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Abstract

Scandium (Sc) is an expensive alloying element which has an important effect on the
properties of aluminum alloys. It is of interest to determine for a variety of solidification
conditions the effect of minor addition, in the hypoeutectic levels, of Sc on Al alloys. This
study builds on past work on rapid and slow solidification of Al-4.5Cu-0.4Sc (wt%) by
comparing previous microstructures to those obtained using spray forming of strip. The
effect of Sc (0.4wt%) on the scale of the microstructure of as-atomized powders and as-
deposited strips (SD) is found to be negligible in the investigated alloys. The eutectic
undercooling of the Al-4.5Cu-0.4Sc (wt%) alloy is the same for both powders and SD.
This is attributed to eutectic nucleation and growth following the same path in both
solidification processes, characterized by an extended solubility of Sc in the primary a-Al
matrix, as evidenced by the resulting Sc-rich precipitates and inherent age hardening upon
annealing of the as-solidified samples. This work contributes to building an understanding
of rapidly cooled structures and their subsequent self-aging in advanced manufacturing

processes.
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1. Introduction

Solidification processing has a strong effect on the mechanical properties of alloys.
Variations in solidification conditions, such as undercooling and / or cooling rate, gives
rise to the ability to control microstructure size, morphology, and amounts and types of
phases. These will affect the physical and chemical properties of metallic alloys. High
cooling rates and large nucleation undercoolings induce rapid solidification and can result
in reduced microsegregation and often in the formation of a range of metastable

microstructures [1].

To attain high solidification undercooling , it is necessary to minimize the nucleation
potential of the melt. Containerless solidification techniques have been developed to
minimize nucleation induced by impurities from melt container walls [2]. Drop tubes are
one of the most reliable containerless solidification techniques and have been used to
analyze rapid solidification microstructures of a wide range of metallic alloys [3-11]. In
this work, the Impulse Atomization (IA) drop tube was used. Using mechanical impulses
IA creates liquid ligaments that break-up and spheroidize into droplets that solidify by
rapidly losing heat as they fall under gravity through a stagnant gas of choice (Ar, He, No,
etc.). The technique provides not only containerless solidification advantages but through
the atomization of the melt, the droplets are small and isolated and thus the number of
nucleation sites are significantly reduced. As has been demonstrated in other works [12-
14], a higher level of undercooling would occur as the atomized droplets solidify rapidly
into powders. Alternately, the droplets may be deposited and finally solidify on a substrate
while semi-solid in which case the term Spray Deposition (SD) is used [3]. The oxygen
concentration in the atomization chamber is usually maintained at a minimum possible
level (e.g. 20ppm). However, the oxygen partial pressure at such levels (~70 mbar) is not
sufficient to protect the droplets from forming an aluminum oxide layer on the powder
surface [15] as they fall. Thus, most of the semi solid SD droplets are isolated from each
other by the oxide layers in an SD deposit. As a result, nucleation of subsequent phases
during further solidification occurs in isolation in each of these droplets. This, results in

extended solid solubility and eutectic undercooling [16]. Thus, IA offers a unique means
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to achieve far-from-equilibrium microstructures through high cooling rates and large
undercoolings for both powders and SD. Such an approach was used to study the SD of
two AlMgSc alloys. [17]

Aluminum alloys are widely used in the automobile and aerospace industries as they have
high specific strength (density), excellent corrosion resistance and good formability [18].
The addition of transition metals (TM), such as Cu or Sc, result in the formation of
supersaturated solid solution during rapid solidification from which substantial age
hardening is possible, and high cooling rates and high nucleation undercooling increases
the solubility of transition metals in solid aluminum. This applies particularly to eutectic
solidification undercooling. The use of atomization of melts leads to high cooling rate and

undercooling and has led to many investigations into Al-TM alloys.

Hypoeutectic additions of Sc to Al-Cu alloys is reported to strengthen them through age
hardening [19]. Supersaturation of Sc in the aluminum matrix is required to reach good
aging performance [20]. For traditional Direct Chill (DC) casting, only low cooling rates
in the range of 1°C/s to 10°C/s can be achieved [21]. With such low cooling rates, the
supersaturation of Sc can only be obtained through homogenization or solutionising and
quenching. Since Sc has a low solubility and diffusivity in aluminum, this process is carried
out at high aluminum-processing temperatures (~500°C) for a relatively extended period

of time (~20 hours) [22].

