 26 mm in height for
experiments 1 through 3, respectively, whereasthe diameters
of the bottoms are almost the same. The yield of deposit 3,
with a 330-mm deposition distance, is only 43 pct, whereas
the other two (1 and 2) are about 70 pct. Accordingly, the
present results suggest an optimum distance of 178 mm.

The dominant influence of substrate material on deposit
is reflected by the porosity in the bottom band. In addition
to the increased thickness of the bottom band, as shown in
Table I, the amount of porosity is higher when using a
copper substrate. However, there is amost no difference in
the center zone and surface band of the deposit for both the
copper and ceramic substrates. The porosity characteristics
in each zone are discussed in the following sections.

B. Surface-Band Porosity

Figure 4 shows the irregular pores formed at the surface
band of a deposit. The volume fraction of pores ranges from
0.93 to 4.15 pct, and the pore size is within 5 to 30 um. It
is interesting to note that the porosity varied in morphology

Tablelll. Distribution of Porosity in Different Positions
of A-2 Tool Steel Deposits (Percent)

Deposition
Experiment  Distance
Number (mm) Bottom Center Surface Periphery
1 178 127 0.13 1.69 12.47
2 254 1.86 0.74 0.93 7.56
3 330 5.95 1.47 4.15 10.11
4 254 8.27 0.90 1.02 10.43
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Fig. ——Morphology of poresin surface band of the A-2 tool steel deposit.

and amount in the surface bands, as a function of location.
In the vicinity of the deposit top, the porosity is relatively
low. However, in a certain range away from the top zone,
it was observed that the amount of porosity increased and
that these pores were interconnected, forming a directional
porous column. The extreme conditionisillustratedin Figure
5, where pore columns are in a direction nearly parallel to
the spray axis. Asthe distance from the top along the deposit
surface increases, this phenomenon becomes less frequent.

C. Center-Zone Porosity

Figure 6 shows the porosity in the center zone of the
deposits. The volume fraction of poresin this zone is gener-
ally minimal, ranging from 0.13 to 1.47 pct. Depending on
the deposition distance and substrate material, at least more
than one type of porosity was observed in this zone. In
Figure 6, pores may be classified as follows. First, there are
some spherical poresthat are located both in the grain interi-
ors and at the grain boundaries, in the size range of 5 to 20
pm. Second, there are irregular pores with a size less than
10 um, present primarily at the grain boundaries. Similar
observations of porosity size and distribution have been
documented by a number of other investigators.!*”:?4-28 |n
accordance with the pore morphology, two types of porosity
may exist in thiszone: aninterstitial porosity with an irregu-
lar shape at grain boundaries and gas-related porosity with
aspherical shape, located at the interior of grains or at grain

Fig. 6—Morphology of poresin center zone of the A-2 tool steel deposit.

boundaries. It was argued in these studies that the amount
and type of porosity in this steady-state zone is primarily
dependent on the proportion of liquid and solid phases dur-
ing deposition.

D. Bottom-Band Porosity

The typical porosity present at the bottom band in A-2
tool steel is shown in Figure 7. Regardless of the spray-
deposition conditions used in the present study—a ceramic
substrate with a 178-mm deposition distance—(Figure 7(a))
or a copper substrate with a 254-mm deposition distance
(Figure 7(b)), the pore volumefraction in this band remained
relatively high. The porosity amount in Figure 7(a) is much
lower than that in Figure 7(b). As summarized in Table I11,
the amount of porosity was measured as 1.27 pct using a
ceramic substrate and as 8.27 pct using a copper substrate.
The variation of deposition distance and type of substrate
did appear to induce some changesin porosity. For example,
in Figure 7(b), small pores increased in number with an
accompanying increase in the total amount of porosity in
this zone. Moreover, it is noted that pores in this band have
a wide size range between 0.5 and 50 um, and they can
also be classified into two types: interstitial porosity or gas-
related porosity, according to the pore morphology. These
two types of pores are more clearly shown in Figure 8,
where interstitial pores are located at grain boundaries and
gas pores are a the interiors of grains.

Fig. 5—Porous columns in a surface band.
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Fig. 7—Morphology of poresin bottom band of the A-2 tool steel deposit:
(a) experiment 2 and (b) experiment 4.

