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The influence of the casting method on the microstructures of Al-Cu-Li-Mg-Zr-Sc was examined. The
techniques include mold casting, twin-roll casting, and melt spinning. Estimated solidification rates of
up to 107 K-s~! produce dendritic solidification with eutectic cells ranging from 500 nm to 50 pm, deco-
rated by primary phase particles with thicknesses from 200 nm to 3 um. Exceeding this solidification rate
results in near-diffusionless solidification, which traps more solutes in the matrix. This type of solidifica-
tion yields a more supersaturated material, with nearly 90% of the total Cu content in the matrix and a
fine dispersion of nanoscale spherical precipitates, each with a diameter of less than 100 nm. The small
addition of Sc during casting primarily affects the material at low cooling rates, where primary Sc-con-
taining particles modify the grain boundary shape.
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1 Introduction

Al-Cu-based alloys have been used as structural
materials for over a century, primarily in the aerospace
industry, due to their low density and relatively high
strength resulting from the addition of Li [1].
The current generation of these alloys typically con-
sists of Al-Cu-Li-Mg-Zr, such as the AA2195 alloy [1-
5]. During artificial aging, Cu, Li, and Mg create vari-
ous nanoscale strengthening precipitates, primarily the
AlCulLi (T1) and AlCu (0") phases. Additionally, Mg
reduces stacking fault energy when present as a solute
in the matrix, which enhances the uniformity of the
T1 precipitates and facilitates the formation of a minor
strengthening phase, ALCuMg (S") [6]. Zt significantly
refines the grain structure after appropriate thermo-
mechanical treatment, although other transition me-
tals, such as Sc, could further enhance this refinement
[3]. However, nanoscale Al:Sc and composite
Al3(Sc,Zr) precipitates may coarsen beyond their co-
herency limit during extended heat treatment of stan-
dard ingot-cast alloys, losing critical beneficial proper-
ties [7]. Therefore, producing materials with finer cast
structures is essential, as shorter high-temperature ex-
posure after casting can promote the formation of Sc-
and Zr-containing precipitates without significant co-
arsening.

The final distribution and density of strengthening
phases in peak-aged materials depend on the initial
cast structure, which is characterized by microstructu-
ral features—primary phase particle size, their
distribution, and volume fraction, solid solution

supersaturation, dendrite arm spacing, and eutectic
cell size—all of which are affected by the solidification
rate and the solidification profile associated with diffe-
rent casting methods. Three casting methods were se-
lected to produce materials that enable the study of
this influence across various solidification rates: ingot
casting into a mold, twin-roll casting (TRC), and melt-
spinning.

Conventional Al-Cu-Li-based alloys are cast using
direct-chill (DC) or ingot processes and then shaped
into the desired form. Both methods yield materials
with solidification rates ranging from 0.1 to 10 K+s™,
which are inhomogeneous on a macroscopic level [§].
The initial structures are typically coarse, featuring
large eutectic cells, and require extended high-tempe-
rature heat treatments lasting over 10 hours [2,3]. The
constituent phases in AA2195 and similar Al-Cu-Li-
Mg systems often include the 0 (Al:Cu) phase, the
Al;CusFe phase when iron is present as an impurity,
the S (Al,CuMg) phase, and potential Al-Cu-Li-based
T phases [1-3]. These phases are approximately five
micrometers in size and are found along the bounda-
ries of dendritic cells and grains that are over 100
micrometers in diameter [9-11].

TRC produces strips of material that are several
millimeters thick. The solidification rate during TRC
is higher than in conventional casting methods (=1000
K:s™1) and usually results in finer microstructures
[12,13]. Slamova et al. [13] confirmed that TRC can
reduce the grain size by 25% in materials made of the
same alloy. Early work on TRC Al-Cu-Li-based alloys
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[14] shows that primary phase sizes below one micro-
meter are much smaller compared to DC-cast alloys
[3]- Studies using diffusion-based calculations confirm
that refining eutectic cells in TRC Al-Cu-Li-Mg-Zr-Sc
alloys can reduce the required homogenization time
from several hours to less than one hour [15].

Melt-spinning is a rapid solidification (RS) method
that produces thin strips of material by melting small
amounts and spraying them through a narrow nozzle
onto rapidly spinning, water-cooled rolls. These rolls
are made of materials with high thermal conductivity,
enabling them to achieve high solidification rates ex-
ceeding 10° K-s™1. Such high cooling rates can prevent
standard dendritic solidification and, under certain
conditions, inhibit nucleation and grain growth, lea-
ding to the formation of glassy or amorphous structu-
res [16]. Limited research exists on the melt-spinning
of Al-Cu-Li-based alloys [17,18]. Kim and Cantor [18]
report the refinement of eutectic cells to below three
micrometers and the primary phase sizes along boun-
daries to less than one hundred nanometers. Other
techniques, including spray forming, powder bed
fusion, and isostatic pressing [19-21], have been em-
ployed to produce rapidly solidified Al-Cu-Li-based
materials with varying degrees of success. Qi et al. [19]
conducted spray-forming experiments, achieving an
estimated cooling rate of 100 K-s, comparable to
melt-spinning. They observed a primary phase size of
approximately one hundred nanometers, with these
phases forming along dendritic cells. Gianogolio et al.
[22] produced atomized binary Al-Cu particles at coo-
ling rates up to 10> K-s'l. An increasing supersatura-
tion of Cu in the matrix was measured with higher
cooling rates in the atomized particles. Additionally, a
decrease in dendritic spacing and particle sizes as small
as 500 nm was observed within the studied solidifica-
tion rate range.

An often-overlooked effect of rapid solidification
is constitutional supercooling and diffusionless solidi-
fication, which arises from the fast motion of the soli-
dification interface, which exceeds the diffusivity of
alloying elements. A complex study by Yang et al. [23]
combined a phase field model with finite interface dis-
sipation, and the results of experimental measure-
ments show that with increased interface velocity, the
gap between the solidus and liquidus curves of the
phase diagram shrinks. This effect explains the inter-
face velocity-dependent coefficient of solute segrega-
tion and high solute concentrations, which cannot be
explained from equilibrium diagrams. According to
Gusakova et al. [24,25], RS methods can reach thermal
transfer coefficients as high as 107 W-K-''m2, which
is significantly higher than in TRC materials (104 W-K-
1:-m2) or conventional ingot castings (102 W-K-1'm-2)
[24,26]. The high thermal transfer results in significant
undercooling, which enables the solidification front to
move at solidification speeds (#) higher than a critical

value (V). Gusakova et al. [24,25] categorize solidifi-
cation into three distinct regimes, each producing
identifiable zones at and around these critical solidifi-
cation rates. Solidification at a speed higher than the
critical speed forms a featureless region, which effecti-
vely traps all solutes, as they cannot diffuse to the so-
lidification interface and remain frozen in place (Zone
1). The surplus solutes can then precipitate during
cooling or at room temperature after the casting pro-
cess. Thermal transfer through this solidified region is
less efficient than thermal transfer directly into the
cooled substrate, and the degree of undercooling and
solidification velocity decreases. Cellular crystalli-
zation occurs once ¥ = i (Zone 2). Solidification in
this region is called almost partitionless, and the incre-
ased non-planar solidification interface traps impuri-
ties. It implies the regular formation of primary phases
at the boundaries of the cellular regions, coupled with
further precipitation similar to the featureless region
inside the cellular grains during the decomposition of
the rapidly solidified matrix. Regular dendritic growth
occurs at sufficiently low thermal transfer coefficients
and solidification speeds (Zone 3).