In this work, IA is used to generate rapidly solidified Al-4.5wt% Cu-xSc (x= 0.0 or 0.4wt%)
powders and strips. Using this technique, we generate several droplets during a single
experimental run, droplets that can be collected as rapidly solidified powders or as a SD
strip. In the case of SD strip, we impact them on to a moving substrate while they are still
partially molten. Thus, by varying the droplet size, gaseous atmosphere and superheating

[4, 5], tailored microstructures can be obtained. This paper studies the effects of 1A, and



SD induced rapid solidification on the resulting microstructures (cell spacing) and

mechanical properties (hardness and yield strength) of hypoeutectic Al-Cu-Sc.

2. Materials and methods

2.1. Materials

Al-4.5wt% Cu-xSc (x= 0.0, and 0.4wt% Sc) droplets generated by IA were rapidly
solidified from various melt temperatures in Ar atmosphere; measured oxygen levels in the
chamber were no greater than 20 ppm. A detailed description of this process is given
elsewhere [6] [17][23]. In this study, 350 grams of each investigated chemistry, pre-alloyed

to the composition of interest, were heated to 200°C above the alloy liquidus temperature.

Powders were obtained by collecting the rapidly solidified droplets 4 m below the
atomization orifices in an oil filled beaker. The droplets were fully solid before reaching

the oil bath.

Strips were obtained by a spray deposition (SD) process [3], during which, the atomized
droplets of median diameter (D50) around 350um, in a mushy state (partially solidified)
were made to land, 0.4 m below the atomization orifices, on a 3 mm thick copper substrate,
moving at 0.038ms™!. A detailed description of the substrate assembly for SD is presented

elsewhere.[17]

The substrate is mounted, through a support, on a belt driven linear carriage/guide system,
which was connected to a stepper motor (motor with cooling system) to ensure a controlled,
reproducible substrate speed. The maximum displacement of the moving carriage was
650mm. A heating element is sandwiched between the substrate and its support to preheat
the substrate in order to remove any adsorbed water vapor. In the present work, prior to SD,
the copper substrate was preheated, and its temperature was 100 °C when the semi solid
droplets spray landed upon it. A thin layer of oil coating was applied to the substrate surface
to give better contact between the deposit and the substrate. In this paper, the suffix “-wo”
(with oil) is added in the legends, to label the samples generated on the oil coated substrate
and distinguish them from the rest. A schematic description of the SD experimental setup
is found elsewhere [24]. Figure 1 shows a photo of atomized powder and strip after a single

pass of the substrate movement.
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(a) Powder produced (b) Strip produced

Figure 1: Atomized Al-4.5wt%Cu (a) powders and (b) SD.

Applying the above-described techniques, powders and strips with different thermal
histories were generated for this study (Table 1).

Table 1. Summary of the investigated samples

Nominal Tinital Type of sample Orifice
Composition [wt%] [°C]
Diameter [um]
Powder 350
Al-4.5Cu ;
SD Strip 350
850
Powder 350
Al-4.5Cu-0.4Sc SD Strip 350

A mathematical model was used to describe the thermal profile of atomized droplets in
flight [4, 5]. The thermal model relates the distance of the droplets from the nozzle orifice
to the temperature and solid fraction of the droplets. For the strip, the temperature was
monitored with a system for the top and bottom of the strip. The top surface of the strip
was measured using an emissivity probe, Mikron QL3600C-2B. To ensure that an inert
atmosphere was maintained in the SD chamber while IR measurements were taken, a 75
mm diameter Germanium lens with 3-12 mm AR coating was used as a window. This
ensures that there is no absorption by the window of IR signal emitted from the strip and

received by the IR camera. For the bottom of the strip, a two color pyrometer was used to



measure the temperature of the bottom surface of the deposited strip. A small hole
(0.55mm in diameter) was drilled through the substrate (0.9mm thick). A two color
pyrometer, LumaSense ISR 12-LO, was used. This pyrometer is able to read a spot size as

small as 0.45mm at a focal distance of 87 mm.

