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The hypoeutectic 319 aluminum alloy (Al-7%Si-3.5%Cu) was used in the present study to
investigate the effect of diverse alloying elements on the dissolution of the copper phase
(CuAl,) during solution heat treatment. Elements such as Sr, Fe and P were added to the
base alloy individually and in various combinations. The cooling curves of these alloys
were obtained by solidifying the alloy melts in a preheated graphite mold (600°C, cooling
rate ~0.8°C/s). From these the first derivate curves were plotted and used to determine the
effect of the additives on the precipitation temperature of the Al-CuAl, eutectic reaction.
Microstructural examination was carried out using optical microscopy, image analysis, and
electron probe microanalysis (EPMA), with energy dispersive X-ray (EDX) and wavelength
dispersive spectroscopic (WDS) analysis facilities. Samples from different alloys were
solution heat treated at 505°C for various times up to 100 hours. The results explicitly reveal
that solution heat treatment plays a critical role on the dissolution of the CuAl, phase. It is
found that Sr leads to segregation of the CuAl, phase away from the Al-Si eutectic regions,
which slows down its dissolution during solution heat treatment. The g-AlsFeSi phase
platelets act as preferred precipitation sites for the copper phase and hence lessen the
degree of segregation. Thus, addition of Fe can accelerate the copper phase dissolution.
However, phosphorus addition has a negative effect on CuAl, dissolution due to (i) its
solubility in the CuAl, phase particles, and (ii) the formation of (Al,P)O, oxide particles
which act as nucleation sites for the precipitation of the block-like CuAl, phase. It retards
the complete dissolution of this copper phase even after 100 hr solution treatment. In the
case when phosphorus and iron are added together, the negative effect of phosphorus can
be neutralized to some extent. © 2003 Kluwer Academic Publishers

1. Introduction

The excellent castability and mechanical properties of
319 aluminum alloy makes it a popular foundry al-
loy for use in automotives applications. Its low spe-
cific gravity is essential to reduce energy consumption,
and its excellent corrosion resistance and low costs of
recycling are also important considerations from an en-
vironmental point of view [1]. Based on the aluminum-
silicon (Al-Si) system, the alloy contains copper (Cu)
and magnesium (Mg) as the main alloying elements.
Addition of Cu to eutectic Al-Si alloys leads to a slight
increase in the alloy fluidity, and a depression in the
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Si eutectic temperature of ~1.8°C for every 1 wt% Cu
added. Also, some of the mechanical properties obvi-
ously benefit from the addition of Cu as an alloying
element (such as YS and UTS) [2].

It is well known that at ~548°C, the amount of Cu
in solid solution in Al is about 5.7 wt%. This value
decreases with decreasing temperature, reaching 0.1—
0.2 wt% at 250°C [3]. Copper forms an intermetal-
lic phase with Al that precipitates during solidifica-
tion either as block-like CuAl, or in eutectic form as
(Al+ CuAlp). In 319 alloys, the copper intermetal-
lic phase precipitates in these two forms, according
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to a multicomponent eutectic reaction reported by
Mondolfo [4]:

L — Al + CuAl, + B-AlsFeSi+ Si  at 525°C

Iron (Fe) is one of the most critical alloying elements
for 319 alloys. During solidification, it forms several in-
termetallic compounds. Among these, the formation of
hard brittle plates of the 8-AlsFeSi phase is particularly
deleterious to the alloy mechanical properties [5]. Thus
when the Fe level in 319 alloys is higher than 1.5%, the
alloy should either be scrapped or diluted with a low-Fe
alloy to lower the iron level and reduce the possibility of
the precipitation of an excessive amount of S-platelets
[6]. There are two ways in which the presence of Fe
contributes to the hardening of Al-Si alloys: one is at-
tributed to Fe-related natural aging processes; the other
is caused by the dispersion of massive Fe-rich phases
throughout the matrix. Iron intermetallics, especially in
the form of the B-AlsFeSi phase, act as nucleants for
the CuAl, phase [7].