Macrostructural observation on the half-cut surface of the
deposits revealed that there are some cracks in the 3- to 15-
mm band from the substrate surface, with a length of 0.5
to 4.0 mm, as shown in Figure 9(a). The maximum crack
dimension present in experiment 2 approached 8 mm, as
shown in Figure 2. The orientation of these cracks was
paralel to the substrate. It is noted that the number of this
type of cracks is higher in the deposits using a copper sub-
strate than in those using a ceramic substrate. From Figure
9(a), itisobviousthat the deposit exhibits alayerlike macro-
structure and that the cracks exist in layer boundaries. A
high-magnification SEM observation of one end of a crack
shows intergranular cracking characteristics, as shown in
Figure 9(b), which have atendency to propagate. Although
this type of defect is not as prevalent as porosity, it is detri-
mental to performance, as the working conditions of tool
steels require high hardness and impact resistance in the
case of die applications.

E. Peripheral-Zone Porosity

Apart from the three regions discussed previoudly, the
peripheral zone of the deposit may be described using the
combined characteristics of the bottom and surface bands,
although it has its specific characteristics with respect to
porosity. The measurement results summarized in Table |11

METALLURGICAL AND MATERIALS TRANSACTIONS A

(b)
Fig. 8—Morphology and location of pores in A-2 tool steel deposits: (a)
irregular transgranular pores and (b) gas-related pores in grain.

reveal that the porosity at the peripheral region is aways
higher than that in other regions. In the peripheral zones of
these spray-deposited A-2 tool steels, pore sizes are about
50 pum, with some of them perhaps reaching 1 mm in size.
The microstructure in this region is layered with pores pres-
ent at the boundaries of layers, as shown in Figure 10. It is
worth noting that droplets may be discerned in this region,
which appear to have experienced either plastic deformation
or fracture. These are characteristics of a spray containing
a large proportion of solid phases during impingement.
Another important fact is the difference in grain size in this
region with respect to the center zone. Figure 11 shows the
grain morphologies in both the peripheral and center zones
of deposit 3. The figures illustrate that the grain size in the
periphera region is finer and less uniform than that in the
center zone. These results are consistent with the laser-
diffraction measurements reported by McDonell et al.,?"]
which reveal that the average size of droplets that are typi-
cally present at the peripheral region of a metal spray is
smaller than that along the centerline of the spray cone.
Moreover, it is well documented that the Gaussian dropl et-
size distribution that is characteristic of most metal sprays
leads to a decrease in the droplet size and, hence, liquid
fraction in the periphery.[®!
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Fig. 9—(a) Macrostructure of voids in half-cut surface of a deposit and
(b) intergranular cracking at one end of a void at high magnification.

Fig. 10—Morphology of pores in peripheral zone exhibiting a layered
structure.

V. DISCUSSION

Regarding the origin of porosity in spray-deposited mate-
rials, anumber of trends are evident. The thermal and solidi-
fication conditions of the liquid droplets during impact will

730—VOLUME 31A, MARCH 2000

Fig. 11—Microstructure of spray-deposited tool steel: (a) center zone and
(b) peripheral zone.

influencethe mushy layer on the upper surface of the deposit.
This effect will, in turn, affect the amount and morphology
of pores. The relation between the mushy layer and porosity
type is schematically illustrated in Figure 12. An important
mechanism affecting porosity in spray-deposited materials
is the formation of interstices as the metal droplets impact
on one another and overlap when the mushy layer thickness
isthin. Inthiscase, thelevel of porosity isdetermined mainly
by a balance between the solid/liquid ratio and the packing
efficiency of the droplets. In related studies, Liu et al.[*!
reported that the fraction of solidified particles in spray-
deposition processing is a significant factor influencing the
spreading behavior of droplets and the formation of micro-
and macroporosity among deposits. Since these solid drop-
lets essentially do not deform or flatten to any significant
extent during impact, there is insufficient liquid to fill the
interstices, leading to the creation of pores.

