Solidification Sequence of Spray-Formed Steels
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Solidification in spray-forming is still an open discussion in the atomization and deposition area.
This paper proposes a solidification model based on the equilibrium solidification path of alloys.
The main assumptions of the model are that the deposition zone temperature must be above the
alloy’s solidus temperature and that the equilibrium liquid fraction at this temperature is
reached, which involves partial remelting and/or redissolution of completely solidified droplets.
When the deposition zone is cooled, solidification of the remaining liquid takes place under near
equilibrium conditions. Scanning electron microscopy (SEM) and optical microscopy (OM)
were used to analyze the microstructures of two different spray-formed steel grades: (1) boron
modified supermartensitic stainless steel (SMSS) and (2) D2 tool steel. The microstructures were
analyzed to determine the sequence of phase formation during solidification. In both cases, the

solidification model proposed was validated.
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I. INTRODUCTION

IN the spray-forming process, a molten metal is gas
atomized to produce a spray cone composed of droplets
with diameters ranging from 10 to 500 gm, which impact
a substrate with velocities of up to 100 to 200 ms~"' with
a distribution of fully liquid, Fartially solidified, and
completely solidified droplets.!"’ Before they reach the
substrate, the metal droplets are cooled at high rates,
ranging typically from 10% to 10° Ks~'. When the
droplets are deposited onto the substrate, solidification
continues in the deposition zone and a solid, dense, and
homogeneous deposit is formed.”) Several types of
alloys such as steels, cast irons, Ni-alloys, Al-alloys,
and Cu-alloys, as well as different geometries (billets,
tubes, and rin?s) have been successfully produced by
spray-forming.” ' In all cases, the spray-formed
microstructures present noticeable features: (1) equiaxed
grains with diameters from 10 to 50 um; (2) a high level
of microstructural homogeneity and macrosegregation
free; (3) uniform and homogeneous distribution of
eutectic and second phases. The advantageous
microstructure produced by the spray-forming process
is well-known from research; however, solidification at
the deposition zone and the creation of such a charac-
teristic microstructure are still an open discussion. How
the microstructure of the droplets (usually
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columnar/dendritic) that impact the deposition zone
completely solidified turns into the equiaxed microstruc-
ture of spray-formed deposits, is not yet well explained
nor understood.

Different solidification models to explain the genera-
tion of the equiaxed grains in spray deposited alloys have
been reported in the literature.!'>'”) The first one was
called the dendrite arm fragmentation model.'> This
early model argues that dendritic arms present in the
partially solidified droplets are extensively fragmented
because of (1) the mechanical forces produced by the
impact of the droplets on the deposition zone; and (2) the
shear stresses induced by the turbulent fluid convection
in the deposition zone. Such dendrite fragments become
potent nuclei for solidification, which grow and generate
the equiaxed grains microstructure. Subsequently,
Grant!"® proposed that the deposition zone must have
an equilibrium temperature above the solidus tempera-
ture, which is constant during the deposition process.
Consequently, part of the solid fraction of the droplets is
remelted in the deposition zone in order to reach the
equilibrium liquid fraction. According to the author, the
significant liquid fraction and the temperature gradient
present in the deposition zone facilitate the spheroidiza-
tion of the remaining solid fragments in an attempt to
minimize the solid/liquid interfacial area. Although this
model is well-supported by theoretical aspects, an
experimental validation was missing. For instance, no
measurements of the equilibrium temperature were
presented and only microstructures with considerable
grain coarsening after solidification were shown.