Currently, strontium (Sr) is commonly employed in
Al-Si casting alloys to modify the eutectic silicon mor-
phology from a coarse, flake-like to a fine fibrous form.
The change in the Si morphology, in turn, improves
the alloy mechanical properties, particularly ductility
[8]. It is now widely accepted that strontium atoms
that are incorporated into the crystal structure of sil-
icon enhance the formation of growth twins and allow
the silicon to bend and twist into a fibrous morphology
[9]. Also, modification with Sr considerably lowers the
eutectic reaction temperature. The depression in the eu-
tectic temperature can be used as an indicator of the
extent of Si structure modification expected in the cast-
ing: the lower the eutectic temperature, the greater the
modification effect [10—12]. However, Sr modification
also results in a larger area fraction of the interdendritic
blocky CuAl, structure [13].

It has been observed that the presence of Sr also leads
to segregation of the copper phase in areas away from
the Al-Si eutectic regions, resulting in slowing its dis-
solution during solution heat treatment. Also, due to the
segregation, the CuAl, phase precipitates in the blocky
form rather than in the fine eutectic form [14]. Com-
pared with the latter, the blocky phase is more difficult
to dissolve into the aluminum matrix. It can be reason-
ably presumed that the mechanism of CuAl, precipi-
tation is caused by a divorced eutectic reaction that is
coupled with segregation in the remaining areas shaped
by the advancing eutectic Si-containing interdentric
regions [9].

When the solution heat treatment temperature ap-
plied to 319 alloys exceeds the melting point of the
copper phase, there will be localized incipient melting

of the phase at the grain boundaries, resulting in the for-
mation of shrinkage cavities when the alloy samples are
quenched after solution heat treatment. This process is
expected to lead to reduction in the mechanical proper-
ties. Studies by Gauthier et al. [15, 16] on the solution
heat treatment and aging behavior of 319 alloy over a
temperature range of 480°C to 540°C, for solution times
of up to 24 hours, showed that the best combination of
tensile strength and ductility was obtained when the as-
cast material was solution-heat-treated at 515°C for 8
to 16 hours, followed by quenching in warm water at
60°C. A higher solution temperature was seen to result
in the partial melting of the copper phase, the formation
of a structureless form of the phase and related poros-
ity on quenching, with a consequent deterioration of
the tensile properties. A two-stage solution heat treat-
ment suggested by Sokolowski et al. [17] is reported to
significantly reduce the amount of copper-rich phase in
the 319 alloys, give rise to better homogenization prior
to aging, and improve the mechanical properties.

The present study was undertaken to investigate the
precipitation behavior of the CuAl,phase in various 319
type alloys containing Sr, Fe and P, individually or in
combination, and its dissolution during solution heat
treatment at 505°C for times up to 100 h.

2. Experimental procedure

Measured quantities of pure aluminum, silicon and
Al-33% Cu master alloy were used to prepare the ex-
perimental Al-7% Si-3.5% Cu base alloy. The melt was
poured into ingots. The chemical composition is shown
in Table I. The base alloy ingots were cut into small
pieces, dried, and melted in a 1-kg capacity SiC crucible
heated by means of an electric resistance furnace. The
melting temperature was kept at 725°C £ 5°C. Stron-
tium was added in the form of Al-10% Sr master alloy
(~200 ppm). Iron was introduced in the form of Al-25%
Fe master alloy. The melt was degassed for ~15 min-
utes to ensure homogeneous mixing of the additions.
The different experimental alloys and their respective
codes are listed in Table II.

Similar experiments were carried out using industrial
319 alloy. In this case, phosphorus was also added (in
addition to Sr and Fe) using Cu-8% P brazing alloy.
The corresponding alloy codes are shown in Table II.

In order to determine the possible reactions that
could take place during solidification under conditions
close to equilibrium (~0.8°Cs~!), the liquid metal
was poured into a graphite crucible (length: 10 cm,
diameter: 6 cm) that was preheated at 600°C. Ther-
mal analysis was carried out simultaneously, using a
K-type thermocouple (chromel-alumel) placed verti-
cally within the mold (through a hole in the bottom
of the mold) with its tip at ~30 mm above the bottom,

TABLE I Chemical compositions (Wt%) of the experimental base alloy (coded ASC) and industrial 319 alloy

Element concentration (wt%)

Alloy Si Fe Cu Mn Mg Zn Al Cr Ti Sr B Ni
ASC 6.50 0.1245 3.054 <0.0005 0.0018 <0.0017  90.3 <0.0005  <0.0013  <0.0000  <0.0002  <0.0016
319 alloy 595 0.11 3.56 0.02 0.043 <0.01 90.16 0.001 0.145 - - 0.01
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TABLE II List of the alloys used in the present work and their
respective codes