Gas-related porosity is also an important phenomenon in
spray-deposited preforms. The gases are primarily from two
sources: one is from adsorbed gases on droplet surfaces and
the other stems from dissolved gas in the molten metal.
Figure 13 showsthe nitrogen solubility inironin equilibrium
with gaseous nitrogen at atmospheric pressure.% Thisresult
reveals that there is a drastic reduction in gas solubility as
iron solidifies. Any dissolved gas would have a tendency to
nucleate, grow, coalesce, and escape during solidification.
Hence, gas pores will form as the solidification velocity

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 12— Schematic of porosity formed inmushy layer: (a) interstitial pores,
(b) entrapped gas pores, and (c) solidification shrinkage pores between
dendrites.
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Fig. 13—Nitrogen solubility in iron in equilibrium with gaseous nitrogen
at atmospheric pressure.3?

exceeds the diffusive velocity of the gaseous element. From
Figure 13, it is noted that the amount of nitrogen solution
iniron is 0.044 pct at 1600 °C, which equals 2.746 vol pct
of nitrogen gasin iron at atmospheric pressure. The amount
of gas present in the dropletsislikely to exceed that corres-
ponding to Figure 13 as a result of rapid solidification.
Therefore, gas-related porosity can be attributed to both
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adsorbed and dissolved gases. After the mushy layer on the
upper surface reaches a certain thickness, the surface is
continuously disturbed by a high-velocity gas jet, and atom-
ized droplets and the gas may be entrapped, as shown in
Figure 12(b). The lower viscosity and the higher thickness
of the mushy layer will lead to entrapment of gas and its
coaescence during deposition. This is consistent with the
argument for agas entrapment mechanism for large spherical
pores,32¥2 because trapped gas bubbles must solidify in a
mushy layer to maintain their large spherical shape and size.
Within a thin mushy zone, large bubbles cannot form, and
smaller bubbles may migrate a short distance to the surface
prior to solidification. Gas related porosity may be present
intergranularly or transgranularly, depending on the solidifi-
cation conditions. Noteworthy is the fact that the solidifica-
tion conditions are closely related to the thickness and
location of the semiliquid or mushy layer.

Solidification shrinkage can also lead to the formation of
pores, athough this mechanism is significant only under
rather specific deposition conditions. This effect can be
explained by the state of the mushy layer on the upper
surface of the deposit during spray deposition. For a spray-
deposited Cu-6 wt pct Ti disk, for example, if the liquid
fraction of droplets at impingement is relatively high (such
as 31 pct liquid), the thickness of the mushy layer after 30
seconds of spraying is about 18 mm at the center of the
disk, and the liquid fraction of the mushy layer at the top of
the growing deposit is also high.*¥ Solidification shrinkage
porosity can be prevented if the temperature gradient in the
mushy layer ishigh and theinterdendritic feeding ispossible.
On the contrary, if the temperature gradient is low and the
molten material solidifies in a mushy solidification mode,
the liquid metal is unable to flow through the dendrite,
and shrinkage pores/cavities remain following complete
solidification.

A. Mushy Layer Formation

The liquid fraction in the spray and the thermal environ-
ment during impingement are the key factors that govern
the evolution of a mushy layer. Numerical and experimental
studies of the thermal environment during deposition are
available'-3122934 At the initial stage of deposition, the
thickness of the spray-deposited material is small, and the
corresponding heat conduction within the thin layer may
occur relatively fast. The temperatures at the upper surface
and at the deposit/substrate interface rise together and remain
relatively close. The heat-transfer process in the first initial
droplets is often described as Newtonian, i.e., the thermal
gradient inside the layer is negligible. The temperature at
the upper surface of the deposit increases monotonically as
thethermal massincreases. Asthe deposit thicknessbecomes
higher, the temperature at the interface between the deposit
and substrate decreases after reaching a maximum.4 The
temperature difference between the upper surface and
deposit-substrate interface increases with the thickening of
the deposited material, due to an increase of the interna
conduction resistance to heat flow. During the deposition
process, the temperature at the upper surface continuously
increases and reaches the solidus temperature at a certain
thickness. Two regimes can be divided using the solidus
temperature as a reference. Before the temperature reaches
the solidus temperature, the preceding droplets have already
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been completely solidified prior to the arrival of the follow-
ing ones, and the upper surface of the deposit is in a solid
state. After the temperature exceeds the solidus temperature,
the preceding dropletshavenot fully solidified at the moment
of impingement of the following ones, and the upper surface
isin amushy state. Recent modeling work on the influence
of the heat-transfer coefficient at the deposit/substrate inter-
face® showed that the temperature at the upper surface of
the deposit is strongly dependent upon the value of the heat-
transfer coefficient. For example, the temperature at the first
droplet-splat’s surface at the end of atime interval is 20 °C
(equal to the substrate initial temperature) for a thermal-
transfer coefficient (h) value of 10° W-m~2-K~* and is 537
°C for h with 3 X 103 W-m~2-K~1, The value of the heat-
transfer coefficient also affects the position at which the
mushy layer starts forming in a deposit. As the interface h
valueis small (<10* W-m~2-K™1), or the substrate is rather
insulating, like a ceramic substrate, the mushy layer is
formed in an early stage, as can be compared in the porosity
resultsin Tables I and I11. Conversely, when the interfacial
heat-transfer coefficient is large (>10° W-m—2-K™Y), it
becomes less influential in the formation position of the
mushy layer, since the internal heat conduction within the
deposited material rapidly develops as a limiting factor to
heat transfer instead.

