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Understanding of the kinetics of solid-phase evolution in solidification of hypereutectic alu-
minum alloys is a key to control their as-cast microstructure and resultant mechanical prop-
erties, and in turn, to enhance the service characteristics of actual components. This study was
performed to evaluate the solidification kinetics for three P-modified hypereutectic Al-19 pct Si
alloys: namely, Al-Si binary alloy and with the subsequent addition of 2.8 pct Cu and 2.8 pct
Cu + 0.7 pct Mg. Metallurgical evaluation included thermodynamic calculations of the solidi-
fication process using the FactSage™ 6.2 software package, as well as experimental thermal
analysis, and in situ neutron diffraction. The study revealed kinetics of solid «-Al, solid Si,
Al,Cu, and Mg,Si evolution, as well as the individual effects of Cu and Mg alloying additions
on the solidification path of the Al-Si system. Various techniques applied in this study resulted
in some discrepancies in the results. For example, the FactSage computations, in general, re-
sulted in 281 K to 286 K (8 °C to 13 °C) higher Al-Si eutectic temperatures than the ones
recorded in the thermal analysis, which are also ~278 K (~5 °C) higher than those observed in
the in situ neutron diffraction. None of the techniques can provide a definite value for the solidus
temperature, as this is affected by the chosen calculation path [283 K to 303 K (10 °C to 30 °C)
higher for equilibrium solidification vs non-equilibrium] for the FactSage analysis; and further
complicated by evolution of secondary Al-Cu and Mg-Si phases that commenced at the end of
solidification. An explanation of the discrepancies observed and complications associated with
every technique applied is offered in the paper.
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I. INTRODUCTION

HYPEREUTECTIC Al-Si alloys containing up to 16
to 20 pct Si exhibit attractive service properties under
conditions of high temperature, tension and compression
load cycles, and vibration. These alloys are extensively
used for demanding applications in the automotive
industry where superior tribological performance under
high operating temperatures is required.!'

In addition to being light weight, such alloys have
good thermal conductivity and are utilized for rapid
heat removal in internal combustion engines. Examples
of components include monolithic engine blocks cast
using high-pressure die casting (HPDC), cylinder bore
inserts for sand cast engine blocks, engine pistons made
using low-pressure permanent mold (LPPM), and hot
forgings.
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Typically, hypereutectic alloys contain, in addition to
about 16 to 20 pct Si, up to 3 pct Cu and up to 0.5 pct
Mg, which are added to increase strength via the
precipitation strengthening mechanism. In addition,
0.01 pct P is used in order to achieve uniform size,
shape, and distribution of the primary Si crystals that
nucleate on AIP; particles during the alloy solidification
process. Under equilibrium or semi-equilibrium condi-
tions, the microstructure of this alloy consists of o-Al
dendrites, primary Si, Al-Si eutectic, Fe-based phases as
well as Cu- or Mg-based intermetallics’, i.e., AlsFeSi,
AlgMg;FeSig, AISMg8CuZSi6.[7*9] Secondary phases pre-
cipitate during heat treatment processing, that is, AlCu,
and Mg,Si which are present with morphologies and in
quantities depending on given heat treatment parameters.

Commercial hypereutectic alloys contain typically up
to 20 pct of Si but some research studies focused on
higher concentrations. Early studies in the 1960s were
conducted by Gosh and Telang for binary-type Al-Si
alloy system containing up to 22 pct Si and up to 0.2 pct
phosphorus. These studies focused predominantly on
fundamentals of the primary Si refinement as well as the
effect of melt processing parameters. It was found that
melt heating above approximately 1173 K (900 °C)
prior to casting resulted in coarsening of the primary
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Si for the test sample solidified inside the water cooled
steel crucible. It was suggested that the AIP particles
started to disintegrate or even melt above 1173 K
(900 °C) and caused a coarsening effect of primary Si
crystals.'!" Intensive research in the 1980s led to
commercial application of hypereutectic alloy in engine
blocks in passenger vehicles.'*'¥) These engine blocks
were cast using the low-pressure die casting process. On
the other hand, advancements in high-pressure die
casting technologies resulted in the commercial applica-
tion of DiASiI™ in the production of liner-less engine
blocks for motorcycle application. Control of primary Si
size and distribution was one of the key challenges to be
addressed. Due to reduction of porosity using vacuum
processing, these engine blocks are heat treated now

. .. [14] .. .
using traditional T6 temper." ™ Further optimization of
heat treatment processing enabled development of
energy efficient tempering routes.!'”

Since adequate refinement of the primary Si crystals is of
key importance and creates a technological challenge
particularly during casting manufacturing, microstructure
control methods represent a key research theme.'® Cur-
rently, the scientific focus is on refinement of the primary Si
crystals achieved by controlled alloying, addition of master
alloys, and rapid solidification. Research interests are also
centered on mechanical, electromagnetic and ultrasonic
melt treatment techniques used to modify the primar); Si
crystals as well as other structural constituents.®!’" !
Powder metallurgy offered an alternative method to
achieve satisfactory refinement of the primary Si crystals.
However, due to its prohibitive cost, powder metallurgy is
used only for selected applications.

Despite extensive studies conducted so far, the exact
metallurgical mechanisms that control the solidification
kinetics are still not well understood, partially due to a
lack of investigation techniques suitable for in situ
analysis of microstructure development during the
solidification process that is representative of a given
casting process. For this reason, novel testing techniques
for alloy and manufacturing process evaluation are
needed to develop components capable to meet future
performance requirements.