2.2. Microstructural Characterization

2.2.1. Microscopy

Microstructural examination of the powders and the SD was done using Scanning Electron
Microscopy (SEM, A Tescan Vega3) and Optical Microcopy (OM, a motorized BX61
Olympus microscope). The size of the solidified structure was measured following ASTM
E112-13. SEM equipped with an energy dispersive X-ray (EDX) analysis system (INCA
Microanalysis System, Oxford Instruments) was used. To provide atomic number (Z)
contrast, imaging was done in backscattered electron (BSE) mode, at an accelerating
voltage of 10 kV for both powders and strip samples. Prior to microscopy, the samples
were mounted in epoxy resin, ground, and polished, (then etched with Keller’s reagent for
10-20s for OM).

For intermetallic precipitates, Electron backscatter diffraction (EBSD, a Zeiss Sigma 300
VP-Field Emission Scanning Electron Microscope (FE-SEM)) was used.

2.2.2. Cell spacing, hardness, and strength evaluation

The average secondary dendrite arms spacing, or cell spacing, defined as the center-to-
center distance between two dendritic cells, was measured using the linear line intercept
method (ASTM E112-13). This microstructural length scale will be referred to as cell

spacing in this paper.

The mechanical properties were evaluated with Vickers microhardness (Buehler VH3100
microhardness tester) measurements of both the as-atomized (powders and strips), and
heat-treated samples using a calibrated steel block (~62.5 Hv). At least five indentations,
were randomly applied to each sample with a load of 100 gf for a holding time of 10 s. This

ensured that an indentation was sufficiently large to measure across many dendritic cells.



The samples were examined following the hardness measurements to ensure the validity of
the test. The measured Vickers microhardness values (Hy) were subsequently converted
to ultimate tensile strength (UTS) by applying the correlation given in equation 1, which
was developed for ductile metals of young modulus E =~ 70 GPA such as the alloy 6061
[25].

UTS = 3.07Hv — 4.32 1

2D measurements were used to quantify the eutectic volume fractions (V) on both powders

and strips microstructures [26]. Subsequently, V¢ is converted into weight percent eutectic
(W¥¢) following equation 2.

_ Ve X pe 2
S VeXpe+VEXp,

e

The densities of the eutectic structure and the a-phase, pe and pq, respectively, are obtained
from the elemental weight percent of the eutectic structure measured by point-located
Energy Dispersive X-ray spectroscopy (EDX). The densities of Al and Cu are pai=2700
kgm 3 and pcu=8920 kg m > [27].

Metastable extensions of solidus and liquidus lines on the Al-Cu phase diagram were used
to determine eutectic nucleation undercooling. This was carried out by using the level rule
at different undercooled eutectic temperatures until the measured eutectic fraction agreed
with the lever rule calculation. The eutectic nucleation undercooling was then combined
with a simple coarsening model of secondary dendrites spacing to determine the
solidification interval and consequently the primary phase nucleation undercooling. A

detailed description of the steps is given elsewhere [28].

2.3. Aging treatment
Standard heat treatment of Al alloys requires the heating of the alloy into a single phase
region on the phase diagram in order to dissolve all solute elements into the stable solid

solution, a-Al phase (solutionising). Quenching the alloy leads to solute supersaturated o-
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Al. Dry ice may be used for the quenching operation. Then, a driving force triggers

precipitation of equilibrium intermetallics, from the supersaturated solid solution.

Aging of Al-Cu-Sc powders and SD strip in this study were carried out following the
procedure described in [19]. No solutionizing and quenching steps were used. The aging
process consisted in heating the as solidified samples, in an air-furnace, up to 300°C and
holding for 20hrs before water quenching them to room temperature in order to minimize

solid state coarsening of the precipitates.

3. Results and Discussions
3.1.Thermal cooling rate of strip

The measured temperature and emissivity of the surface of the strip is shown in Figure 2a.
The temperatures of the droplets as they land on the substrate is shown to be at a steady
state of 594°C and an emissivity of 0.62. The thermal model of droplet cooling provides a
temperature of droplets at this position of 600°C. The results of the two color pyrometer
are shown in Figure 1b. After about 20 s, steady state is established for the surface
temperature at the bottom of the strip. Between 20 and 70 s, the temperature of the bottom
of the strip changes by about 20°C and has an average of 372°C. This yields a thermal
gradient in the strip of 32 °C/mm as it is deposited. This is indicative of the slow thermal

cooling rate of the strip.