Recently, Henein!'” argued that solidification must
occur in discrete regions and that there cannot be any
liquid merging between adjacent droplets at the depo-
sition zone. The argument is based on the fact that the
same ecutectic fraction (lower than the equilibrium
fraction) was observed both in the impulse atomized
droplets and in the deposit formed by impulse spray of
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the Al-0.61 wt pctFe alloy. The lower eutectic fraction
suggests that eutectic undercooling is taking place. The
author suggests that when the droplets are atomized,
they are covered by a nano-thick oxide coating which is
not broken when the droplets impact the deposition
zone, preserving what the author calls the “‘droplet
region”. According to the author, solidification at the
deposition zone of the “droplet regions” continues
independently of the solute in adjacent ‘“‘droplet
regions”. When the deposit cools further, each “droplet
region” must nucleate its own second phase, achieving
the same fraction of eutectic as the atomized droplets.
However, the formation of the nano-thick oxide layer
was not experimentally validated. Moreover, this model
does not explain the formation of the equiaxed grains
characteristic of spray-formed alloys.

In this paper two steel grades were spray-formed: (1)
3kg deposits of boron modified supermartensitic stain-
less steel (SMSS), with 0.3 and 0.7 wt pct of boron, were
spray-formed using laboratory-scale equipment; and (2)
billets of D2 tool steel with approximately 100 kg were
spray-formed using an equipment with industrial fea-
tures. The comparison between the microstructures of
the spray-formed steels and the overspray powders, as
well as the surface temperature measurements were used
to track the solidification path of both alloys. Based on
the results, a model for the solidification sequence of
steels in spray-forming, which considers that conditions
close to equilibrium must be attained at the deposition
zone, is proposed. Based on the results, a model is
proposed for the solidification sequence of steels in
spray-forming, which considers that conditions close to
equilibrium must be attained at the deposition zone.

A. Design of Experiment

Supermartensitic stainless steel modified with 0.3 and
0.7 wt pct of boron (hereinafter named SM-0.3B and

SM-0.7B, respectively) were spray-formed using a
close-coupled atomizer attached to laboratory-scale
equipment. The billet of D2 tool steel was spray-formed
at the spray-forming plant at IWT Bremen. The
chemical compositions of both alloys are presented in
Table I and a summary of the processing parameters
used is shown in Table II.

Samples of the spray-formed alloys and of the
overspray powders were grinded and polished using
conventional metallography procedures. The samples of
SM-0.3B and SM-0.7B were etched with 3HCI:1HNO;.
The boride morphologies were revealed using a deep
etching procedure with 10 mL HCI, 3 ml HNO3, 5 mL
FeCl;, and 82 mL ethyl alcohol solution. The D2
samples were etched with 2 pct Nital. The phase
identification was performed by X-ray diffraction
(XRD) using a Rigaku diffractometer equipped with a
Cu tube and a graphite monochromator operating at
40 kV and 40 mA. The microstructures were observed
by optical microscopy (OM) and scanning electron
microscopy (SEM) using a FEI Inspect S50 Scanning
Electron Microscope.

II. RESULTS

A. Boron Modified Supermartensitic Stainless Steel

The boron modified supermartensitic stainless steels
have some features, which are worth pointing out:

1. Boron has a very limited solubility in steel
(<0.008 wt pct), even at the high temperature
austenite phase.

2. The presence of boron in the steel composition leads
to the formation of M,B borides (where M = Fe,
Cr, Ni, Mo).

3. Both alloys, SM-0.3B and SM-0.7B, have hypoeu-
tectic compositions where the equilibrium solidifi-

Table I. Chemical Composition of the Spray-Formed Alloys
Wt Percent Pct C Pct Cr Pct Ni Pct Mo Pct B Pct Ti Pct Mn Pct V Pct S Pct Fe
SM-0.3B 0.066 12.00 5.68 2.09 0.37 0.044 0.40 — 0.0014 bal.
SM-0.7B 0.096 11.88 5.88 2.09 0.69 0.041 0.49 — 0.0017 bal.
D2 1.52 11.50 0.27 0.75 — 0.001 0.30 0.91 0.0004 bal.