Significant residual stress may frequently develop
during the solidification of complex automotive
components. Residual stress is affected by geometry of
the castings, cooling rates and microstructure, and the
phases that have evolved during solidification.””! Many
studies have been performed on the solidification
behavior of these alloys and the resulting as-cast
microstructure. Most recently, neutron diffraction®'>"!
in conjunction with thermal analysis® > were used to
evaluate the solidification kinetics of hypereutectic Al-Si
alloy under non-equilibrium and near-equilibrium con-
ditions. In reports,*"-*?! Igbal et al. carried out time-
dependent neutron diffraction measurements on the
microstructure evolution of pure Al and Al-0.3 pct
Ti-0.02 pct B alloy for different cooling rates. In these
studies, the evolution of the static structure factor S(Q)
was monitored during liquid-to-solid phase transforma-
tion as a function of the cooling rate. In the latter
reports,*** Kasprzak, Sediako er al. demonstrated the
feasibility of using neutron diffraction to analyze solid-
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ification of a binary hypereutectic Al-19 pct Si alloy
using step-wise cooling. The authors demonstrated the
potential to quantify the volume fraction of primary Si
and Al, as well as Si and Al in the eutectic phase using
diffraction signals from solid phases as they evolved
during solidification.”*?* These studies were extended
into comparative analysis of solidification of the binary
Al-19 pct Si alloy, and the same alloy modified with
addition of 3 pct Cu” As a result, these studies
revealed major changes to the solidification path intro-
duced by the addition of Cu.l*®

The current study continues this solidification analy-
sis, extending it to a hypereutectic Al-19 pct Si alloy
modified with the subsequent addition of 2.8 pct Cu and
0.7 pct Mg—an alloy that has similar composition to
commercial alloys, i.e., DIASII™, or 390 used in man-
ufacturing of automotive powertrain components.””
This comparative analysis reveals changes to the solid-
ification path caused by the addition of Mg to the Al-Si-
Cu system. It is expected that this “‘dissecting”
approach—from Al-Si to Al-Si-2.8 pct Cu to Al-Si-
2.8 pct Cu-0.7 pct Mg—will lead to a better under-
standing of the effect of each alloying element on
microstructure formation during solidification of com-
plex alloying systems, thus enabling alloy chemistry to
be tailored, to achieve the desired as-cast microstructure
and corresponding mechanical properties.

II. EXPERIMENTAL METHODOLOGY
A. Chemical Composition of the Alloys

Four hypereutectic Al-Si alloys were analyzed in the
present study; their composition is presented in Table I.
The binary alloy (sample A) was selected to minimize
the effect of other alloying elements on neutron diffrac-
tion and thermal analysis signals. Such an approach
better validates the suitability of neutron diffraction
techniques for solidification analysis.!*¥

On the other hand, commercial hypereutectic alloys,
such as 390, in addition to containing 16 to 19 pct Si,
also contains additions of Cu up to 4 pct, Mg up to
1 pct, and P up to 0.1 pct. Such alloys are used for a
number of most demanding applications in the auto-
motive industry; e.g., engine blocks and pistons manu-
factured using HPDC and LPPM technologies.!'® To
characterize the individual effect of these alloying
additions, the sample selection presented in Table I
includes hypereutectic Al-Si alloys modified with and
without 0.01 pct P (sample A and B), 2.8 pct Cu (sample
C), and 0.7 pct Mg (sample D).

B. Thermal Analysis and Neutron Diffraction During the
Alloy Solidification Process

Thermal analysis performed in this study for the
melting and solidification cycle for the selected alloys
was carried out using the Universal Metallurgical
Simulator and Analyzer (UMSA) Technology Plat-
form.””) The cylindrical-shaped test samples with an
outer diameter of 16 mm and a length of 18 mm were
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Table I. Optical Emission Spectroscopy (OES) Results for the Selection of Hypereutectic Al-Si Alloys with the Addition of P, Cu,
and Mg

Chemical Composition (Weight Percent)

Sample ID Si Cu Mg Fe Mn P

A: Al-Si 19.5 0.01 <0.01 0.11 <0.01 —
B: Al-Si-P 18.6 0.01 <0.01 0.11 <0.01 0.01
C: Al-Si-Cu-P 18.7 2.8 <0.01 0.11 <0.01 0.01
D: Al-Si-Cu-Mg-P 17.7 2.8 0.7 0.11 <0.01 0.01

heated to 785 °C £ 0.2 °C and isothermally kept at this
temperature for a period of 10 minutes to stabilize the
melt temperature and homogeneity. Next, the test
samples were solidified at an average cooling rate of
about 0.5 °C/s, calculated between the non-equilibrium
liquidus temperature (the start of the solidification
process) and the non-equilibrium solidus temperature
(the end of the solidification process). To analyze the
phase transformation temperatures, the first derivative
of the temperature with respect to time and the fraction
solid (FS) were calculated and plotted against temper-
ature. The detailed methodology is described in earlier
publications.® The data obtained in the thermal
analysis experiments were further verified by phase
evolution calculations based on Gibbs energy minimiza-
tion using the FactSage software package.”> > For the
melting and solidification cycle, the program calculates
the concentrations of chemical phases at the state of
chemical equilibrium.'**!

The neutron diffraction studies on phase evolution
during solidification were carried out using the C2
neutron powder diffractometer at the Canadian Neutron
Beam Centre as well as the High-Resolution Powder
Diffractometer installed at High Flux Isotope Reactor
(HFIR) in Oak Ridge National Laboratories. In our
earlier publication, we presented a detailed description
of the methodology of these in situ experiments, as well
as of the solidification cell that was designed and built to
carry out controlled melting and solidification experi-
ments during neutron diffraction.”® Diffraction pat-
terns were collected isothermally in the step-wise mode,
holding for 30 minutes at the selected temperatures
within the solidification interval. The measurements
recorded scattered intensity vs scattering angle, 20,
where ©® is the Bragg angle. The neutron wavelength
used for these experiments was 0.154 nm and the
analyzed scattering angle ranged from 20 to 120 deg.