The thickness of the bottom porous region reflects the
conditions of the mushy layer during the initial deposition.
The ending position of the bottom porous band may corre-
spond to the beginning position of a mushy layer with a
suitable thickness. Hence, in the present investigation, the
position of the mushy layer in experiment 2, with a ceramic
substrate, located 4 mm away from the deposit bottom, while
that in experiment 4 with a copper substrate, is 8 mm. This
difference may be rationalized based on the thermal behavior
of the interface, which can be described by the equation

k2= hx (To ~ Tuw) 2]
where k; is the thermal conductivity of the spray-deposited
material, h is the heat-transfer coefficient at the interface of
the deposit/substrate, Ty is the temperature of the deposited
tool steel at the interface, and Ty, is the temperature of the
substrate at theinterface. Dueto the higher surface roughness
and lower thermal conductivity of the ceramic substrate, the
value of (Tgp — To) ishigher than that corresponding to the
copper substrate. Therefore, the high-temperature gradient
corresponding to an insulating substrate promotes the forma-
tion of a mushy layer that is closer to the interface, relative
to that in a conductive substrate. This argument is consistent
with previous results, which suggest that the characteristics
of the bottom porous band near the substrate are governed
by the thermal environment present during deposition.

It should be noted that the thermal energy transfer (convec-
tion and radiation) at the upper surface of a spray-deposited
preform may also influence the behavior of the mushy zone.
Related work reveals that radiation heat transfer is princi-
pally affected by the properties of the atomization gas, tem-
perature of the preform surface, and the surface
emissivity.[® The convective heat-transfer coefficient is pri-
marily dependent on the atomization gas velocity for agiven
gas chemistry and the diameter of the spray-deposited pre-
form.[38 In the present study, all the experiments were com-
pleted using the same atomization gas and amost the same

732—VOLUME 31A, MARCH 2000

diameter of deposit. Therefore, the effect of the heat-transfer
process on the upper surface is not discussed specifically in
thisarticle, although different spray-deposited distances may
cause different surface temperatures.

After the deposit reaches a certain critical thickness, the
magnitude of h decreases and finally reaches a relatively
steady state;[>34 the formation of a mushy layer depends
primarily on the solid fraction in the impinging droplets. If
the solid fraction in the droplets is high, the formation time
of the mushy layer increases and, hence, the thickness would
be thin. By definition, the average fraction of solid in the
incident spray is determined as follows:

i = fo “ 141, 2) &) dr [3]

where fy(r, 2) is the fraction of solid of a droplet of radius
r at a distance z from the nozzle, and 4(r) is the probability
density function of the droplet size distribution. For a log-
normal distribution, &(r) is determined by the mass median
diameter (d.) and the geometric standard deviation (o). The
value of d., can be estimated using L ubanska's equation,”

n M 12
d, = KD (W(l + 6)) (4]

where D isthe diameter of theliquid stream; W isthe Weber
number; 7y, and 74 are, respectively, the kinematic viscosity
of the melt and gas; and M and G are, respectively, the melt
and gas flow rate.