3.2. Solidification cooling rates and microstructural length scales
Figure 3a and Figure 3b shows SEM backscattered electron (BSE) micrographs
representing, respectively, typical surface and cross section microstructures of the samples
(powders and SD). The micrographs in Figure 3a and Figure 3b show evidence of two types
of regions characterized by different grey levels. The dark regions are Al-rich matrix (a-
phase), and the white regions are the eutectic structure, consisting of Cu-rich 8-Al.Cu + a-

Al
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Figure 2: (a) emissivity probe reading of droplet temperature as they land on the substrate,

(b) two color pyrometer reading at the bottom surface of the strip.

Since the microstructures consist of dendritic cells (a-phase), the cooling rates were
estimated by the empirical expression of the secondary dendrite arm spacing (A=85T0%)
of Al-4.5wt% Cu-xSc (x varying from 0.0wt%Sc to 0.4wt%Sc) samples resulting from
cooling rates of three different order of magnitudes generated by IA, DSC and
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Electromagnetic Levitation (EML) [19]. Figure 4 shows the cell spacing variation with
cooling rate for both powders and strips of both investigated Al-Cu-Sc alloys. As expected,
the cell spacing decreases as the cooling rate increases. Sc has no refining effect on the
microstructure, which confirms the results obtained in other publications [19, 29]. As
expected, the cell spacings of the strips are larger (one order of magnitude) than those of
the powders. Actually, the micron-sized droplets undergo a much higher cooling rate when
they completely solidify by losing heat to the quiescent surrounding gas after atomization.
Whereas, during SD, the partially liquid droplets, when they land on the copper substrate
must be cooled further before the remaining liquid reaches the eutectic composition, thus

increasing the coarsening time.

11



Y

$5mm
s

Top: deposit-gas Middle of deposit Bottom: deposit-substrate

Figure 1: SEM (BSE) of typical microstructures of an impulse atomized (a) powder and (b) strip. Alloy: Al-4.5wt%-0.4wt%Sc,
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Figure 2: Variations of average cell spacing of powders, and strips microstructures of
different alloy composition as a function of cooling rate. All samples were generated under

argon atmosphere.

Moreover, during SD, the top surface is cooled by convective heat loss to the surrounding
gas, the middle section by heat conduction to the upper and lower surfaces of the deposit,
and the bottom surface is cooled by heat conduction through the copper substrate. These
differences in heat transfer within a strip, will lead to different solidification cooling rates
and consequently different cell spacing, depending on the location across a strip cross

section.

Figure 5 shows the cell spacing variation for both Al-4.5wt% Cu-xSc strips (strip:
0.0wt%Sc and strip: 0.4wt%Sc). It can be seen that the average cell spacing is larger in the
middle of the strip, which should correspond to the lowest cooling rate region. The middle
section of a deposit not only receives additional heat from the falling droplets pileups, but
also heat from that section is not directly transferred to the surrounding gas or to the
substrate [29]; instead, it must transfer, by conduction, through the top and bottom layers

of the deposit. Consequently, the heat transfer rate from the middle of the deposit is the
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lowest, hence, it yields the largest cell spacing. This situation would be similar to that
experienced by a deposit in an additive manufacturing process that involves the building

of a component layer by layer.
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Figure 5: Variations of average cell spacing and solidification cooling rate of the strips
microstructures of different alloy compositions as a function of the location of the sample
cross section along Z-axis. All samples were generated under argon atmosphere. The “wo”

designation indicates a spray deposition on an oil coated substrate.