C. Microstructure and Mechanical Properties Evaluation

The microstructure examinations were carried out using
an optical microscope and scanning electron microscope
(SEM) in the SE and BSE mode. In addition to EDX
chemical analyses, the electron probe microanalysis
(EMPA) was used to analyze the concentration of alloying
elements in various intermetallic phases. The alloy hard-
ness was measured at room temperature using a Buehler
Rockwell tester employing F scale and 60 kg load. For
each sample, twenty measurements were conducted and an
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average value along with the standard deviation was
plotted. The room temperature uniaxial tensile tests were
performed on the as-cast and heat treated samples
following ASTM: E8/ES8M-11 and ASTM: E9-09 stan-
dards at a strain rate of 10~° s~' using the computerized
tensile testing machine. For graphical data representation,
the average and standard deviation values of tensile, yield
strength and elongation values were used.

III. EVOLUTION OF SOLID PHASES DURING
SOLIDIFICATION

A. As-Cast Microstructure Characterization and
Mechanical Properties

Microstructure observations of the binary Al-19 pct
Si alloy under optical microscope (Figure 1(a)) revealed
coarse and unmodified primary Si crystals (up to
500 um) heterogeneously distributed in the as-cast
microstructure (#1) as well as unmodified Al-Si eutectic
(#2) and primary o-Al dendrites (#3). As far as the
alloy’s technological properties are concerned, the
presence of Al dendrites, which nucleate as a result of
non-equilibrium solidification process, has negative
impact on alloy machinability characteristics due to its
significantly lower hardness as compared with other
structural constituents.!'-”!

Addition of 0.01 pct P had a visible effect on the
primary Si refinement level, depending on Cu and Mg
additions for the given solidification conditions
(Figures 1(b) through (d)). Subsequent addition of
~2.8 pct Cu resulted in the formation of AICu, inter-
metallic phases, typically having blocky and eutectic
morphology,?” and subsequent addition of 0.7 pct Mg
led to formation of the Mg,Si, as well as Q-AlsMggSig
Cu, intermetallic phases. Such phases are typically
observed in the Al-Si foundry alloys containing Cu
and Mg additions®% and were clearly visible on the
SEM/SE images under low (Figures 2(a) and (c)) as well
as higher magnification (Figures 2(b) and (d)).

Microstructural analysis clearly indicated that addi-
tion of Cu and Mg to Al-19 pct Si alloy having 0.01 pct
P content resulted in progressive refinement of primary
Si crystals. That is, the typical size of the primary Si
crystals in the images decreased to approximately 55 um
for Al-Si + P and to approximately 40 um for Al-
Si + P + Cu + Mg additions. The individual role of Cu
and Mg on primary Si refinement is not well reported in
the literature and requires further studies. The EPMA
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Fig. 1-—As-cast microstructure under light optical microscope: (a) Al-19 pct Si, (b) Al-19 pct Si-0.01 pet P, (¢) Al-19 pet Si-0.01 pct P-2.8 pct Cu,
(d) Al-19 pct Si-0.01 pct P-2.8 pct Cu-0.7 pct Mg. Examples of structural constituents are numbered as follows: primary Si crystals (#1), the Al-
Si (#2) and o-Al dendrites (#3). The level of primary Si modification remains similar with addition of 0.01 pct of P (b) and undergoes progres-
sive refinement with subsequent addition of 2.8 pct Cu (c) and 0.7 pct Mg (d).™

analysis of the primary Si crystals confirmed the
presence of Cu in concentration up to 0.33 pct and Al
up to 0.18 pct indicating a possible effect of these
alloying elements on primary Si refinement level.l*®)

It was also found that as-cast alloy hardness was not
affected by addition of 0.01 pct P in the Al-19 pct Si
alloy (24.5 £ 2.7 vs 22.8 £ 1.5 HRB) but increased with
the addition of Cu by approximately 25 HRB and with
0.7 pct Mg by a subsequent 15 HRB. A similar trend
was observed for tensile strength, which increased from
91 £ 2 MPa for Al-19 pct Si alloy to 177 & 2 MPa for
alloy containing Cu and Mg additions, and which was
accompanied by gradual decrease in elongation
(Figure 3).¢

Examples of structural constituents are numbered as
follows: Al metal matrix (#1), primary Si crystals (#2),
Al-Si eutectic (#3), Cu based phases (Al,Cu, #4), Mg
based phases (Mg,Si, #5).2°!

Note the progressive increase in volume fraction of
intermetallic phases observed under low magnification
(a and c) with subsequent addition of 2.8 pct Cu (a and
b) and 0.7 pct Mg (c and d).
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B. FactSage™ Calculations

In the research presented in Reference 25, the
authors reviewed results of FactSage calculations
compared to the experimental data obtained from
in situ neutron diffraction and thermal analysis exper-
iments conducted on a hypereutectic Al-19 pct Si-
2.8 pct Cu alloy. It was demonstrated that, along with
other metallurgical changes, Cu addition results in the
formation of up to 2 pct of the Al,Cu theta phase,
either soon after complete solidification for equilib-
rium solidification [about 303 K (30 °C) below soli-
dus], or immediately following complete solidification
for the non-equilibrium process. This result was
confirmed by observing a notable additional energy
release within the temperature range of 763 K to
781 K (490 °C to 508 °C) in the thermal analysis
(Figure 7, points #3 and 4). The authors also showed
that formation of the theta phase is coupled with a
reduction in Cu concentration in the FCC phase, from
its maximum of 3.55}9ct at 791 K (518 °C), to 2.5 pct
at 728 K (455 °C).2
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Fig. 2—As-cast microstructure observed under SEM in the SE mode: (a, ) Al-19 pct Si-0.01 pct P-2.8 pct Cu, (¢, d) Al-19 pet Si-0.01 pct P-

2.8 pct Cu-0.7 pct Mg.