A direct relationship can be established between
the cast microstructure and the solidification rate in
the case of dendritic solidification. A theoretical
equation for the relationship between secondary den-
drite arm spacing (SDAS) and parameters of solidifi-
cation — thermal gradient at the solid/liquid interface,
G, and velocity of the dendrite tip, K, is as follows:

SDAS=A-(G-R)™", )

Where:

nand A ...Material-dependent constants (generally
between 0.3 and 0.5 for Al alloys) [27,28].

However, Eskin et al. [27] point out the difficulty
of determining the exact order of observed dendritic
branches or the exact thermal gradient or dendrite tip
velocity. Therefore, an alternative relationship valida-
ted by Flemings et al. [29] is commonly applied:

DAS [um]=A-V 7™, @)

Dendrite tip velocity and thermal gradient are sub-
stituted by solidification rate 1/, and SDAS is substi-
tuted by any observed dendrite arm spacing (DAS).
Haadzadeh and Wells [30] state that this simplified
model is only valid for solidification rates up to 100
K-s~1. Higher solidification rates would be associated
with diffusionless solidification, which does not pro-
duce dendrites, making modeling through DAS mea-
ningless.

An equation almost identical to Equation (2), but
with different constants, can be used for a similar plot
of grain size (GS) variance with solidification rate as:

GS [mm]=B-V™™, 3)

Where:

B and m...Equivalents of .4 and # from Equation
() [27,28].
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The primary aim of this study is to estimate the so-
lidification rate from the as-cast structures of Al-Cu-
Li-Mg-Zr-(Sc) alloys. To accomplish this, three casting
methods—mold casting, TRC, and melt spinning—
with significantly different solidification rates were
used to cast the materials under study. Investigating
these three materials helps establish a relationship
between the solidification rate of each method and key
microstructural  parameters—grain  size, volume
fraction of primary phases, primary phase size, and so-
lid solution supersaturation—all of which influence
the selection of optimal thermomechanical processing
routes. Additionally, the twin-roll cast and mold-cast
materials serve as references for identifying sharp be-
havioral changes associated with diffusionless solidifi-
cation in the rapidly solidified melt-spun strips.
Materials formed under diffusionless solidification
conditions can exhibit vastly improved as-cast structu-
res, particularly in terms of solute distribution homo-
geneity and primary phase refinement. A version of
the alloy without Sc was used as a reference. Although

Sc is mainly added to influence recrystallization during
downstream processing, its effect on the as-cast states
of this alloy class was also examined.

2 Materials and experimental methods

The composition of the alloys studied is listed in
Table 1. The text also references two alloys: alloy A
(AlCuLiMgZtSc) and alloy B (AlCuLiMgZr).
The composition was determined using multiple opti-
cal emission spectroscopy measurements with the
Bruker Q4 TASMAN spectroscope on both mold-
cast and twin-roll cast materials. The input material for
melt-spinning was obtained by remelting as-cast pie-
ces of TRC strips. Cu and Li are the primary streng-
thening elements. Zr and Sc in alloy A act as grain re-
finers. Fe is present as an impurity. Mg can form stren-
gthening precipitates but is mainly added to reduce
stacking fault energy and enhance precipitation of the
AlCulLi (T1) phase during aging. Ag performs a simi-
lar role as Mg.

Tab. 1 Composition of the studied materials in wt. Yo. Excperimental scatter in brackets to the last significant digit

Element Cu Li Mg Zt Sc Ag Fe Al
Alloy A 2.60(8) 0.71(8) 0.27(2) 0.12(6) 0.16(4) 0.24(7) 0.10(6) bal.
Alloy B 2.51(9) 0.73(6) 0.28(2) 0.11(7) - 0.24(8) 0.09(6) bal.

The mold-cast materials (MC) were melted at
900 °C in an argon atmosphere and cast into an air-
cooled graphite mold. This original ingot measured
110 x 56 x 26 mm?. The surface of the ingots was scal-
ped after casting. The dimensions of the provided in-
gots are 85 x 50 x 22 mm?3.

The twin-roll cast (TRC) materials were produced
using a vertical caster with steel outer shells. The strips
measured approximately 3 mm in thickness and
200 mm in width. The alloys were melted under a pro-
tective argon atmosphere at 900 °C. The pouring tem-
perature of the alloys was 660 °C. The casting speed
for both alloys was set at 3.6 m-s'!. The total length of
the strips ranged from 2 m to 3 m. More details about
this casting process can be found in a publication by
Grydin et al. [31].

The melt-spun (MS) materials were cast using bo-
ron nitride nozzles positioned 0.22 mm from the cop-
per roll, which has a diameter of 235 mm and spins at
1500 rpm. The combination of roll size and rotation
speed yields a linear speed of 37 m-s-'. Both materials
wete preheated to 1000 °C before casting. Alloy A was
cast through a 10 x 0.55 mm? nozzle, while alloy B
used a 6 x 0.8 mm? nozzle. A wider nozzle was used
for alloy A to produce a more coherent strip, which
was not achieved with the narrower nozzle.

The text describes the individual alloy and casting
method combinations as MCA and MCB for the
mold-cast alloys A and B, TRCA and TRCB for the
twin-roll cast alloys A and B, and MSA and MSB for

melt-spun alloys A and B.

Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) were used
to analyze the cast materials. SEM studies were con-
ducted with a Zeiss Auriga Compact and a Thermo
Fisher Apreo 2 to examine the materials at mesoscopic
and microscopic scales. Both backscattered electron
(BSE) and secondary electron (SE) imaging modes
were employed. The Zeiss microscope features a high-
speed EDAX Velocity electron backscatter diffraction
(EBSD) camera. Both microscopes are equipped with
EDAX energy dispersive X-ray spectroscopy (EDS)
detectors for element composition mapping. SEM
samples were prepared using mechanical polishing
with SiC papers and Struers OPS suspension of
colloidal silica. Samples for EBSD were additionally
electrochemically etched in a 33% HNOj in methanol
solution at -15 °C for 3 seconds, using the Struers
Lectropol 5 polisher. EBSD mapping and EDS mea-
surements were carried out at a working distance of
12 mm, an accelerating voltage of 20 kV, and a 120
pum aperture. For higher-resolution imaging of the
melt-spun materials, a (SYTEM JEOL 2200 FS was
used, operating at 200 kV. Lamellar samples for
STEM were prepared by Ga-focused ion beam (FIB)
milling in the Zeiss Auriga Compact. The STEM sys-
tem includes a JEOL Centurio EDS detector for map-
ping elemental distribution.

The mold-cast materials have no principal directi-
ons from which to evaluate them (Figure 1).
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Longitudinal sections of TRC materials are investiga-
ted in SEM, and transversal sections of melt-spun ma-
terials are investigated in SEM and (S§)TEM.

I/ TRC Iﬂ
ND
Rl R
RD

roll side
Fig. 1Schematic of the studied materials in the as-cast state
and the principal/ growth directions in relation to the materials

growth
direction t

3 Results
3.1 Mold casting

Figure 2 presents an example of grain orientation
maps for a randomly selected 3 x 3 mm? area of the
mold-cast materials. Orientations of grains are color-
coded according to the standard inverse pole figure
(IPF) triangle included in Figure 2. Both mold-cast

-

materials have large grains with no subgrains.
The grain size was measured using the circular inter-
cept method based on the grain orientation maps (Fi-
gure 2) [32]:
l
GS=1.6 N “)

Where:

/... The circumference of the circle,

N;... The number of intercepted grains. An average
grain size is calculated from 10 measurements.

The average grain size of these materials is (156 *
11) pm for the MCB and (130 * 17) um for the MCA
materials (Figure 2). The grains in the MCB material
are equiaxed, whereas the grain boundaries in the
MCA material are irregular. This difference in grain
shape is caused by clusters of primary phases contai-
ning Sc, which create strong retarding forces on the
grain boundaries during casting. The Sc-rich clusters
(highlighted by white arrows in the inset of Figure
2(b)) are observed at grain boundaries, pinning the
boundaries in regions with irregular grain shapes.

Fig. 2 Grain orientation maps of 3x3 mm? sections of the mold-cast materials; (a) MCB material, (b) MCA material with an
overlay of the S¢ EDS map and the orientation map in the inset showing the pinning effect of the Sc-rich (white arrows) phase
clusters; IPE triangle showing orientation color coding in the inset of (b)

The constituent phases formed during the casting
of this type of alloy, as observed by other researchers,
are most often the 0(AlCu) phase, the Al;CusFe
phase, or the S(ALCuMg) phase, along with the W (Als.
xCug+sSc for x between 0 and 2.15) phase in the MCA
material [1-3,33]. The presence of these phases is also
confirmed by EDS mapping, showing that the consti-
tuents contain higher concentrations of Cu and are
further locally enriched with Fe, Mg, or Sc in the
MCSc material (Table 2). Li cannot be detected by
EDS (Figure 3), but Li-containing precipitates

(Al¢CuLis) have also been previously identified in
these kinds of materials [34]. The formation of the
W (Alg«Cus+:Sc) phase is a harmful effect caused by
slow solidification and cooling rates. However, De-
Pottey et al. [33] observe the segregation of Sc to the
eutectic Al-Cu 0-phase during casting and the forma-
tion of the W phase at cooling rates between 0.1 K-s~1
and 1 K-s!, with a lack of this phase at cooling rates
above 10 K-s71.

The eutectic cell boundary phases are rod-shaped
in the observation plane and measure (34 £ 10) um in
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length and (3.0 * 1.5) um in width (Figure 4).
The averages are calculated from measurements of ten
particles. The W(AlsCus+Sc) phase appears as an
irregular cluster of particles. The size of these clusters
is (11 £ 5) um (Figure 3 (p,v)). The concentration of
primary solutes and impurities in the intragranular spa-
ces was measured to evaluate the supersaturation of
the matrix. The measured Fe concentration is neatly
below the resolution limit. The Sc concentration in
particles that are not Sc-rich clusters is lower than in
the surrounding matrix, indicating a parasitic increase
in the surrounding background of the alloying-ele-
ment-rich primary phase precipitates, which causes
the increased contrast in Sc maps. Cu is highlighted
because it is essential for strengthening during further
processing and has a lower diffusion coefficient than
the other two strengthening elements — Li and Mg
[35]. The Cu concentration in the matrix is the same
for both materials — 0.8 wt.% (Table 2). Areas of EDS
measurements are highlighted in Figure 3.

The average spacing between particles and the vo-
lume fractions of primary phase precipitates are deter-
mined from lower magnification images (Figures 3,4).
The DAS is measured as a tip-to-tip distance between
two Al matrix dendrites, although the order of the
denderites is not specified. This DAS measurement me-
thod tends to give slightly lower values compared to
methods that count the number of secondary dendri-
tes along a primary dendrite [36]. Still, it remains valid
when applied consistently across all studied materials.
DAS is calculated from ten measurements. Although
we reference the formation of eutectic cells in relation
to the distribution of phases, the solidification of the
a-Al phase is still assumed to be dendritic. Measure-
ments of a-Al dendrite spacing in low-alloyed Al-
based systems have previously been used to estimate
solidification rates according to equation (2) [27,37].
Volume fractions of particles are computed using the
linear intercept method and the Tomkeieff equation

[38], which defines the volume fraction f of particles
as:
f=2NL, ®)

Where:

N;... The number of intercepted phases per unit
line length,

L... The length of the intercepted particle segment.

Twenty lines were used for each volume fraction
measurement. Intercepts are measured manually from
a set of straight lines arranged in an evenly spaced pet-
pendicular grid over SEM images. The measured DAS
of the two alloys is similar within error, with (45 £ 8)
um for the MCA and (58 £ 6) pm for the MCB mate-
rials. Volume fractions of the primary phases evalu-
ated by SEM (Figure 4) are 4.8% and 5.1% for the
MCB and MCA materials, respectively.