3.3. Eutectic Fraction
Figure 6 shows the eutectic fraction (in wt %) of the Al-4.5wt%Cu-xSc (x=0.0wt%Sc and
x=0.4wt%Sc) strips, measured at different locations from the sample cross section along
Z-axis (the thickness). Despite the variation of solidification cooling rate (see Figure 5)
from top to bottom, the eutectic fraction is found to be the same throughout the investigated
cross-sectional areas, and equal to the eutectic fraction of a powder of 350pm in diameter,
which, as mentioned earlier, is the estimated value of the median diameter, D50, of the
atomized deposited spray [24]. This result suggests that eutectic fraction is nucleation

undercooling dependent rather than cooling rate dependent. This occurs as the eutectic in

each oxide coated slushy droplet in the deposit must nucleate its own B-phase independent
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of others adjacent to it [16]. Thus, there is extended solubility of Cu and Sc in the SD
strips like that experienced in the powders. In addition, as expected for high undercooling
induced rapid solidification, the estimated eutectic fractions are lower than the values

predicted by the well-known Gulliver-Scheil model.
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Figure 6: Weight percent eutectic at different locations of the sample cross section along
Z-axis, compared with powders of equivalent size and the Gulliver-Scheil model prediction

for the two investigated Al-4.5wt%Cu-xSc (x=0.0wt%Sc and x=0.4wt%Sc) alloys.

3.4. Nucleation undercooling
Eutectic undercooling results from bottom to top of the deposit’s cross-sections are shown
in Figure 7a. Since the D50 of the atomized droplets is 350um, the SD results are compared
to this average droplet size of the same composition. Clearly from Figure 7a, the eutectic
undercooling does not vary much across the SD sample cross section from bottom to top.
However, within the measurement errors, the eutectic nucleation undercooling is slightly
higher in strips as compared to powders. The eutectic undercooling is rather equivalent to

droplets that have a solidification cooling rate between 3500 to 10* Ks™! [31].

Figure 7b shows the primary undercooling variation from different locations on the sample

cross section along Z-axis. As can be seen, the primary undercooling remained quasi-
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constant throughout the sample thickness. The values are affected by neither the cooling
rate (oil coating) nor the Sc-addition. Also, the primary undercooling is found, as expected,
to be consistent with a 350um droplet size of the same composition corresponding to the

D50 of the deposited spray.

After atomization and before the semi-solid droplets impact the substrate, the liquid
droplets undercool, leading to the nucleation of the primary a-Al phase during the flight of
the droplets. Hence, for the same composition, the primary undercooling is the same for a
350um droplet as well as for a spray deposition consisting of droplets with sizes distributed

around a 350um D50.

On contacting the substrate, the spray generally consists of partially solidified droplets (as
is the case of the investigated 350um droplets size) as well as fully solidified and fully
liquid droplets, depending on their sizes. The fully liquid droplets spread on the substrate
upon impact, thus raising the substrate temperature. Consequently, the partially (or fully)
solidified droplets are heated up to the temperature of the substrate / deposition zone, which
leads to a partial re-melting or dissolution of the primary a-Al phase, for the partially
solidified droplets, and the eutectic structure for the fully solidified droplets. Consequently,
the solidification time / interval is lengthened so that even though there is a fast heat
extraction from the substrate / deposition zone by the cooling gas, the primary a-Al phase
grows coarse (as compared to microstructure of droplets that solidified entirely in the gas),

following the Gulliver-Scheil solidification mode, until the eutectic temperature is reached.

An undercooled eutectic structure is thus formed at the grain boundaries around the
primary a-Al phase. The reason why the eutectic undercooling in powders and SD are

similar was described in the Introduction and in [12]. The semi-solid droplets are encased
in a thin layer of aluminum oxide. The ©—Al>Cu phase of the eutectic must nucleate inside
of each of these, whether droplet or flattened droplet on the substrate. Note in SD each of
these flattened droplets nucleates its own 6—Al>Cu phase independent of the adjacent ones

due to their separation by an oxide layer. This phenomenon was termed ‘slushy balloon’

in [12].
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Figure 7: Eutectic (a) and primary (b) nucleation undercooling variation at different
location on the sample cross section along Z-axis, compared with powders of equivalent

size for the two investigated Al-4.5wt%Cu-xSc (x=0.0wt%Sc and x=0.4wt%Sc) alloys

This work has so far demonstrated a successful atomization of hypoeutectic binary Al-Cu
and ternary Al-Cu-Sc alloy into spherical powders and SD strips, and their subsequent

characterization. Sc is a unique alloying addition to aluminum alloys in that it forms a very
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stable Al3Sc phase whose size and distribution, after heat treatment (age
hardening/ageing), makes it ideal for the pinning of dislocations during plastic deformation
[18]. The effect is so strong that it can add more than 200MPa to the yield strength of many
aluminum alloys, including Al-4.5wt%Cu as demonstrated in our previous work. The high
cooling rate enhances the solid solubility of Sc in aluminum and on a subsequent heat

treatment a greater strengthening is achieved [19] [28].