® Hardness (HRB)
m UTS (MPa)

Fig. 3—As-cast hardness and ultimate tensile strength as a function
of alloy chemistry.

Addition of 0.7 pct Mg further affects the solidifica-
tion path. As depicted from the phase diagram pre-
sented in Figure 4 and the equilibrium solidification
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presented in Figure 5, the solid FCC Mg,Si phase starts
evolving in the system about 283 K (10 °C) below the
eutectic temperature of 841 K (568 °C). When the
temperature is further reduced to 748 K (475 °C), Al,Cu
theta phase starts evolving concurrently with the Mg,Si
phase. The equilibrium calculations indicate that the
initiation of theta phase formation occurs just prior to
complete solidification of the alloy at the solidus
temperature of 740 K (467 °C) (Figure 5(b)). Similar
to the Al-19 pct Si-2.8 pct Cu alloy, formation of the
theta phase in the Al-19 pct Si-2.8 pct Cu-0.7 pct Mg
alloy occurs at the expense of reducing the Cu concen-
tration in the FCC phase from, in this case, a maximum
of 2.9 pct to about 2.3 pct at 723 K (450 °C).
FactSage computation results for the non-equilibrium
solidification process based on the Scheil approach are
shown in Figure 6. There is an obvious disadvantage to
this approach. That is, the computations terminate when
the amount of liquid phase in the system becomes 0 pct
and, therefore, the kinetics of solid-state transforma-
tions that take place below the solidus temperature are
missed entirely, as shown in Figure 6. The figure shows
that for the two alloys wunder analysis, theta
phase evolution occurs ‘‘all-at-once” at the solidus

METALLURGICAL AND MATERIALS TRANSACTIONS A



Al-Si-Cu
G’actSage’"
700 T T T T T T T
650 Liquid ]
Liquid + Si(s)
O 800 iquid+Fcc 7
=
)
)
=
g
S 550 - ) ) B
) Liquid + FCC + Si(s)
2
£
)
o500 F[g@ FCC + Si(s) ]
<
450 q
FCC + AlCu_Theta + Si(s)
400 . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Si/(AH+Si+Cu) (g/g)
(a)
Al-Si-Cu-M
9 G’actSage’"
700 T T T T T T T
650 K Liquid 4
Liquid + Si(s)
c 600 Liquig+ Fce 1
£
E Liquid + FCC * Si(s)
S 550 ]
2
g Liquid + FCC + Si(s) + Mg,Si(s)
&
500
450 FCC + AICu_Theta + Si(s) + Mg,Si(s)
400 . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Si/(AHSi+Cu+Mg) (g/g)

Fig. 4—Phase diagram for Al-19 pct Si-2.8 pct Cu (a) and Al-19 pct
Si-2.8 pct Cu-0.7 pet pct Mg (b) alloys.

temperature; in both cases, the total amount of Al,Cu is
about 4 pct. On the contrary, the Mg,Si phase starts
forming at the end of solidification, about 283 K (10 °C)
below the Al-Si eutectic, and its concentration just prior
to the solidus temperature is 1.2 pct. At the solidus
temperature, however, the total weight concentration of
Mg,Si is increased by an additional 0.2 to 1.4 pct. This
increase coincides with a gradual increase in the amount
of Mg and Si dissolved in the Al FCC phase to the total
of 0.2 and 0.6 pct respectively, as shown in the zoomed-
in 0-to-10 pct section (see Figure 6(c)) of the calculated
path (Figure 6(b)).

The FactSage calculations simulate the complex
solidification process, and are based on a number of
approximations. As such, the calculations do not
necessarily closely reflect the dynamics of the actual
solidification process of the industrial type alloys. In
order to gain a better understanding of the alloys’ actual
solidification processes, and also to verify the calcula-
tions, thermal analysis and in situ neutron diffraction
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Fig. 5—FactSage calculation of equilibrium solidification for Al-
19 pct Si-2.8 pct Cu alloy (a) and Al-19 pct Si-2.8 pct Cu-0.7 pct Mg
alloy (b).

experiments on the solidification of the two selected
alloys were performed.

C. Thermal Analysis

The results of the thermal analysis of the cooling curves
carried out for the Al-19 pct Si hypereutectic alloys are
shown in Figure 7, which presents the temperature over
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Cu-0.7 pct Mg alloy (b, ¢).

time curve (a) and the first derivative of temperature (the
instantaneous cooling rate, °C/s) over the temperature
range of solidification (b). The changes to the solidifica-
tion path of the Al-19 pct Si system introduced by the
subsequent addition of 2.8 pct Cu followed by 0.7 pct
Mg led to notable differences between the cooling curves.

First, it is clear that addition of Cu caused earlier
initiation of solid-phase evolution (primary Si), raising
the solidus temperature by about 10 K, an effect which
can be seen on both Cu-added and Cu-Mg-added alloys,
compared to the binary Al-Si alloy (point #1). This can
possibly explain visible differences in the refinement of
primary Si as a result of Cu and Mg additions (Figure 1).