Table II. Summary of the Processing Parameters Used

Alloy SM-0.3B SM-0.7B D2
Melt atmosphere argon protection argon protection vacuum/argon
Atomization gas nitrogen nitrogen nitrogen
Feedstock mass (kg) 4 4 121
Melt superheat (K) — — 150
Pouring temperature K (°C) 1923 (1650) 1923 (1650) 1793 (1520)
Mass flow (kg/s) 0.13 0.13 0.29
GMR 0.62 0.62 1.03
Total atomization time (s) 30 30 424
Atomizer scan angle (deg) 0 0 +4
Scan frequency (Hz) — - 15
Spraying distance (mm) 460 460 435
Substrate material mild steel mild steel mild steel
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cation path follows the sequence: solidification of
y-Fe as primary phase followed by the eutectic
reaction L — M,B + y-Fe.l'”)

4. The limited solubility of boron in the steel matrix
does not allow the M,B type borides to be
dissolved, which means that the borides are present
in the as-solidified microstructure.

It is also important to point out that after solidifica-
tion the austenite is transformed into martensite, even at
low cooling rates, for instance, when the deposit is air
cooled inside the spray chamber. However, such solid
state transition has no effect on the understanding of
solidification in the spray-forming process.

Figure 1 shows the SM-0.3B and SM-0.7B spray-
formed deposits. Both disk-shaped deposits are 250 mm
in diameter and 15 mm in thickness with a very
homogeneous and uniform microstructure. Porosity
levels, measured by area fraction, lower than 1 pct were
measured in both deposits. Figure 2(a) shows the
microstructure of an SM-07.B overspray particle with
a diameter of about 200 um. The particle microstructure
is composed of a dendritic martensitic matrix with M,B
borides present in the eutectic constituent between the
interdendritic arms. Observe the identification of phases
in the XRD presented in Figure 3. The high cooling

(a) (b)

Fig. 1—Spray-formed disks of (¢) SM-0.3B and (b) SM-0.7B.

rates promoted by the gas atomization led to a very
refined powder microstructure, in this case with average
secondary dendrite arm spacing about 2.5 um. As
demonstrated by Grant,'® droplets larger than
200 um are expected to reach the substrate still fully
liquid under conventional spray-forming conditions.
Therefore, the droplets that land on the deposition zone
completely solidified (usually droplet size <50 um) were
cooled at higher rates than the 200 um droplets,
resulting in a more refined microstructure. Figure 2(b)
shows the microstructure of a 50 um diameter droplet. It
can be clearly seen that the microstructure is still
dendritic, but strongly finer than the one presented in
the 200 um droplet, making it difficult to measure the
secondary dendrite arm spacing. Figures 4(a) and (b)
present the microstructure of the SM-0.7B spray-formed
deposit at two different magnifications. One can see that
the spray-formed microstructure consists of equiaxed
martensitic grains with M;B borides present around the
grain boundaries (the identification of phases is also
presented in Figure 3). The average grain size is around
15 ym, which is much coarser than the powder
microstructures. The M,B borides present in the
spray-formed microstructure are also considerably
coarser than in the overspray droplets. The microstruc-
ture of the borides can be better observed in the SEM
images present in Figures 5(a) and (b). No remnants of
the dendritic microstructures from the completely solid-
ified droplets are present in the spray-formed
microstructure. As pointed out before, the borides after
solidification cannot be dissolved in the steel matrix due
to the very limited solubility of boron. Based on this, the
only possible explanation for the disappearance of the
droplet microstructure in the final spray-formed deposit
is the remelting and/or redissolution of the borides
present in the interdendritic arm spaces at the deposition
zone. As shown in Figure 5 (b), the M»B borides appear
in the SM-0.7B spray-formed deposit as a continuous
eutectic network interconnected along the microstruc-
ture. This result reveals that during the later stages of
solidification the liquid at the deposition zone must be
continuous, and when the eutectic constituent is

Fig. 2—Microstructure of the overspray powder of SM-0.7B with (a) 200 um (OM) and (b) 50 um (SEM).
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solidified no ‘‘droplet regions” remain. It is worth
stressing that as the borides were solidified at the grain
boundaries, no further grain growth was possible after
the solidification. Hence, this microstructure is identical
to the as-solidified structure (despite the martensitic
transformation).