Evaluating the solid fraction of a droplet of radiusr at a
distance Z from the nozzle requires the numerical solution
of the droplet equations of motion as well as its thermal
history.[3® At a given distance, a droplet can be fully liquid,
fully solidified, or semisolid; depending on its size, the
fraction of solid increaseswith decreasing droplet size. Also,
the average fraction of solid increases with increasing depo-
sition distance.

In this study, the spray-deposition processing conditions,
such as the GMR, superheat temperature, atomization pres-
sure, etc., were maintained relatively constant. Therefore,
the average size of the droplets in these four runs remains
the same, according to Eq. [4]. The variation in deposition
distance, however, leads to a change in the proportion of
solid phases during impingement. For experiment 1 through
3, with a ceramic substrate, the amount of porosity in the
center zone of the deposit increased with increasing deposi-
tion distance. On the basis of the relationship between the
mushy layer and porosity, it was suggested that there is a
critical thickness of the mushy layer. After evaluating the
porosity in al experiments, it was determined that the
mushy-layer thickness is optimal when the deposition dis-
tance is 178 mm.

B. Influence of Surface Geometry

Generally, there are different effects present when droplets
impinge initially on a substrate and subsequently on each
other. The droplets may bounce off, ater their morphology,
and adhere onto the surface, or fracture into several second-
ary droplets. The spatial distribution of thedroplet sizeinher-
ently leads to a local variation in impingement correlation
along the surface of the deposit. Accordingly, with the excep-
tion of theinitial layer of impinging droplets, which encoun-
ter a relatively flat surface, most of the droplets are likely
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Fig. 14— Schematic formation of porous column deposition by ashadowing
effect: (a) an initial stage and (b) fully developed porous column.i®

to impinge onto an irregular surface. Liu et al.*¥ studied
the influence of surface roughness on porosity formation
and argued that two processes can occur during the spreading
of liquid droplets on rough surfaces. One is the separation
between the deposition surface and the spreading liquid,
which may eventually develop into voids if they can entrap
the atomization gas or if the local heat-transfer condition in
the vicinity of separation can freeze the voids. The other is
the splashing of theliquid on anirregular deposition surface,
which may aso contribute to void formation.

In this study, a high density of irregular voids was noted
in the surface bands of deposits in the form of directional
porous columns; this phenomenon has been described as
porous column formation (Figure 5).3% The mechanism of
porous column formation is attributed to the combined
effects of shadowing and of a high solid fraction in the
mushy layer on the deposit surface. The deposition angle
(a) is defined as the angle between the surface tangent
and the spray direction of droplet. When « decreases in
magnitude, the distance between two points where neigh-
boring droplets fall on the slanted deposit surface increases,
leading to the formation of a shadow below each column,
as shown schematically in Figure 14. Theinitia start of the
porous columns can be small protrusions that form prefera-
bly on the upper edge of the slanted surface, because it is
nearest to the spraying nozzle. Therefore, below the shade
of the first protrusion, a subsequent protrusion will develop
and the process will repeat itself.

During the final stages of spray deposition, the GMR
increases, corresponding to a decrease in metallostatic pres-
sure, and the increased solid fraction leads to the formation
of interdtitial porosity. If aislarge, the dropletsin the central
region of the spray cone experience the minimum flight
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distance, with a correspondingly high sticking efficiency.
When « decreases in magnitude, the flight distance of a
droplet from the nozzle to deposit surface increases, with a
corresponding increase in solid fraction. On the other hand,
the number of droplets impinged on a unit of surface
becomes small. Hence, on the basis of this argument, it may
be deduced that interstitial porosity can form at and below
acertain critical deposition angle where fs reaches a critical
value, which is reportedly 0.7 at a flight distance in the
range from 300 to 400 mm.[343

In the present study, the thickness of the surface porous
band increases with increasing deposition distance, which
is consistent with the previous argument. On the other hand,
the shorter deposition distance usualy results in a more-
steep surface geometry, resulting in a smaller deposition
angle at the position from the center, similar to that of the
deposit with a longer deposition distance. Therefore, the
feathering phenomenon isinfluenced not only by the deposi-
tion distance but also by the surface geometry of deposit.
The porous column formation can be prevented by directing
the spray axis perpendicular to the deposit surface.