While Al-4.5wt% Cu is a well-characterized alloy for which the relationship between
solidification rate and interdendritic spacings are well-known, the rapid solidification
developed microstructures observed in this work demonstrated that a small Sc addition

(0.4wt%) has a negligible effect upon the as solidified structures.

34.1. Aging treatment

In a previous publication [19], nano-precipitates of Sc were observed in the matrix of Al -
4.5 wt% Cu-0.4 wt% Sc powders, following the aging treatment. These precipitates were
deemed to be responsible for the dramatic increase in Vickers microhardness, up to 120
HV, equivalent to a yield stress of ~250 MPa which represents an increase of about 100
MPa in yield stress relative to an Al-4.5 wt% Cu sample that underwent a classical T6 heat

treatment procedure (solutionizing, quenching, and aging).

Figure 8a and 8b show respectively the Vickers macrohardness (HV) and corresponding
yield stress (YS) results of as-atomized as well as aged (300°C for 20hrs) powders and SD
samples for both Al-4wt%Cu (Al-Cu) and Al-4wt%Cu-0.4wt%Sc (Al-Cu-Sc). As can be
seen, aging treatment at 300°C for 20hrs, yields an increase in the mechanical properties
of the Sc-containing sample (Al-Cu-Sc_Aged), while there is a decrease in the properties

of the AlI-Cu samples (Al-Cu_Aged).

The decrease in HV / YS of the AI-Cu samples after aging is due to the depletion of the a-
Al solid solution of Cu atoms by diffusion to the grain boundaries, as evidenced by the
SEM micrographs shown in Figure 9a, and described in Figure 9b. It is worth noting that
the root-mean-square (RMS) diffusion distance of Cu in Al, calculated following the steps
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described in [19], is 2.6 pm at 300°C after 20hrs. This distance is too short for Cu atoms
that are located in the middle of a pro-eutectic a-Al to move out of the cell, but it is enough
for the supersaturated Cu atoms which are located at the periphery of the pro-eutectic a-

Al to be at the cell boundaries (the measured average cell size is 24+5 um).

As for the increase in HV / YS of the SD AI-Cu-Sc (Al-Cu-Sc_Aged) samples following
the aging treatment, Figure 10a and 10b show evidence of Sc-rich sub-micron-precipitates
within the a-Al matrix, following the heat treatment. These precipitates were not observed
within the primary phase prior to aging. It was demonstrated in previous work [20] that
the RMS diffusion distance for Sc is 192 nm when aged for 20 hours at 300°C. Thus, prior
to aging, the Sc must be super-saturated in the primary matrix. It is worth noting that the
hardness results for the powders heat treated under similar conditions (300°C for 20hrs),
Al-Cu-Sc_Aged Powder, show a higher hardness of 120HV (Figure 8a) as compared to
the investigated SD samples with a hardness value of 92HV (Figure 8a). This lower
hardness of the investigated SD Al-4.5 wt% Cu-0.4 wt% Sc in He, after aging for 20hrs at
300°C, compared to the powders processed under the same conditions could be explained
by a combination of facts that are shown in Figure 10a: (i) the primary a-Al phase in the
microstructure of the SD samples is coarser relative to powders microstructure (indeed, it
is shown in section 3.2 that the cell spacings of the strips are one order of magnitude larger
than those of the powders in this investigation), and (ii) the Al3Sc precipitates in the aged
SD Samples (4ICu-Sc_Aged) are also relatively coarse. In addition, EBSD observations
(Figure 11), show evidence of formation of W-phases. The W-phase, having a ThMn»2-
type structure, is reported to have a unit-cell parameters of a=0.863nm and c¢= 0.510
nm[32]. It has been also shown that the W phase decreases the mechanical properties of
hypoeutectic Al-Cu-Sc alloys compared to those of Al-Cu [32-34]. The latter study
involved the casting, hot and cold deformation of the ingots as well as the heat treatment
of the alloys. The authors showed that the UTS and YS of 0.4wt%Sc containing alloys
decreased by about 10% compared to the binary Al-4Cu alloy. Figure 10 does show some
small sub-micron sized precipitates that may be the 0 phase or 6’ phase. But they are