Figure 6(a) shows the microstructure of the SM-0.3B.
In this case, the equiaxed grain size is about 35 um
(compared to 15 um for the SM-0.7B) and the fraction
of M»B borides is considerably smaller. Moreover, some
grains are larger than 50 pum, which is larger than the
droplet size expected to land completely solidified on the
deposition zone. This result also suggests that the
completely solidified droplets were partially remelted
and/or redissolved within deposition zone. Figure 6(b)
shows that even in small amounts, the M,B borides are
still present as an interconnected eutectic network,
showing that no “droplets region” was preserved.

—— Spray-formed deposit
Overspray powder

martensite 110

« M B-Orthorhombic

martensite 211

martensite 200

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
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Fig. 3—XRD patterns showing the phases present in the overspray
powder and in the spray-formed deposit of SM-0.7B.

B. D2 Steel

D2 tool steel is a 12 wt pctCr and 1.5 wt pctC steel
with a high hardness derived from the presence of hard
carbides such as M-;C; in the microstructure. Unlike
boron, carbon has considerable solubility in austenite.
Figure 7 presents a calculated pseudo-binary phase
diagram of D2 steel showing that the equilibrium
solidification path (at 1.5 wt pct C) is the formation of
y-Fe as primary phase followed by an eutectic reaction
forming y-Fe + M-Cs;.

Figure 8 shows the D2 steel spray-formed billet, the
microstructure of which was analyzed in a transversal
cross section at 70 mm from the top. The porosity level
in this case was also lower than 1 pct (in area fraction).
Figure 9 shows microstructures of the D2 steel over-
spray powders, which present a refined dendritic
microstructure with the M-C;s carbides in the eutectic
constituent between the dendritic arms. The secondary
dendrite arm spacing for the 50 um droplet is around
1.5 ym. In contrast, the spray-formed billet presents an
equiaxed grain microstructure (average grain size of
23.5 um) with continuous M-,C; carbides around the
grain boundaries (Figure 10). As previously observed in
the case of boron modified supermartensitic stainless
steel, no remnants of the dendritic microstructure of the
droplets can be seen in the spray-formed microstructure.
Although some round precipitates smaller than 1 um
can be seen in the middle of the austenitic grains, the
continuous M;C; carbides network (clearly seen in
Figure 10(b)) suggests that most of the carbides were
formed from the eutectic reaction of the last liquid
present in the deposition zone. Figure 11 presents the
surface temperature of the deposition zone measured in
the spray-forming run of the D2 steel billet. One can see
that the surface temperature during the deposition
process is approximately constant at 1608 K
(1335 °C). By observing the pseudo-binary phase dia-
gram in Figure 7, it can be seen that this temperature
lies within the y-Fe+L field, which proves that the
equilibrium temperature at the deposition zone is above
the solidus temperature. When the deposition is finished

(b)

204m

Fig. 4—Microstructure of the spray-formed SM-0.7B at two different magnifications.
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Fig. 6—SEM images showing (a) microstructure and (b) M,B borides morphology (deep etching) of the spray-formed SM-0.3B.

the surface temperature drops sharply from 1608 K to
1298 K (1335 °C and 1025 °C) due to the gas flow on
the deposit surface. However, when the gas flow is
interrupted, the deposit surface cools down slowly at
approximately 20 K/minutes. This result suggests that
during the deposition process, the cooling rate must be
slower than 20 K/minutes since hot droplets are con-
tinuously deposited, which is in accordance with what
has been reported in the literature.**-?"]

C. Solidification Model

This paper proposes a model to explain the solidifi-
cation sequence of steels, based on two main
assumptions:

(1) When steady deposition is reached, the deposition
zone has a constant temperature above the alloy’s
solidus temperature, which is approximately the

846—VOLUME 47A, FEBRUARY 2016

surface temperature of the deposit during the
deposition process. The deposition zone’s tem-
perature is strongly dependent on the processing
parameters applied.

(2) The liquid and solid fractions in equilibrium are
attained for the temperature of the deposition
zone.

The model will be described considering the
spray-forming of hypothetical A—B binary alloy with
hypoeutectic composition X,, as shown in the phase
diagram of Figure 12. In this example, the solubility of
B in the A-phase is nil.