(h) Cu (i)
'

(m) Cu ()

Fig. 3EDS mapping of MCB (a-j) and MCA (k-v) mate-
rials; SE images (af,k,q), Al (bglr), Cu (¢,b,m,s), Fe
(di,n,2), and Mg (e,j,0,u) maps for both materials in lower
magnification (a-¢, k-p) and closeups of highlighted sections
(h,q-v); Se distribution maps for the MCA material and
highlighted section (p,v); Grey ovals without labels highlight
areas of EDS measurements of matrix concentrations; Grey
ovals with labels highlight areas of particle point analyses

Fig. 4 BSE images of primary phase distribution in random sections of the MCB (a) and MCA (b) material
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Tab. 2 EDS point analyses of particles and areas of the Al matrix highlighted in Fignre 4 (f,q); Values in wt. %

Cu Fe Mg Sc
Al 9.5 0.1 2.3 -
A2 31.9 1.0 1.4 -
A3 31.8 0.2 1.8 -
MCB matrix 0.8 % 0.1 <0.1 09*0.2 -
B1 23.6 2.7 0.9 8.5
B2 20.9 3.6 1.6 0.2
B3 20.3 0.1 4.4 0.1
MCA matrix 0.8 0.1 <0.1 1.0+02 0.6 £0.2

The methods and measurements of grain size,
DAS, constituent size, and constituent volume
fraction were also used in studies of the twin-roll cast
and melt-spun alloys.

3.2 Twin-roll casting

Orientation maps of 1 mm broad cross sections for
both twin-roll cast materials were taken in the rolling
direction (RD)/normal direction (ND) plane (Figure
5). Orientations are color-coded according to the tri-
angle shown in Figure 5. A single average grain size
for the entire strip could be misleading due to the pre-
sence of several different zones. Therefore, the circu-
lar intercept method was applied in three distinct regi-
ons: near the surface, halfway between the surface and
the center, and at the center. These regions ate called
Areas 1, 2, and 3 (Figure 5). The measured grain sizes
of both alloys increase from Area 1 to Area 2 but then
decrease again in Area 3 (Table 3).

EDX mapping of the primary phase precipitates in
the TRC materials reveals the formation of the eu-
tectic 0(Al,Cu) phase and a ternary Al;CuzFe phase
(Figure 6, Table 4). The increased Mg concentration
suggests the presence of the S(Al.CuMg) phase. These

phases were previously identified in these materials as
reported by Cieslar et al. and Kralik et al. [34,39].
No W(Alg«Cus+Sc) precipitates or Sc-rich particle
clusters appear in this material (Figure 6 (p,v), Table
4). Primary phases exclusively form along boundaries
of eutectic cells, creating continuous polygonal seg-
ments in the observation plane (Figure 7), with indivi-
dual segments being (5 = 2) um long and (1.0 = 0.5)
um wide. The volume fraction of phases decreases
only slightly and does not significantly change
between the surface and the center of the strip.
The average volume fraction of primary phases is
4.4 % and 4.3 % for the TRCB and TRCA materials,
respectively. The primary phase size does not differ
between the two alloys.

Due to the variance in solidification rates across
the strip thickness, the DAS is individually evaluated
in Areas 1, 2, and 3 (Figures 7— (b-d) and (f-h)).
The average DAS for each region is summarized in
Table 3. The measured DAS increases by approxima-
tely 40 % from the surface to the center for both ma-
terials and is lower overall for the TRCA material.
The concentration of the main alloying elements is the
same within the experimental scatter across the strip
in intragranular spaces (Table 3).

Tab. 3 Dendrite arm spacing (DAS) and grain size (GS) of the two twin-roll cast materials in the three evaluated areas

Area TRCB DAS [um] TRCB GS [um] TRCA DAS [um] TRCA GS [um]
Area 1 65+ 03 102 * 14 57408 81+38
Area 2 74%05 152 £ 11 78 %09 128 * 31
Area 3 9.4+ 0.8 64+ 6 8.6 £ 0.6 90 £ 3

Tab. 4 EDS analyses of the selected primary phase precipitates from Figure 6 (f,q) and matrix concentrations in the three studied

areas
Cu Fe Mg Sc
Al 18.4 0.6 2.7 -
A2 27.1 2.2 2.1 -
A3 17.4 1.3 1.6 -
TRCB 1.1+02 <0.1 1.0+03 -
TRCB (Area 2) 1.0%+02 <0.1 1.0+02 -
TRCB (Area 3) 1.0+ 0.1 <0.1 09%03 -
B1 11.6 0.5 14 0.5
B2 8.5 1.7 1.1 0.4
B3 17.6 0.4 1.8 0.4
TRCA (Area 1) 1.2£02 <0.1 0.9=*02 0.7£02
TRCA (Area 2) 1.1+02 <0.1 12103 0.6 £0.1
TRCA (Area 3) 1.1+ 01 <0.1 0.8 % 0.1 0.7£ 0.3
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Fig. 51PF maps of surface-to-surface cross sections of the TRCB (a) and TRCA (b) strips evaluated from the transversal direction

(I'D); IPF triangle of the orientation color coding; Rolling direction (RD) of the strip during casting and normal direction (ND) of
the strip surface

Fig. 6 EDS mapping of the T (a-j) and TRCA (k-v) materials; Analysis performed in Area 2; SE images (a, |, %, q), Al (b, g,
bv), Cu (¢, by m, s), Fe (d, 3, n, 1), and Mg (e, j, 0, n) maps for both materials (a-¢, k-0) and closeups of highlighted sections (15, g-
u); Sc distribution maps for the TRCA material (p) and the highlighted closeup section (v); Gray ovals without labels highlight areas
of matrix: concentration measurements in Area 2 of the TRC strips; Gray ovals with labels highlight particles for point EDS
analyses
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Area 2

Area 3

Area 2

Fig. 7 BSE images of the T (a-d) and TRCA (e-h) materials particle distribution observed from the transversal direction (ITD);
Low magnification overview images of the strip (a, ¢), closenps of the three areas — strip surface (Area 1) (b, f), area halfway between
the sutface and the center (Area 2) (¢, g), and center of the strip (Area 3) (d, h)

3.3 Melt-spinning

The contact side of the melt-spun strips develops
tiny surface grains, followed by columnar grains per-
pendicular to the roll surface (Figure 8). Due to casting
process instability, the strip thickness varies between
15 pm and 60 um. Equiaxed grains (Zone 3) form at
a certain distance from the roll. The circular intercept
method is used in the columnar and equiaxed regions
to calculate grain sizes, as shown in Table 5.

The local solidification regime determines the dis-
tribution of primary phase patticles. A macroscopic
featureless region (Gusakova et al. [24,25]) is not
clearly observed in the melt-spun alloys (Figure 9 — (b,
£)). The columnar regions contain spherical precipita-
tes inside individual grains. Near the contact surface,
these phases have a diameter of (50 * 7) nm, while

near the threshold between columnar and equiaxed
structures, they have a diameter of (150 * 40) nm. The
volume fraction of primary phases varies significantly
from the surface or roll interface toward the equiaxed
part of the strips. The surface area contains only 1.7%
volume fraction of primary phases, increasing to 2.8%
in the columnar region and 4.1% in the equiaxed
section of the strip. The measured volume fractions of
primary phases are consistent across both alloys.
EDS maps of areas near the surface of the strip
reveal two types of phases: more rounded, Cu-rich
phases, likely the stable 0 phase, and rod-like Cu and
Fe-containing phases, probably the Al;CurFe phase
(Figure 10). No significant Sc segregation is observed
in the MSA material. DAS can only be determined in
the equiaxed region (Table 5) since it is the only part
of the material formed by dendritic growth [24,25].