Alloy type Alloy code Nominal composition

Experimental alloy ASC Al-7%Si-3.5%Cu (Base alloy)

ASCS Base alloy + Sr

ASCF Base alloy 4 1%Fe

ASCFS-1 Base alloy + 0.9%Fe + Sr

ASCFS-2 Base alloy 4 1.2%Fe 4 Sr
Industrial alloy HA4T1 319 alloy 4 Sr+ 60 ppm P

H20T1 319 alloy + Fe + Sr + 90 ppm P

*Sr additions: 150-200 ppm.

60 mm ri
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Figure 1 Schematic diagram of the graphite mold used for thermal
analysis.

and interfaced with a personal computer (see Fig. 1).
The temperature-time data was recorded by means of
a data acquisition system attached to the computer
(atarate of 0.2 sec). From the thermal analysis data, the
cooling curves and their first derivatives were plotted
using Microsoft Excel software. Samplings for chem-
ical analysis were also taken simultaneously for each
melt condition. The actual alloying element addition
for the various alloys, as obtained from the chemical
analysis are listed in Table III.

Eight samples (2.5 cm x 2.5 cm) for metallographic
examination were sectioned from each alloy casting
(from a bigger section sliced from the central part con-
taining the thermocouple tip). One of these (as-cast con-
dition) was mounted in bakelite, and polished to a fine

TABLE III Actual alloying element additions (wt%) in the alloys
studied obtained from chemical analysis

Main alloying elements

finish (1um diamond paste). The other samples were
solution heat-treated at 505°C in a forced-air furnace
(where the temperature could be controlled to within
+2°C) for different solution times, i.e., 4, 8, 12, 24,
48, 72 and 100 hours. After solutionizing, the samples
were immediately quenched in hot water (~60°C) to
stop any further reaction of the copper phase. These
samples were then mounted and polished. Optical mi-
crographs were taken at magnifications 200 x and 750 x
for each sample.

Microstructural changes were examined and quanti-
fied using a Leco 2001 image analyzer in conjunction
with the optical microscope (Olympus PMG3), to mea-
sure the amount of undissolved CuAl, phase following
the different solution treatment times applied. In each
case, fifty fields were measured over the entire sample
surface (in a systematic fashion) and the percentage area
of CuAl, phase was measured in each field. From these
readings, the average area percent of undissolved CuAl,
phase was determined for each condition. In addition,
the dissolution behavior was also studied using an elec-
tron probe microanalyzer (EPMA) equipped with EDX
and WDS facilities, operating at 20 kV (the size of the
analyzed zone was ~2 pm).

3. Results and discussion

3.1. Thermal analysis

From the first derivative curves obtained from the cool-
ing curves of each of the alloys studied, the precipi-
tation temperatures of Al 4 CuAl, eutectic were noted
and are listed in Table IV. The temperatures of this eu-
tectic reaction in the base alloy (coded as ASC) and
ASCEF alloy (containing 1 wt% Fe) are lower than that
obtained in the Sr-containing or (P + Sr)-containing
alloys (viz., ASCS, H4T1, H20T1 alloys). This differ-
ence can be due to the fact that the strontium mod-
ification leads the AI-CuAl, eutectic reaction to take
place somewhat earlier, i.e., CuAl, particles are much
easier to nucleate during solidification in the case of
Sr modification.

The cooling curves and first derivatives obtained
from ASC, ASCS and ASCF alloys are shown in Fig. 2,
while the corresponding reactions expected to occur
are listed in Table V. Apparently, the precipitation of
the B-phase prevents the segregation of the CuAl,
phase through its nucleation along the long sides of the
B-phase platelets. However, it has no effect on the pre-
cipitation temperature of Al+ CuAl, eutectic, which
can be noted by comparing the base alloy to ASCF