When the deposition starts, a distribution of fully
liquid, partially solidified, and completely solidified
droplets impinge on a substrate (pre-heated or not).
The liquid droplets spread across the substrate, drawing
in the partially and totally solidified droplets and the
deposit starts to build up. In the first stages of
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Fig. 8—D2 tool steel spray-formed billet. The dashed line shows the
analyzed cross section.

deposition, the spray cone is still being stabilized and
most of the heat in the droplets is transferred to the
substrate. It was extensively reported that the non-sta-
tionary deposition conditions that occur at the initial
stages of spray-forming lead to a microstructure with
very high cold porosity (porosity caused if the fraction
of liquid is too low and insufficient to fill the interstices
between the solid particles in the deposition zone) in the
vicinity of the substrate.’** When the process reaches
its steady-state condition, the deposit surface tempera-
ture remains constant and should be above solidus
temperature to achieve a dense material. This model
does not consider the transient deposition period and
the microstructure evolution will be described from the
point where the constant surface temperature is
attained. At this point the completely solidified droplets
with temperature T4 (see Figure 12) reach the deposi-
tion zone with chemical composition Xj. Considering
that these droplets continued under conditions close to
equilibrium  during solidification, the droplets
microstructure is composed of X/ X, fraction of eutectic
constituent and 1 — (Xo/X,) fraction of primary

METALLURGICAL AND MATERIALS TRANSACTIONS A

dendritic A-phase. The partially solidified droplets with
Tpsa present only A-phase solidified and B-rich liquid
phase with composition Xp 4. Figure 13 shows a
schematic representation of the solidification model.
When the droplets impact on the deposition zone the
following sequence of events takes place:

(1) The fully liquid droplets spread, maintaining a
liquid pool in the deposition zone. The completely
liquid and partially liquid droplets cool down to
Tsurtace and the A-phase is solidified until the
liquid fraction reaches the equilibrium fraction at
this temperature. Meanwhile, the completely
solidified droplets are heating up to Tyyace and
the eutectic constituent and part of the primary
A-phase is remelted or dissolved in the liquid
present, until the equilibrium liquid fraction is
attained. It is important to point out that the B
element is now present only in the liquid since no
solubility of B in the A-phase is possible.

(2) At this point, in the deposition zone only the
A-phase embedded in a B-rich liquid is present.
With the cooling of the deposition zone, the
A-phase originally from the solidification of the
liquid and partially liquid droplets and from the
remaining solid phase after the partial remelting
or dissolution of the solidified droplets, starts to
grow. However, the continuous impacting of
droplets induces a turbulent fluid convection
and the liquid present in the deposition zone
flows around the A-phase “‘nuclei”. The move-
ment of the liquid in the deposition zone plays
two very important roles in the evolution of the
microstructure: (1) chemical homogenization of
the remaining liquid while solidification proceeds
and (2) thermal homogenization of the remaining
liquid, resulting in the gradient temperature
around the A-phase “‘nuclei” being almost the
same in all directions. The isotropic thermal
gradient makes the “‘nuclei” grow without any
preferential direction, which results in the devel-
opment of equiaxed grains, following the
Scheil-Gulliver model of solidification. As there
is no solubility of B in A, the nuclei that are
solidifying equiaxially will present the composi-
tion of A while the remaining liquid is enriched
with B till eutectic composition is attained.

(3) When the remaining liquid reaches the eutectic
temperature, all the liquid is solidified through the
eutectic reaction at a constant temperature. When
solidification is finished, the final microstructure
is composed of equiaxed grains of A-phase with
the eutectic constituent present at the grain
boundaries around the primary A-phase.

An important aspect of this model is that when the
equilibrium liquid fraction is attained, all the liquid
present in the deposition zone is continuous. This means
that the liquid from different droplets is mixed and that
the solidification will be completed around the equiaxed
A-phase with constant conditions for all pre-formed
grains.
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Fig. 9—Miicrostructure of the overspray powder of D2 tool steel with (¢) 200 ym and (b) 50 um.
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Fig. 11—Deposit surface temperature measured during the
spray-forming process of the D2 tool steel billet.