Second, the additions of Cu and Mg also led to delayed
formation of the Al-Si eutectic, i.e., the eutectic temper-
ature shifted from 843 K to 835 K (570 °C to 562 °C)
and 830 K (557 °C), for the Cu-added and Cu-Mg-added
alloys, respectively (point #2). We note that both of these
observations were also confirmed by in situ neutron
diffraction analysis, which also helped to quantify the
amount of primary Si evolution, as is demonstrated later
in this paper.
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Another effect of the alloying additions can be
observed towards the end of solidification, i.e., solidus
temperature when minority phases are formed. The
energy release within the temperature range of 781 K to
768 K (508 °C to 495 °C) on the Al-19 pct Si-2.8 pct Cu
curve (point #3) can only be attributed to Al,Cu theta
phase formation. Al,Cu theta phase formation may also
be the cause of the spike in energy release observed
around 763 K (490 °C) on the Al-Si-Cu-Mg curve (point
#3), because the theta phase is the last solid-phase
evolving during solidification of this alloy. This curve,
however, has another area of elevated energy release,
around 788 K to 783 K (515 °C to 510 °C) (point #3").
According to the phase diagram, and as discussed earlier
in this paper, this increase in energy release is likely due
to the initiation of Mg,Si phase formation.

Finally, the end of solidification, that is, the solidus,
can only be clearly observed for the binary Al-Si alloy
(point #4) at 815 K (542 °C). For the other two alloys
with added Cu or Cu-Mg, the final stage of solidification
is smeared by evolution of the minority phases, which
are partially solid-state transformations. Regardless of

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 7—Thermal analysis results for Al-19 pct Si, Al-19 pct Si-
2.8 pct Cu and Al-19 pct Si-2.8 pct Cu-0.7 pct Mg alloys obtained
during solidification process from 1023 K to 723 K (750 °C to
450 °C). (a) Temperature vs time cure. (b) Temperature vs 1st deriva-
tive curve (cooling rate). Numbered features are referred to in the
text.

this “smearing” effect, it is obvious that Cu and Cu-Mg
additions significantly reduce solidus temperature, by
about 308 K and 318 K (35 °C and 45 °C) for the Cu-
added and Cu-Mg-added alloys, respectively.

IV. NEUTRON DIFFRACTION ANALYSIS

Neutron diffraction was used for more in-depth
analysis of the liquid or mushy zone that is typically
unobtainable from classical thermal analysis experi-
ments. A detailed description of the application of
neutron diffraction to the analysis of solid-phase evolu-
tion is given in our earlier papers.”> 2> The main idea of
the method is the direct correlation between the nor-
malized intensity of the diffracted monochromatic
neutron beam at the specific 20 angular range with
the amount of solid phase that has a Bragg’s peak within
the same 20 range.

By evaluating the entire 80-deg diffraction spectrum
one can retrieve the relative intensity of the Bragg peaks
that correspond to the phases that evolve in the
solidifying Al-Si alloy. Figure 8 presents diffraction
patterns obtained from the binary Al-19 pct Si alloy
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when melt temperature was reduced in a stepwise mode
from 983 K to 793 K (710 °C to 520 °C).

The neutron diffraction data presented in Figure 8
clearly show the major solid-phase constituents of Al-
19 pct Si binary alloy, i.e., primary Si and eutectic Al-Si
evolved during solidification process. Closer examina-
tion shows that some solid Si already existed in the melt
at temperatures of approximately 943 K (670 °C), as
long-range atomic scattering was detected around the
scattering angles of 28.3, 55.8, and 94.5 deg. For the
given neutron wavelength, these scattering angles cor-
respond to Si crystallographic planes of {111}, {311},
and {511}. It is noteworthy that the 943 K (670 °C)
liquidus temperature established from the thermal
analysis experiments and it is 7 K lower than the one
predicted from the thermodynamic calculation.”* The
long-range atomic scattering that appears as broad
diffraction peaks, indicates the presence of clusters of
primary silicon crystallites that may be only several
nanometres in length. As temperature is further reduced,
the peaks become narrower and taller as the Si clusters
grow and form micrometre-sized crystals floating in the
melt.?1 243132 From the diffraction pattern, it appears
likely that the Si crystallites are present in the melt at
higher temperatures [most likely exceeding 950 K
(677 °C)], but much longer counting time is required
to acquire the statistically valid data to support this
claim. Verification of this hypothesis may become
crucial for proper selection of melt processing and
casting parameters, since it affects the size and distribu-
tion of Si in the cast component.

Neutron diffraction data also revealed detectable
scattering from the following crystallographic planes
of Al {111}, {200}, {220}, {311} and {331} recorded for
temperature range between 940 K and 928 K (667 °C
and 655 °C) (Figure 8). These peaks could indicate that
aluminum crystals nucleated prior to the Al-Si eutectic,
which contradicts the existing paradigm that «-Al starts
to nucleate simultaneously with Si while forming eutec-
tic phase at approximately 842 K (569 °C) (Figure 7).l"!
The «-Al phase was not detected at 898 K and 868 K
(625 °C and 595 °C), which indicates that nucleation
started at 940 K (667 °C) was discontinued at 898 K
(625 °C) and re-started again at the AI-Si eutectic
temperature [~842 K (569 °C)]. Microstructure analysis
of the Al-19 pct Si alloy showed randomly distributed o-
Al dendrites (Figure 1(a)). It has to be noted that such
widely used techniques as thermal analysis are not
capable of directly detecting atoms clustering in the
liquid or premature nucleation of a-Al crystals prior to
Al-Si eutectic nucleation. It should also be noted that
several Al peaks—{111}, {200}, and {311}—were evolv-
ing in close proximity to the ‘“background peaks”
coming from materials forming the solidification cell,
as it is shown, for example, for the Al {111} peak in
Figure 9. Overlapping of the peaks may lead to mis-
reading of the information presented in Figure 8 as
premature detection of the a-Al phase.l*®