Tab. 5 DAS in Zone 3 of the melt-spun strips (Figure 9 (d,h)), and columnar (Figure 8 Zone 2) and equiaxed (Figure 8§ Zone 3)

rain siges of the strips

Area MSB DAS [um] MSB GS [um] MSA DAS [um] MSA GS [um]
Columnar - 92+ 1.7 - 7.3+04
Equiaxed 0.6 0.2 7714 0.6 £ 0.1 7.3 0.6
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roll side

Zone 2

Zone 3

air cooled side

Fig. 8 IPF maps of the MSB (a) and MSA (b) materials cross sections from the surface/ roll interface (top) to the air-cooled side of
the strip (bottom) analyzed from the rolling direction (RD); Zone 1 is not clearly evident in EBSD measurements; Zones 2 and 3
are highlighted in the materials

The matrix concentration of solutes in the melt-
spun materials is higher than in previous casting types
but varies across the melt-spun strips. Both materials
show similar matrix concentrations in the evaluated
regions. EDS analyses of selected particles and matrix
concentrations in the highlighted zones are summari-
zed in Table 6. The analyzed particles include boun-
dary particles in the equiaxed region (particles A1, A2,
B1, B2 in Figure 9 (d,h)), spherical particles in the co-
lumnar region (particles A3, B3 in Figure 9 (c,g)),
boundary particles in the columnar region (particles

A4, B4 in Figure 9 (c,g)), and two particles near the
surface/roll interface (A5, A6, B5, B6 in Figure 10).
EDS analyses performed in SEM and STEM show
increased Fe content in the primary phases, indicating
the presence of Al;CuFe precipitates. Mg content in
the selected phases is not higher than in the matrix for
either SEM or STEM. STEM and SEM-EDS analyses
cannot be directly compared because the information
depth of the SEM beam exceeds the particle size. The-
refore, the SEM point EDS spectra are largely influ-
enced by the surrounding Al matrix.

Tab. 6 EDS analyses of the melt-spun materials; Average concentrations of alloying elements in the three studied gones (Figure 10)
and point spectra of selected particles (Figure 9,10); All values are in wt. %

Cu Fe Mg
Zone 1 1.4 £ 0.1 03102 0.8+ 0.1
Matrix Zone 2 21103 0.6+0.2 1.1+ 0.1
Zone 3 25103 0.5+ 0.1 1.2+0.2
Al 11.1 1.2 1.0
MSA A2 9.8 1.0 1.3
) A3 8.3 0.6 1.0
Particle
A4 6.0 1.0 1.0
A5 44.0 2.5 0.1
A6 56.9 0.4 0.0
Zone 1 1.2£02 0.3+ 0.1 1.0 £ 0.1
Matrix Zone 2 22102 0.71£0.2 1.0£03
Zone 3 26103 04101 0.9+ 0.1
B1 12.9 0.9 1.2
MSB B2 14.0 0.7 1.1
) B3 19.0 1.4 1.1
Particle
B4 16.5 34 1.1
B5 59.2 0.8 0.0
Bo 34,7 5.0 0.0
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Fig. 9 BSE images of the MSB (e-h) and MSA (a-d) strips observed from the rolling direction (RD); Cross sections of strips (a, ¢)

and higher magnification images of selected sections close to the surface/ roll interface (b, f), in the colummar area (¢, g), and the dendri-

tically solidified regions (d, b); EDS analyses of the bighlighted particles (gray circles A1-4, B1-4) are shown in Table 6; gray circles
without labels are areas of matrix concentration measurements
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Fig. 10 EDS mapping of the MSB (a-¢) and MSA (k) strips close to the surface/ roll interface; STEM BFE micrographs of the

mapped MS' (a) and MSA (f) material areas; Element distribution maps for Al (b, g), Cu (¢, b), Fe (d, i), and Mg (e, j) in both

materials; Sc distribution map (k) in the MSA materidl; Selected particles are used for measuring alloying element concentrations
(A5, A6, B5, B6 — grey circles)

4 Discussion
4.1 The influence of Sc addition

Sc-rich clusters can pin grain boundaries in the
MCA material (Figure 3 (b)). However, their number
is too low to cause significant grain refinement during
the casting process. Both grain size and DAS of the
twin-roll cast and melt-spun materials are consistently
lower in alloy A than in alloy B. While this difference
is often within the experimental scatter of the mea-
sured values, a refining effect of Sc on DAS has been
previously observed, including Zr-containing Al-Cu-
based alloys [40,41]. However, the results from our
study remain inconclusive in this regard.

4.2 Solidification rate determination

Solidification rates associated with different casting
methods were calculated from dendrite spacing where

Tab. 7 Solidification rate estimated from Equation (2)

possible. The values of » and .4 (Equation 2) were
calculated within the limits established in an Al-Cu-
based alloy dendrite spacing review by Eskin et al. [27].
They estimated the value of # as fixed at 0.33 and de-
termined new A coefficients for alloys with 2.12
(A=84) and 3.24 (A=101) wt. % Cu. Based on their
coefficients, we will use their fixed value of n and an
interpolated value of A = 93. These values ignore the
influence of Zr and Sc on DAS. While these additions
have a strong influence over grain structure (Xu et al.
[42] reported an order of magnitude difference of
grain size in Al-Mg-Si-based alloys), their influence on
SDAS is significantly lower (Xu et al. [42] around a
25 % decrease in SDAS, Prach et al. [43] less than
20 % in an Al-Mg-Si-Mn-based alloy). A summary of
the DAS for individual casting method/alloy/atea
combinations, along with the corresponding calcula-
ted solidification rates, is presented in Table 7.