II. DISCUSSION

It has been reported in the literature that spray-
formed products with a low porosity level and high yield
are achieved when the deposit surface temperature at the
deposition zone is kept above the solidus temperature of
the spray-formed alloy!”**?*! This paper proposes a
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Fig. 12—Eutectic A-B binary phase diagram with no solubility of B
in A and of A in B. Ty = temperature of the fully liquid droplets;
Tpsa = temperature of partially solidified droplets; Tsq = tempera-
ture of completely solidified droplets; Ty e = surface temperature
of the deposition zone.).

solidification model for spray-forming in which the
equilibrium solidification path takes place in the depo-
sition zone. Two cases of spray-formed products with
low porosity and high homogeneity, processed in
laboratory and on industrial-scale spray-forming equip-
ments, have been used to support the proposed model.
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Fig. 13—Schematic representation of the solidification model.

The deposit surface temperature measurement during
the spray-forming process of the D2 tool steel billet
(Figure 11) clearly shows that for the full duration of the
experiment, the deposition zone temperature is main-
tained constant and considerably above the solidus
temperature. The proposed solidification model states
that the solidified droplets, which land on the deposition
zone, must be partially remelted and/or redissolved and
that the equilibrium phase fractions at the deposition
zone temperature must be attained. Such statement is
well-supported by the disappearance of the very refined
M,B borides present in the completely solidified
droplets, as observed in the overspray droplet
microstructures, in the final spray-formed microstruc-
ture. Boron has very limited solubility in steel, which
means that borides cannot be dissolved in the steel
matrix. Thus, the only possible explanation for the
disappearance of the borides present between the
interdendritic arms (see Figure 2(b)) of the droplets,
which are supposed to land completely solidified at the
deposition zone, is by remelting and/or redissolving of
this phase. This leads to an increase in the liquid fraction
in the deposition zone. Observing the microstructure of
the SM-0.3B and SM-0.7B spray-formed deposit, it is
clear that all the borides were formed from the eutectic
reaction when the liquid in the deposition zone reached
the eutectic composition. Furthermore, the M>B boride
morphologies of the continuous eutectic network along
the microstructures (Figures 5(b) and 6(b)) support the
idea that the liquid in the deposition zone indeed must
be continuous, and no ‘“droplet regions” are preserved.

In the solidification model with A-B binary alloy
(Figure 12), if a composition X; < X, is chosen, the
equilibrium liquid fraction at the same 7Ty fce Must be
lower than in the case of the composition X,. This
means that for composition X; the primary A-phase

METALLURGICAL AND MATERIALS TRANSACTIONS A

Eutectic constituentin the

(1) ()