Figure 10 shows fraction solid development for the
Al-19 pct Si alloy obtained from neutron diffraction and
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Fig. 8—Neutron diffraction pattern of the Al-19 pct Si binary alloy solidification process collected at various temperatures, ranging from 983 K
(710 °C) [311 K (38 °C) above the equilibrium liquidus temperature] to 793 K (520 °C) [293 K (20 °C) below the solidus temperature]. Note that

the neutron wave length used in the experiments was 0.155 nm.!°!
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Fig. 9—Evolution of neutron diffraction intensity for Al {111} peak
observed in the binary Al-19 pct Si alloy.

thermal analysis during alloy solidification process and
indicates a good correlation between these two tech-
niques. The individual fraction-solid profiles for Al and
Si, retrieved from the in situ experimental data, which
are presented in Figure 10, indicate Si atoms clustering
in vicinity of liquidus temperature, and the premature
nucleation of o-Al crystals prior to Al-Si eutectic
nucleation, i.e., between 940 K and 898 K (667 °C and
625 °C).
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Neutron diffraction data from solid phase represent averaged inte-
grated diffraction intensity from Si (111, 311, 511, and 333 planes)
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Figure 11 depicts the results of comparative analysis
for the binary Al-19 pct Si alloy (Figure 11(a)) and Al-
19 pct Si-2.8 pct Cu and Al-19 pct Si-2.8 pct Cu-0.7 pct
pctMg alloys (Figure 11(b)). Similarly to the neutron
data presented in Figure 10, based on the intensities of
the corresponding Bragg reflections, the figure shows the
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evolution of solid a-Al and solid Si over the temperature
range of solidification. Confirming the observations
made in the thermal analysis, Figure 11 shows a shift in
eutectic temperature, upon addition of 2.8 pct Cu to the
original binary Al-Si alloy, towards lower temperature
of about 828 K (555 °C) (see Figure 11(b), sample C).
Further addition of 0.7 pct Mg shifts the initiation of
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Fig. 11—Solid-phase evolution during solidification of the binary Al-
19 pct Si alloy, sample A (a) and Al-19 pct Si-2.8 pct Cu and Al-
19 pet Si-2.8 pct Cu-0.7 pct Mg alloys, samples C and D respec-
tively, as determined from the neutron diffraction data (b).

the eutectic by 7 to 10 deg farther towards lower
temperatures of approximately 818 K to 823 K
(545 °C to 550 °C) (Figure 11(b), sample D). The
eutectic shift can be observed on both Al and Si curves.
As it was already observed in the thermal analysis, the
additions of Cu and Mg accelerate evolution of primary
Si (Figure 7). The solidification paths presented in
Figure 11 confirm and quantify this observation.

The results presented in this paper show the potential
of applying neutron diffraction for high-resolution
analysis of liquid and semi-solid alloys that can result
in new characterization capabilities for detailed studies
of grain refining or eutectic modification. This outcome
contributes to a better understanding of the solidifica-
tion behavior of the Al-Si based alloys. Evaluation of
the synthetic-type alloys with subsequent addition of Cu
and Mg enabled the observation of the individual effects
of these alloying elements on the microstructure and
mechanical properties. Application of neutron diffrac-
tion also allowed detecting phase transformation typi-
cally not observed during conventional thermal analysis
experiments.

The multi-part analysis performed within scope of this
work resulted in various temperatures of nucleation of
the Al-Si eutectic, as well as the solidus temperature.
These results are summarized in Tables II and III,
respectively. Overall, the FactSage computations re-
sulted in about an 8 to 13-deg higher eutectic temper-
ature than that recorded in the thermal analysis and
about an 18-deg higher temperature than that observed
in the in situ neutron diffraction.

There is also no definite answer as to the exact value
of the solidus temperature of the alloys (Table III). The
FactSage analysis obviously results in different values
for the equilibrium and non-equilibrium modes. The
detection of solidus temperature in the thermal analysis
is complicated by the almost simultaneous evolution of
the minority phases (AlL,Cu and Mg,Si) at the end of
solidification and their corresponding low energy signa-
ture. The step-wise approach in the in situ neutron
diffraction analysis limits the analysis to the pre-
specified number of measured temperature points.

Table II. Temperatures of Nucleation of the Al-Si Eutectic, °C

Al-19 wt pct Si

Al-Si-2.8 wt pct Cu

Al-19 pct Si-2.8 pct Cu-0.7 pct Mg

FactSage™ 577
Thermal analysis 569
Neutron diffraction —

573 568
560 555
555 550

Table III. Solidus Temperatures, °C

Al-19 wt pct Si

Al-19 pct Si-2.8 pct Cu

Al-19 pct Si-2.8 pct Cu-0.7 pct Mg

FactSage(cavilierium) 578 518 468
FactSage(Scheih 508 502
Thermal analysis 542 508/490* 475/495%*
Neutron diffraction ~500 ~480

*The solidus values obtained in the thermal analysis for the Al-19 pct Si-2.8 pct Cu and Al-19 pct Si-2.8 pct Cu-0.7 pct Mg alloys are considered

as estimated values.
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Fig. 12—Fraction solid evolution for the main constituents of the alloys Al-19 pct Si-2.8 pct Cu (a) and Al-19 pet Si-2.8 pct Cu-0.7 pct Mg (b)

obtained using neutron diffraction.