Material (area) DAS [um] V [K:sT]
MCB 45+ 8 (9.0 £ 0.3
MCA 5416 (5.0 £0.3)

TRCB (Area 1) 6.5+ 03 (3.1 £ 0.2)x103

TRCB (Area 2) 7.4 %05 (1.8 £ 0.2)x103

TRCB (Area 3) 9.4+ 0.8 (1.0 £ 0.1)x103

TRCA (Area 1) 57%£08 (4.7 £ 0.6)x103

TRCA (Area 2) 7.8+ 09 (2.1 £ 0.2)x103

TRCA (Area 3) 8.6 0.6 (1.5 £ 0.1)x103

MSB (Zone 3) 0.6+0.2 (4.3 £ 1.3)x10¢

MSA (Zone 3) 0.6 +0.1 (5.4 £ 0.7)x10¢

636

indexed on http:/ | www.webofscience.com and hitp:/ | www.scopus.com



November 2025, V'ol. 25, No. 5

MANUFACTURING TECHNOLOGY

ISSN 1213-2489
e-ISSN 2787-9402

Twin-roll cast and melt-spun materials exhibit a
profile of varying solidification rates throughout the
as-cast material. The observed DAS and calculated so-
lidification rates for the twin-roll cast materials yield
results similar to those in studies by Grydin et al.
[26,44] on Al-based alloys produced on the same twin-
roll caster. Based on solidification lengths (distance
between the last fully melted and the first fully solidi-
fied part of the strip) in the caster, the solidification
rate was estimated at 4500 K+s7! at the surface and
2500 K-s7lin the center. However, Grydin performed
the casting with twice the casting rate and Cu shells,
which have higher heat conductivity (330 W-m~1-K~!
[26]) than steel shells (20-60 W-m~1-K~1[45]). This ex-
plains the discrepancy between the calculated absolute
values of solidification rates for our materials and the
model estimated by Grydin.

The solidification rate profile for the melt-spun
alloy cannot be determined through DAS measure-
ments alone, but can be calculated using the general
one-dimensional diffusion equation:

T a?T _ k 9%T
T=all=L2% ©
at dx2  Cp 0x?

Where

t... Time,

x... The distance from the surface/roll interface,

a... Thermal diffusivity,

k... Thermal conductivity,
C...Specific heat capacity,

T... Thermodynamic temperature,
p... The density of the alloy [46].

The solution of Equation (6) can be written as:
T(x,t) =K, + K, erf(

Where:

K; and K...Constants dependent on boundary
conditions [45].

Applying boundary conditions of the ribbon and
the Cu wheel and assuming a constant solidification
rate, which is justified by the very short solidification
time expected for the melt-spun strips, leads to an
equation for solidification time:

= 8t (C1p1)? ®)
k2Capy

Indexed parameters with 1 and 2 are the ribbon
and Cu wheel constants, respectively. J; is the ribbon
thickness. The density and heat capacity of the alloy
are 2300 kg'm™ and 1230 J-kg 1K=, respectively
[26]. The density and heat capacity of a copper wheel
are 8900 kg'm™ and 384 J-kg™!-K~1, respectively.
The thermal conductivity of a copper wheel is
400 W-m™-K-1 [46]. The thickness of the studied
strips can vary, but areas that include the dendritic
growth zone range from 30 pum to 60 pm in thickness.
This corresponds to a solidification time between
16 us and 66 us.

The solidification rate at a certain distance from
the copper wheel could be further estimated.
The equation is essentially a function of (1/6?) of rib-
bon thickness.

) %

—a, exp (_ Cakop ) (—Tyo + kivayTig + kav/ay Ty

4nCikqips

V(x) =

T is the initial temperature of the melt/roll, which
is 1273 K and 300 K, respectively; thermal diffusivities
are 3.6x10> m?-s7! and 1.2x104 m?-s~! for the alloy
and roll, respectively [46]. The thermal conductivity of
the alloy is 88 W-m~1-K~1 [26]. The plot of solidifica-
tion rates calculated by this equation is shown in
Figure 11. The spread of solidification rates in the
melt-spun materials is much higher than that throu-
ghout the twin-roll cast strip, changing by two orders
of magnitude from the surface to the thickest parts of
the ribbon.

An obvious issue with this model is that the solidi-
fication rate approaches infinity at the surface/roll in-
terface. However, it provides reasonable results for
thicknesses of tens of micrometers. By measuring the
real thickness at which the DAS measurement was
performed in the equiaxed region, we can compare the
DAS model results with the diffusion-based calcula-
tion results. The results are visualized in Figure 11 and
summarized in Table 8, confirming a good agreement
between the two approaches.

C.k

kl\/a_z + k2\/0f_1 (9)

108+

Zone 2/Zone 3
transition

AR

107+

0 10 20

Strip thickness [pm]

Fig. 11 The plot of the solidification rate profile with varying
ribbon thickness was calenlated according to Equation (9);
Thicknesses of observed Zone 2/ Zone 3 transitions in Figures
8 and 9 are highlighted in hatched area; DAS-based solidifi-
cation rate measurements in Zone 3 of the MSB and MS.A
materials (Figure 9 (d,h))
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Tab. 8 Comparison of solidification rate estimates according to DAS measurements and calenlations throngh Eqnation (2) and

diffusion-based Eqnation (9)

Material DAS. measurement DAS-based V [K-s7] Diffusion-based V [K-s™]
thickness [pum]
MSB 50 (4.3 £ 1.3)x10¢ 4.2x10¢
MSA 41 (5.4 £ 0.7)x10¢ 6.2x10¢

While the diffusion-based estimate for the MSA
alloy is slightly higher, the estimates for the MSB alloy
are in surprisingly good agreement

4.3 Grain structures

The nonlinear relationship between grain size and
solidification rate in different parts of the TRC strips
(Equation 3) is not maintained. This is due to center-
line segregation, which causes the formation of coarse

constituent phases that hinder grain growth [47].
To provide a rough estimate, an average grain size and
solidification rate are used for the plot. Plotting the
measured average grain size for each alloy against the
estimated solidification rates yields parameters B and
m, as shown in Table 9 and Figure 12. Figure 12 also
compares our data with literature references [9-11,14],
which exhibit similar behavior to that of our alloys.

Tab. 9 Parameters of the relation between average grain sige and solidification rate according to Equation (3) for both alloys

mold[;kc;?t G5 twin-roll GS [um] | melt-spun GS [um] | B [pum-s™ K] m
Alloy B 156 = 11 115 £ 11 87X 16 345 * 36 0.22
Alloy A 131 £ 17 99 £ 13 73+0.7 292 + 31 0.22

The 7 parameters agree with those stated by Eskin
et al. [27] for Al-Cu alloys. Parameter B is lower in or-
der of magnitude than the values that Eskin et al. [27]
determined in binary Al-Cu alloys owing to the ad-
dition of Zr and Sc, which significantly decrease grain
size [48,49]. The average B parameter is lower for alloy
A but is the same within the experimental error.