coarser and fewer than the surrounding Sc containing precipitates. We can only, therefore,
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conclude that the strengthening in aged SD samples is due to these many Sc containing

precipitates within the primary a-Al phase that are void of Cu, and hence not the W phase.
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Figure 8: (a) Hardness (b) Yield strength of the two investigated Al-4.5wt%Cu-xSc
(x=0.0wt%Sc and x=0.4wt%Sc) alloys powders and strips/spray deposits (SD)
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Vap Data 1

Figure 11: Electron backscatter diffraction (EBSD) maps recorded in two regions of the aged SD Al-4.5wt%Cu-0.4wt%
Sc at 300°C for 20hrs (Al-Cu-Sc_Aged) showing the presence of the W phase.
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While coarsening of the primary phase occurred during the microstructure formation,
coarsening of the AlzSc precipitates must have occurred during aging treatment of the
powders and SD. However, both powders and SD samples were aged under similar
conditions (300°C for 20hrs), therefore, sub-micron-precipitates of AlzSc must have
already nucleated during spray deposition (induced by semi-liquid deposition induced

reheating), so that, during the aging treatment, these already nucleated Al3Sc, coarsened.

4. Summary and Conclusions

Impulse Atomization (IA) successfully generated rapidly solidified hypoeutectic Al-4.5
wt% xSc (x= 0.0, and 0.4 wt% Sc) powders and strips (by spray Deposition (SD)) in Ar
atmosphere. Copper substrates with and without oil coating were used for SD. The
investigations of both alloys in powder as well as strip forms lead to the following
conclusions;

v Oil coated substrate is found to yield faster heat dissipation due to a better
substrate-deposit contact.

v' Powders primary phase microstructures are found to be finer than their
corresponding strips although copper heat conductivity is much higher than Ar.
Indeed, the micron size powders fully solidified by losing heat to the Ar
atmosphere, without any significant increase in the temperature of the gas.
Whereas, during SD, the droplets, partially solidify in the gas. Deposition of
subsequent layers leads to partial re-melting or dissolution of the primary a-Al
phase and results in coarsening.

v' The eutectic fractions in powders and SD of the Al-Cu alloys are the same,
suggesting that eutectic fraction is nucleation undercooling dependent rather than
solidification cooling rate.

v" The eutectic undercooling does not vary with solidification cooling rate. SD yields
a somewhat higher eutectic undercooling as compared to powders. Because when
they land on the copper substrate, the partially solidified droplets in SD must
experience further cooling before they reach the eutectic composition. Therefore,

the thermal cooling rate of the strip gets slowed down leading to a lower eutectic
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nucleation temperature as compared to powders that solidified completely in the
argon atmosphere.

v' The primary undercooling is the same for both IA powders and SD samples
regardless of the nature of the deposition substrate. This is due to the primary
nucleation occurring before the spray impacts the substrate, so that droplets of the
same size experience similar primary nucleation undercooling in both powder, and
strips.

v Within the limits of the measurements in this investigation, the effect of Sc was not

discernible on solidified primary a-Al.

v" Direct aging of Sc-containing samples show an increase in hardness due to sub-
micron

precipitations of Sc-rich phases with the primary a-Al matrix.

v’ The hardness of aged Al-Cu-Sc powders (300°C for 20hrs), is found to be superior
to the hardness of the aged SD Al-Cu-Sc under similar conditions. This is attributed
to a combination of factors (i) the primary a-Al phase is coarser for the aged SD
Al-Cu-Sc alloy, and (ii) the AlzSc precipitates in the aged SD Al-Cu-Sc samples
are also coarser. In addition, Electron backscatter diffraction (EBSD) observations
showed evidence of formation of W-phase in aged SD Al-Cu-Sc microstructure,
which are reported to decrease mechanical properties of hypoeutectic Al-Cu-Sc

alloys.
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