Nevertheless, the results of the neutron diffraction
analysis for the Cu-Mg-added alloy [753 K (480 °C)]
came close to the lower-end solidus range determined in
the thermal analysis, and also came close to the solidus
value obtained in the equilibrium FactSage calculations.
This value is also about 20 deg lower than the solidus
temperature observed for the Cu-added alloy [about
773 K (500 °C)].

The good statistics obtained in the neutron diffraction
analysis for Al and Si phases allows presenting the data
on fraction solid evolution during solidification of Al-Si-
Cu and Al-Si-Cu-Mg alloys, Figure 12. Unfortunately,
no strong diffraction signal was detected from the
minority phases (Al,Cu theta, Mg,Si), although the
FactSage calculations suggest there may be up to about
4 pct of Al,Cu and up to 1.4 pct of Mg,Si phases that
start forming at the end of solidification. These obser-
vations may mean that the signal coming from the
minority phases was hidden in the background or was
not strong enough for statistically viable detection, or
both. The temperature ranges for evolution of these
phases are shaded in Figure 12. The slight variations in
Al and Si content within the shaded areas may be related
to the formation of Al,Cu and Mg,Si, although a much
longer counting time must be used in in situ neutron
diffraction, to reliably detect the evolution path for these
phases.

V. SUMMARY AND DISCUSSION

Investigation techniques discussed in this study rep-
resent broad range of microstructure evolution assess-
ment tools that could be applied by research
community. Thermal analysis is known as a well-
established laboratory technique, while its application
is frequently extended into industrial environments as an
on-line metal quality control tool.****) The results
presented here provide evidence that this technique has
potential in reproducing cooling rates in solidification
studies, but it may also produce ambiguous results
in situations when several phases are evolving simulta-
neously in the solidifying alloy. This is particularly
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evident in the analysis of near-solidus temperature
regions of the Al-Si-Cu-Mg alloy system. Evolution of
Al,Cu and Mg,Si phases, takes place in almost the same
temperature range as the solidus temperature (the end of
solidification process). Therefore, it is rather difficult to
characterize kinetics of the evolution of these inter-
metallic phases, as well as to establish the solidus
temperature accurately. In addition, the cooling rate
represents a key factor since it directly affects the
temperature gradient across the test sample at non-
equilibrium conditions. This could result in a smearing
effect in the cooling curve and subsequent difficulties in
establishing phase transformation points, particularly
for phases that are present in minor quantities. Such
behavior might explain differences observed between
solidus values recorded by these various techniques [i.e.,
from 763 K to 791 K (490 °C to 518 °C) as obtained for
thermal analysis and neutron diffraction respectively,
see Table III].

As a recommendation for future studies, application
of in situ quenching experiments combined with thermal
analysis could bring additional inside as far as
microstructure development is concerned. This will
include information on the determination of the exact
phase transformation temperature as well as quantifica-
tion of its volume fraction. Phase volume fractions is
typically measured using image analysis techniques on
test samples quenched from pre-determine temperatures
taken along cooling curves plots. This approach, which
was not used in this study, was demonstrated by
Mackay et al®% for a-Al dendrite and Al-Si eutectic
growth analysis in hypoeutectic Al-Si alloys. As far as
quantification of phases is concerned, studies have been

[37.38] . o
performed where the cooling curve analysis was
applied to calculate the total amounts of Cu and Mg
based phases that precipitated at the final stages of the
solidification process. The total area percentage of the
Cu-Mg enriched phases was defined as the ratio of the
area between the first derivative of the cooling curve and
the hypothetical solidification path of the Al-Si-Cu
eutectic to the total area between the first derivative of
the cooling curve and the base line. While this approach
is novel it still requires further development to account
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for various allo¥ chemistries as well as solidification rate
conditions.?73*

Liquidus temperature determination was not dis-
cussed in depth within this work, but it has been
demonstrated that application of neutron diffraction
brings additional insight on Si atoms clustering in the
liquid that most likely took place few degrees above
liquidus temperature.”> 2% Since quantification of indi-
vidual phases, i.e., Si and Al during alloy solidification
can’t be determined accurately by thermal analysis
(except by application of quenching experiments), neu-
tron diffraction analysis can help at least partially. As
intensity of neutron diffraction is directly related to the
evolution of solid phases, the solidus temperature can be
identified as the temperature upon which the Al and Si
intensities during melt cooling stopped increasing, that
is, reached a plateau. This is especially true for the
alloying system for which the temperature dependence
of the scattering intensities, the Debye—Waller factor, is
known. 4%

Evaluating the kinetics of a secondary phase evolution
in neutron diffraction experiments may, however, be
greatly complicated by low volume fraction of the phase
in the alloy and, therefore, its relatively low scattering
intensity. Typically, a neutron diffraction analysis on a
phase with a mass fraction below 1 pct is not feasible, as
the scattering signal becomes ‘“hidden” in the back-
ground. Similar detection limit restriction applies to
thermal analysis techniques.”*** Another complication
associated with application of neutron diffraction is a
long neutron counting time to acquire a reliable mea-
surement statistics, which leads to a slow, step-wise,
cooling of the molten sample during the experiment. This
low cooling rate may become too slow to represent
contemporary casting technologies used by the industry.
But it would be suitable, for example, for studies of sand
casting—the processes frequently used in manufacturing
of automotive powertrain components such as cylinder
blocks and engine heads. Neutron diffraction allows for
“observing” these phases individually, as they form
during solidification process, therefore not just providing
the valuable information of phase evolution, but also
eliminating or alleviating the ambiguity in determining
the end-of-solidification temperature.