nuclei must grow more during the cooling of the
deposition zone, and a lower amount of liquid will
reach the eutectic composition. Thus, the final
microstructure expected for the composition, X7, would
be larger equiaxed grains and a lower fraction of eutectic
at the grain boundaries when compared to the X
composition. This situation is well-represented by the
different equiaxed grain sizes between the SM-0.3B and
SM-0.7B, providing strong evidence that the austenite
“nuclei” grow freely in the deposition zone until the
remaining boron-rich liquid reaches the eutectic com-
position. This results in a much coarser grain size in the
SM-0.3B than in the SM-0.7B. The equiaxed growth of
the austenitic “nuclei” (considering here ‘“nuclei” as
being the remaining solid fraction of the particles that
partially remelted) is attributed to the homogeneous
gradient temperature in the deposition zone. The tur-
bulent convection in the liquid present in the deposition
zone, created by the constant impact of droplets,
homogenizes both the temperature and the chemical
composition. The same microstructure evolution was
observed in the spray-formed D2 steel. Based on such
results, it is stated that the solidification of steel in
spray-forming occurs in conditions near equilibrium
and, therefore, cannot be considered a rapid solidifica-
tion process. Moreover, the high cooling rates prevailing
during the atomization step do not contribute to the
evolution of the spray-formed microstructure, since the
rapidly solidified droplets are remelted and/or redis-
solved after being deposited. It has been reported that
high cooling rates promoted by the atomization can lead
to the formation of a primary phase with extended
solubility.®® In the case presented here, if the high
cooling rates of the atomization step had led to
formation of austenite supersaturated in boron, it would
be expected that borides would precipitate within the
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grains, since the cooling rate after the deposition process
is quite slow. As no precipitates can be seen, there are
two possible explanations: either (1) even with high
cooling rates, the droplet solidification occurs in almost
equilibrium conditions, and no extended solubility of
boron in the austenite occurs; or (2) the high cooling
rates lead to the formation of austenite with extended
solubility of boron. However, when the droplets are
partially remelted, the boron in the austenite “‘nuclei”
diffuses back to the remaining liquid. This should be
possible since the “nuclei” are considerably small
(smaller than 10 yum) and the temperature in the
deposition zone is sufficiently high to allow the diffusion
of boron. The second explanation seems to be most
likely to occur. In the case of D2 steel, since carbon has
higher solubility in austenite than boron, some remain-
ing carbon is present in the primary austenite, which
leads to the precipitation of small round carbides, as
shown in Figure 10(b). In any event, it is clear that the
effects on the microstructure promoted by the rapid
solidification of the droplets, in these cases, are not
present in the final spray-formed microstructure. Thus,
if the completely solidified droplets reach the deposition
zone with phase fractions out of equilibrium, when
remelted, the equilibrium phase fractions and composi-
tions are restored, and the solidification sequence
continues in near equilibrium conditions. However, the
atomization step plays two very important roles in the
evolution of the spray-formed microstructure: (1) the
atomization supplies liquid droplets with very high
chemical homogeneity to the deposition zone, which
solidif]y in very small regions (hundreds or few microm-
eters??l) avoiding macrosegregation; (2) the impacting of
the droplets is essential to create the liquid convection in
the deposition zone, allowing the primary nuclei to grow
equiaxed.

It is worth stressing that the present solidification
model in spray-forming is proposed to explain the
solidification of steels with limited solubility of solute in
the primary phase. Nevertheless, in cases where the
solubility of the alloying elements is higher in the
primary phase, for example, Cu-, Zn-, and Mg-contain-
ing Al-alloys, the effect of high cooling rates promoted
during the atomization stage may be more preserved in
the final microstructure, and other considerations
should be made!* Several authors reported
spray-forming as a rapid solidification process, in which
it is possible to obtain extended solid solubility,
metastable phases, and even amorphous phases.['’2¢1]
Achieving such rapid solidification characteristics is
indeed possible by spray-forming. However, the pres-
ence of rapid solidification features in spray-formed
alloys is always accompanied by high cold porosity
levels. In these cases, cold spray-forming conditions are
applied, resulting in a deposition zone temperature
under (or very close to) the alloy’s solidus temperature,
which allows the maintenance of the high cooled
droplets’ microstructure in the final deposit. When such
cold conditions are applied, good quality spray-formed
products are unlikely to be generated.
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IV. CONCLUSIONS

A model for the solidification sequence of spray-
formed steels based on near equilibrium conditions was
proposed. The solidification model was supported and
validated by microstructural analyses of boron modified
supermartensitic stainless steels and D2 tool steel. The
solidification model states that at the deposition zone
following events take place:

1. During the deposition process, the temperature is
kept constant and above the alloy’s solidus temper-
ature.

2. The liquid fraction of the fully liquid and partially
liquid droplets is adjusted to the prevailing temper-
ature until the equilibrium liquid fraction is attained.

3. The completely solidified droplets are partially
remelted and/or redissolved until attaining the
equilibrium liquid fraction.

4. The liquid is continuous and no “‘droplet regions”
are preserved.

5. When cooled down from the equilibrium tempera-
ture, the liquid is solidified following the equilib-
rium solidification path.
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