B GS NoSc (this work)
[ ® GS Sc (this work)
[0 GS (Zhang)
<7 GS (Chen)
: GS (Hekmat-Ardakan)|

MC oGS (L)

102 b

GS[um]

10" |

1 1 1 1 1 1 L 1
10" 10 10" 102 10° 10° 10° 10° 107 10°
VI[Ks]

Fig. 12 The plot of measured grain size versus the average so-
lidification rate calenlated from Egqunation (2) for the mold-cast
and twin-roll cast alloys and the dendyitically solidified part of
the melt-spun alloy; Data received in this work are shown as
Sull symbols, and the literature data [9-11,14] are demonstra-
ted as empty symbols

Heat is evenly extracted from all sides of the mold-
cast ingot during cooling. Additionally, no external

forces are applied to the ingot during solidification and
cooling, which results in the formation of an equiaxed
structure. The as-cast structutes we observe in our ma-
terials match those observed by Hekmat-Adrakhan et
al. [9] in terms of constituent particle size, grain sizes,
and DAS.

TRC materials are partially rolled [12]. The effect
of rolling is more pronounced closer to the surface of
the strip, resulting in a gradient microstructure with
elongated or columnar grains at the surface, depen-
ding on the efficiency of heat transfer and applied for-
ces, and more equiaxed grains in the center [26,31].

Columnar grains in the melt-spun materials result
from cellular crystallization and unidirectional heat
transfer between the spinning roll and the solidified
ribbon. Columnar grains are a characteristic of this
cooling mechanism, regardless of the solidification
rate. Flemings [29] states that such a mechanism is
possible with a sufficiently high G/R ratio (Equation
(1) describes the thermal gradient at the solid/liquid
interface and the velocity of the dendrite tip/solidifi-
cation interface). A high G/R ratio is reached by ad-
ding heat at one end and extracting it from the other.

The shift to equiaxed growth occurs at lower crys-
tallization speeds, as more heat is extracted from the
melt-spun ribbon/air interface, further from the
water-cooled roll, at higher thicknesses, thus decrea-
sing the G/R ratio. Additionally, the specific alloy
composition affects the size of the columnar zone and
the transition to equiaxed grains. EBSD results (Figure
8) indicate that the transition to columnar growth
occurs consistently at comparable thicknesses for the
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studied alloys, approximately 30 um. This corresponds
to a decrease in solidification rate below 107 K-s™1
based on diffusion-based solidification rate estimates
(Figure 11). Since diffusionless solidification is associ-
ated with a high velocity of the solidification front, we
can estimate this velocity based on the solidification
time in Equation (7) for ribbon thickness between 25
and 35 pm. The corresponding solidification time is
between 23 and 13 us, and the solidification velocity
is between 1.5 and 2.0 m-s! (Figure 13).

]0 T T T T T T ?0
—_ .
T . = Solidification front velocity
£ sl ¢ Solidification time . 1¢0
= —_
z . 7 {50 =
i‘g 2 = % ¢ 2
a; 6 -E 2 / 140 B
= [ - é / * 9 5
& g 5 . {30 §
= 4r N ? &
.= ] L] —
g L] ./p/ 120 E
=R 2 8 A
= N ==
{/}o . / DL B

0 s * 1 ‘/ ! I ! 0

0 10 20 30 40 50 60

Strip thickness [um]

Fig. 13 Theoretical variance of solidification velocity and time
with melt-spun strip thickness; The hatched region bighlights
the critical thickness of the transition between cellular solidifi-

cation in Lone 2 and the dendyitic solidification in Zone 3

4.4 Constituents, Cu concentration

Constituent phase particles show significant refine-
ment with increasing solidification rate during casting.
Their patticle size, measured by particle thickness,
decreases threefold from mold-cast to TRC materials,
then diminishes by another order of magnitude
between TRC and melt-spun materials. The precipi-
tate sizes in the mold-cast alloys are comparable to
those in standard AA2195 DC-cast alloys as observed
by Hekmat-Ardakan et al. [9]. Similarly, early studies
on Al-Cu-Li-based TRC alloys by Li et al. [14] reveal
similar patticle sizes (around 1 pm) and compatable
particle distributions. Melt-spun materials contain co-
arser boundary phases and finer spherical precipitates
within the grains. The boundary precipitate size incre-
ases slightly along the strip, from about (100 & 30) nm
near the surface/roll interface to (140  40) nm in the
columnar and equiaxed regions. Conversely, the
spherical precipitates grow from (50 * 7) nm at the
surface/roll interface to (150 £ 40) nm in the colum-
nar zone, reaching sizes comparable to the boundary
phases. These spherical phases are evenly distributed
in the as-cast columnar grains. No spherical precipita-
tes are found inside grains in the equiaxed regions due
to dendritic growth, which segregates alloying ele-
ments to the eutectic cell boundaries, resulting in a low

driving force for precipitate formation within the cells.
Particle sizes and volume fractions across different
materials are summatized in Table 10. Average values
for both alloys are used in the plot in Figure 14, as
their differences are smaller than the experimental
scatter. The spherical particle diameter characterizes
zones 1 and 2 of the melt-spun strips (Figure 9
(b,c,f,2)) to examine how constituent phase sizes vary
with the high cooling rates in these zones.

Studies on rapidly solidified Al-Cu-Li-Mg-Zt-
based materials suggest that the boundary phases
share the same structure as those formed at lower so-
lidification and cooling rates [3,19,50]. EDS analyses
summarized in Table 5 reveal the presence of the bi-
nary 0(Al,Cu) phase in both boundary phases and
spherical precipitates. An increased Fe content com-
pared to the surrounding matrix indicates the forma-
tion of the Al7Cu2Fe phase. The presence of the
Al7CuzFe phase is also confirmed in particles B4, B6,
and A5 (Figure 9 (a,e), Figure 10 (a)). The higher Fe
content observed in the TEM analyses results directly
from the lower contribution of the surrounding
matrix, which has a low Fe concentration. Mg content
in the analyzed phases never exceeds the average va-
lues of the surrounding matrix, indicating that Mg-
containing constituents do not form.

The relationship between the cooling rate of the
alloys and Cu concentration in the matrix is highly
nonlinear. The MC alloys have Cu concentrations in
the matrix of around 0.8 wt. % for both alloys, which
is still substantially higher than the equilibrium solubi-
lity limit—0.35 wt. % for Cu in Al [51]. Such concen-
trations are relatively common even in standard direct-
chill cast materials, as evidenced by Wang et al. [50],
who observed about a third of the Cu content in the
supersaturated matrix. Increasing the cooling rate to
levels of TRC, around 1.0 wt.% in both TRC mate-
rials, does not significantly increase supersaturation.
This aligns with results obtained by Li et al. [14] in
their Al-Cu-Li-based TRC materials. Dendritic regions
of the melt-spun alloys contain slightly higher concen-
trations of Cu—1.2 wt. % and 1.4 wt. % for the MSB
and MSA materials, respectively. Gianogolio et al. [22]
report similar Cu concentration variations in their
study of atomized particles formed with solidification
rates between 102 K-s! and 105 K-s''. They measured
a range of Cu concentration from 1.1 wt. % to 1.4 wt.
% in an alloy containing 2.4 wt. % Cu.