C. Influence of Residual Stress

An interesting observation in spray-deposited A-2 tool
steel is the presence of voids in the region above and near
the bottom band; the voids exist along the layer boundaries.
A higher proportion of the voids occurs in the deposit using
acopper substrate. The voids exhibit ahighly irregular mor-
phology with intergranular cracking characteristics, as
shown in Figure 9, and may be attributed to the effect of
high residual stresses on the porosity formed during the
initial deposition. In related studies, Knowles and King!““l
measured the residual stressesinduced by cold water quench-
ing in a powder metallurgy 8090 aluminum alloy and also
investigated the effect of residual stresses on the morphology
of the fatigue-crack fronts. In their fatigue testing, single-
edge notch-bend specimens were solution treated at 530 °C
for 1 hour and quenched. They were then subject to aging
treatments. The measurements revealed that surface com-
pressive stresses are present in all the aged conditions, and
that these surface compressive stresses, on the order of the
yields stress, cause severe bowing of fatigue-crack fronts.

The development of residual stress in spray-deposited
materials has been investigated using both experimental and
numerical approaches. For example, Ho and Lavernial*-4243
calculated theresidual stress using thefinite-element method
for a variety of spray-deposited materials. Assuming that a
semisolid layer devel oped on the upper surface of the deposit
during deposition, the temperature across the entire preform
was assumed to increase linearly from the bottom to the top
of the deposit. Accordingly, the axial stressistensile for the
upper region and compressive for the lower region of the
deposited material. The radia stressis tensile for the center
region and compressive for the top and bottom region.[d
In this case, the interior part of the deposit will experience
acooling rate that is slower than that present on the exterior.
This is illustrated by the thermograph shown in Figure 15,
which shows that the highest-temperature region was|ocated
at the interior of the spray-deposited material. As a result
of this thermal gradient, a compressive residual stress will
develop in the outer region of the deposit, whereas atensile
stress will be present in the inner portion of the deposit.

VOLUME 31A, MARCH 2000—733



Fig. 15—Thermograph taken from the deposit surface during cooling.

TablelV. Residual Stresses Measured at Three Locations
in Deposit 2 (M Pa)

Stress

Direction Location A Location B Location C
Axia 201.2 24.2 195.0
Radial 260.4 255 182.6

Fig. 16—Neighboring pores acting as potential void source.

In our work, residual stressesin the deposit of experiment
2, measured with an X-ray diffraction technique at three
points on the half EDM-cut surface, are indicated in Table
IV. The observed cracks were usually perpendicular to the
Spray axis, suggesting that the vertical tensile stresses play
a role in their formation. It is interesting to note that the
largest crack (8 mm in length) occurred at a position 15 mm
above the bottom, which corresponds to the highest tensile-
stress location A in the three measured locations in the
deposit (Table IV). As previously noted, during the initial
stage, interstitial pores readily formed at the bottom band,
and most of them were |located between deformed droplets.
Some of them may form a large-size void directly during
deposition, and some of them may form closely to each
other, as shown in Figure 16. Under the effect of residual
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stresses, the pores propagate to form macrovoids or cracks
in the deposit.

V. CONCLUSIONS

The formation of porosity in spray-deposited A-2 tool
steel wasinvestigated with different types of substrate mate-
rials and deposition distances. Based on the present study,
the following conclusions can be drawn.

1. Porosity measurements show that the optimum parame-
ters correspond to a 178 mm deposition distance, in the
case of a ceramic substrate. An increase of deposition
distance results in increased porosity in the deposits.

2. With respect to the copper substrate, the ceramic substrate
decreases the level of porosity in the bottom band, sug-
gesting that a substrate material with a lower thermal
conductivity promotes early formation of the mushy
layer.

3. The correlation of porosity and mushy-layer thickness
suggests that there is an optimum mushy-layer thickness
required if porosity is to be kept at a minimum value.

4. Two factors play a key role in controlling the formation
of the mushy layer: the droplet solid fraction and the
thermal exchange between the substrate and deposit.

5. The spray angle influences not only the sticking effi-
ciency, but also the surface morphology of the deposits.
The presence of a porous column can be prevented by
maintaining the spray axis perpendicular to the deposit
surface.

6. Some voids formed at the layer boundaries near the bot-
tom porous band. With high residual stressesin the spray-
deposited tool steel during cooling, some of these voids
propagated and formed large cracks in the deposited
materials.
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