FactSage computations, in general, resulted in higher
Al-Si eutectic temperatures than those recorded by the
thermal analysis, which are also higher than those
observed in the in situ neutron diffraction. A detailed
explanation of the observed differences among methods
used (Table II) is not offered in this work, but potential
contributing factors are pointed out. One of them is the
differences between solidification conditions, i.e., step-
wise cooling for neutron diffraction vs continuous
cooling for thermal analysis that could affect the initial
microstructure condition prior to the Al-Si nucleation.
Subsequently, this could relate to differences in the
volume fractions of primary Si crystals and o-Al
dendrites as well as saturation of remaining liquid by
Si, Cu, Mg atoms, etc. Studies reported by Dahle
et al.*"*¥ Zindel et al* on hypoeutectic alloys, and
Talaat er al* on eutectic alloys pointed out various
hypotheses on Al-Si nucleation and growth mechanisms
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that could be useful in explaining observed differences in
current studies, i.e., (i) Al-Si nucleation on dendrite tips,
(ii) eutectic nucleation on the intermetallic phases such
as fp-(AlSi,Fe), (iii) eutectic nucleation on AIP nuclei,
(iv) as well as for Sr contained alloys and its effect on the
Al-Si liquid/solid interface. Some of these factors might
be applicable to the investigated alloys since P was used
in the studies and the investigated alloys typically
contain Fe as impurity element. FactSage calculations
do not account for any of the presented mechanisms
that might contribute the observed discrepancies on Al-
Si eutectic temperature (Table II). In addition, the
computational results could differ on chosen mode of
solidification (equilibrium vs non-equilibrium). In indus-
trial casting processes, however, solidification is rarely
equilibrium and its progress is largely dependent on
applied cooling rate. No attempt was made to explain
this further since extent of this work will be beyond
scope of this publication.

In summary, the presented results indicate that four
various techniques applied to analyze solidification
process of Al-Si alloys (i.e., metallography evaluation,
thermal analysis, FactSage computation, and neutron
diffraction) have their strength and weaknesses. Their
choice of application depends on specific type of
analysis, and subsequently instrument access and cost.
For in-depth assessments, preferably these methods
should be used in the complimentary way in order to
eliminate potential errors and misinterpretations.

VI. CONCLUSIONS

1. The sequential addition of alloying elements
(2.8 pct Cu, followed by 0.7 pct Mg) into the high-
purity binary Al-19 pct Si alloy with and without P
enabled the observation of changes introduced into
the solidification pattern by the separate additions.

2. Addition of 0.01 pct P to the Al-19 pct Si binary al-
loy resulted in refinement of primary Si crystals
with subsequent addition of 2.8 pct Cu followed by
0.7 pct Mg.

3. Addition of 0.01 pct P had insignificant effect on
hardness (~24 HRB), while 2.7 pct of Cu increased
hardness by approximately 25 HRB to a total of
49 HRB, and then 0.7 pct Mg resulted in additional
increase of 15 HRB to a total of 64 HRB. A similar
trend was observed for as-cast tensile strength
where UTS increased from 91 + 2 MPa for Al-
19 pct Si alloy to 177 £ 2 MPa for alloy containing
Cu and Mg additions.

4. The various analyses performed resulted in different
temperatures of initiation of the Al-Si eutectic. The
FactSage computations, in general, result in about
8 to 13 deg higher eutectic temperatures than those
recorded in the thermal analysis, and about 18 deg
higher temperatures than those observed in the
in situ neutron diffraction analysis. This finding
suggests that the relatively slow cooling during ther-
mal analysis reduced the eutectic temperature of the
alloys, and that an even slower, step-wise reduction
in temperature during in situ neutron diffraction
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further delays the initiation of eutectic solidifica-
tion.

5. The various analyses found different values of the
solidus temperature of the investigated alloys. Nev-
ertheless, the results of neutron diffraction analysis
for the Cu-Mg-added alloy [753 K (480 °C)] came
close to the lower-end solidus range determined in
the thermal analysis, and also came close to the
solidus value obtained in the equilibrium FactSage
calculations. This value is also about 20 deg lower
than the solidus temperature observed for the tern-
ary Al-Si-Cu alloy [about 773 K (500 °C)].

6. The in situ neutron diffraction revealed the individ-
ual profiles of solid Al and solid Si evolution. The
analysis showed that the solid phase was present in
the diffraction pattern as solid Si until the tempera-
ture reached 813 K (540 °C) for the Al-19 pct
Si-2.8 pct Cu alloy and 808 K (535 °C) for the
Al-19 pct Si-2.8 pct Cu-0.7 pct Mg alloy, when
solid Al was first detected.

7. Minority phases may start forming at the end of
solidification as predicted by the FactSage calcula-
tion (be up to ~4 pct of AlLCu and up to 1.4 pct of
Mg,Si). However, the neutron diffraction data did
not confirm this prediction, possibly because the
signal was too weak for a statistically-viable detec-
tion of the phases.

8. The FactSage computations predicted that the
AlL,Cu theta phase should form following complete
solidification of the alloy. This prediction was con-
firmed by the thermal analysis, as an energy release
was detected within the temperature range of 781 K
to 765 K (508 °C to 492 °C), which was explained
by an enthalpy change associated with the forma-
tion of the Al-Cu phase.

9. The FactSage computations also predicted that the
Mg,Si phase should form at the end of solidification
of the Al-Si-Cu-Mg alloy. The energy release observed
in thermal analysis in the temperature range of
around 788 K to 783 K (515 °C to 510 °C) was asso-
ciated with the initiation of Mg,Si phase formation.
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