Increasing the solidification rate beyond 107 K-s™1
introduces a shift in the solidification mode, causing a
sharp increase in the matrix solute concentration (Ta-
ble 10). Due to this sharp change, the dendritic solidi-
fication regime results, such as the DAS and grain size
relations, cannot be extrapolated to the columnar and
featureless regions of the melt-spun strips.
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Tab. 10 Particle sizes, volume fractions, and Cu concentrations for both alloys prepared by different casting methods

w [pum] f [%0] Cu concentration [wt. %]
MCB 32+ 14 47104 0.8+ 0.2
MCA 29* 16 52103 0.8£0.2
Area 1 1.1£05 4604 1.1+£02
TRCB Area 2 12104 46103 1.0£02
Area 3 1.4£05 41103 1.0 £ 0.1
Area 1 1.3+£04 43105 12102
TRCA Area 2 1.1£02 47104 1.1+£02
Area 3 1.3£05 44102 1.1£01
Zone 1 0.05 £ 0.01 1.8 £ 04 1.4£0.1
MSB Zone 2 0.11 £ 0.03 3104 21103
Zone 3 0.13 £ 0.05 40105 25103
Zone 1 0.04 £ 0.01 1.6+03 12+02
MSA Zone 2 0.11 £ 0.02 2.6%05 22£02
Zone 3 0.16 £ 0.06 42104 26103

A graph illustrating particle parameters—width,
volume fractions, and Cu concentration in the
matrix—is shown in Figure 14. A single average Cu
concentration value is used for the plot across both
alloys and the three studied TRC areas because the va-
riation among individual values is smaller than the me-
asurement scatter. The solidification rates for zones 1
and 2 of the melt-spun alloys are set at 3x108 K-s™" and
2x107 K-s™', respectively, consistent with the plot in
Figure 11. For comparison, patticle sizes and Cu con-
centrations from selected studies are included in the
same graph. Particle sizes and volume fractions follow
a power law within the experimental scatter throu-
ghout the entire range of cooling rates. Cu concentra-
tions reported by Gianoglio et al. [22] are consistently
about 0.2 wt.% higher, but increase at a similar pace
with increasing solidification rates.

Power laws similar to those in Equations (2 and 3)
can be established for the remaining parameters.
These power laws are defined as:

X =GV, (10)
Where C. and j.are material-dependent constants
for each parameter x, where xis », f, or Cu concentra-

tion. The calculated constants are summarized in Ta-
ble 11.

7 T T T T T T T T T T 10
v w (this work) v w (Gianoglio)
ol w (Grydin) & w(Qi) °* _
v w (Hekmat-Ardakan) u [ (this work) 8 X
I O [ (Hekmat-Ardakan) 1 [(Gianoglio) ‘;
5F ’ ® Cu conc. (this work) O Cu conc. (Gianoglio)H 7 —*
I\ g
Wy \ — —wfit . - ffit g
— 4} { \ —-—- Cu cone. fit 6 ]
é | D -'1'1 15 §
= 3k T -*. o o o . =
\ [J [ B . 44 S
\ —
AL \ dendritic ccl!lfl.u' ; 13 G
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N7 . 12 &£
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Fig. 14 A plot of variance of structural parameters (particle
volume fraction, Cu concentration, constituent phase width)
with the calenlated solidification rate; Points measured in this
work (full black symbols) are fitted by general power functions
in Equation (10); Data obtained from the literature
[19,22,25] are represented by empty symbols

Tab. 11 Constants C.. and js. from Equation (10) for the different studied miicrostructural parameters

X Cs jx

W 5.2 0.23

f 5.0 0.014
Cu conc. 0.8 0.036

The Cu concentration and volume fraction of pri-
mary phase partticles exhibit opposite trends, with a
sharp change in the columnar part of the melt-spun
strips. A change in volume fraction relates to a change
in Cu concentration in the mattix. The stoichiomettic

0 phase contains 1/3 Cu, meaning that one-third of
the measured volume fractions of primary phases con-
sist of Cu atoms. This estimate relies on two assump-
tions— that all primary phase particles are 6(AI2Cu)
phases, and that differences between the unit cell
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volumes of 6 and the Al matrix are ignored. However,
this rough estimate suggests up to 1.6 at.% Cu, while
both materials contain only 1.1 at.% Cu overall
Sarreal and Abbaschian [52] showed that the 6 phase
could contain as little as 0.5 of the stoichiometric Cu
content, which explains the discrepancy between the
measured volume fraction of the 6(AlxCu) phase and
the Cu concentration in the matrix.

5 Summary

A study of the as-cast structures of Al-Cu-Li-Mg-
Zr-Sc alloys cast by three different casting methods
was conducted. The solidification rate was determined
to lie in the range of 1 K-s™'to 108 K-s~!using a com-
bination of diffusion and empirical models.
The following was confirmed:

e Grain size and dendrite arm spacing of mate-
rials formed with solidification rates between
1 Krs7tand 107 K-s7! follow simple power
laws as described in Equations (2) and (9).
In these solidification rate ranges, additional
power laws were determined for Cu concen-
tration, the constituent size, and volume frac-
tion. Regular eutectic cells form in these so-
lidification rate ranges. Higher solidification
rates lead to the formation of materials with a
lower dendritic spacing, smaller particle size,
higher degree of supersaturation, and lower
particle volume fraction.

e A critical solidification rate threshold is
crossed during the solidification of the melt-
spun strips. A higher solidification rate, closer
to the water-cooled roll, leads to near-diffu-
sionless solidification, resulting in a sharp in-
crease in solute supersaturation and the for-
mation of columnar grains in the melt-spun
strips. The Cu concentration and the particle
volume fraction no longer follow the power
laws. The columnar areas of the melt-spun
strips contain a fine dispersion of spherical
0(ALCu) phase precipitates in addition to
finer rod-shaped constituents observed at
dendritic boundaries.

e The near-diffusionless solidification thtresh-
old was determined using diffusion models to
be 107 K-s'l. The diffusion and empirical
DAS-based models are in good agreement,
and the solidification rate determined by these
models for Zone 3 of the strips is the same

within errofr.

e The effect of Sc is the highest in mold-cast
materials, where the low solidification and
cooling rate allow the formation of the detri-
mental W(AlgCus+Sc) phase. This phase no
longer forms when higher solidification rates
are applied in the TRC or melt-spun mateti-
als. The influence of Sc on the grain size and
dendrite arm spacing cannot be reliably
proven since the measured values are the
same for both alloys within their experimental

scatter.
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