TABLE IV Precipitation temperatures of Al-CuAl, eutectic in the
alloys studied

Alloy code Cu Fe Sr P Alloy code Temperature (°C)
ASC 3.054 0.1245 <0.0000 — ASC 509
ASCS 2.990 0.1190 0.0060 — ASCS 516
ASCF 2.970 1.015 <0.0000 — ASCF 509
ASCFS-1 3.080 0.862 0.0063 — ASCFS-1 516
ASCFS-2 2.820 1.200 0.0140 — ASCFS-2 515
HA4T1 3.56 0.11 0.0140 0.0019 HA4T1 517
H20T1 3.39 0.68 0.0126 0.0033 H20T1 518
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Figure 2 Cooling curves and first derivatives obtained from ASC, ASCS
and ASCEF alloys.

alloy. In the Sr-modified base alloy (viz., ASCS al-
loy), however, the solidification temperature increases
to 516°C, where the strontium pushes the (Al + CuAl,)
eutectic particles away from the well-modified silicon
particles i.e., segregates them into clusters. In this case
the CuAl, particles solidify earlier compared to the base
alloy (viz., ASC alloy). Atthe same time, itis interesting

TABLE V Expected reactions in ASC, ASCS and ASCF alloys

Alloy Temperature

code Peak (°C) Reaction

ASC A 608 Precipitation of a-Al dendrite network
B 566 Al-Si eutectic reaction
C 509 Al-CuAl, eutectic reaction

ASCS A 609 Precipitation of a-Al dendrite network
B 558 Al-Si eutectic reaction
C 516 Al-CuAlj; eutectic reaction

ASCF A 605 Precipitation of a-Al dendrite network
B 581 Precipitation of 8-AlsFeSi phase
C 564 Al-Si eutectic reaction
D 509 Al-CuAl, eutectic reaction
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to note that the precipitation temperature of CuAl, is al-
most stable even when iron and phosphorus are added
to the Sr-modified base alloy (cf. ASCS and ASCFS
alloys). Thus it can be reasonably deduced that the mod-
ification function of strontium is fundamental in Al-Si-
Cu 319 type alloys, as it is observed to dominate the
segregation of the copper phase in all the alloys studied.

3.2. Optical microscopy

Fig. 3a shows the as-cast microstructure of the base
ASC alloy, in which the copper phase is seen mainly
as small pockets of (Al + CuAl,) eutectic or the blocky
CuAl, phase, nucleating on preexisting particles, i.e.,
coarse Si particles or -AlsFeSi platelets. Similar ob-
servations have been reported by Samuel et al. [18]. The
arrows marked B and C indicate two instances of such
Si particle nucleation sites on which the (Al 4 CuAl,)
particles are seen to occur. A high magnification micro-
graph, Fig. 3b, shows the details of the (Al + CuAl,)
eutectic particle marked A in Fig. 3a. When strontium
is added to the alloy (viz., ASCS alloy), the eutectic
silicon particles become much finer compared to those
observed in the base alloy, Fig. 4. The addition of Sr
also leads to clustering of the CuAl, particles in re-
gions away from the growing Al-Si eutectic colonies.
Fig. 4 reveals that the CuAl, phase solidifies in the
blocky form rather than in the eutectic one due to
Sr-modification.

The microstructure of the ASCF alloy is exhibited in
Fig. 5, where a large number of 8-AlsFeSi platelets can
be seen in the matrix, decorated by the (Al 4+ CuAl,)
particles. The microstructures of ASCFS-1 (Fig. 6)
and ASCFS-2 (Fig. 7) alloys show that the B-phase
and the blocky CuAl, phase are connected to each
other, viz., the B-platelets act as nucleation sites for
the copper phase particles. Due to the presence of Sr
in the alloy, the two phases occur in regions away from
those occupied by the (well-modified) Al-Si eutectic.
Also, on account of its higher Fe content, the ASCFS-2
alloy (Fig. 7) displays a larger amount of the S-AlsFeSi
phase compared to ASCFS-1 alloy.

Fig. 8 shows the microstructure of H4T1 alloy (indus-
trial 319 alloy with Sr and P additions), where CuAl,
and AIP particles are observed along the dendrite cell
boundaries. When the Fe level of the alloy is increased
(viz., H20T1 alloy), the corresponding microstructure,
Fig. 9, shows no obvious differences when compared to
that of the ASCFS-2 alloy (Fig. 7). Thus, from Figs 7,
8 and 9, it can be concluded that the changes in the mi-
crostructure of 319 alloys brought out by the addition
of P are not very obvious in the presence of other ele-
ment additions, such as Fe and Sr. However, the CuAl,
particles still have the tendency to precipitate on the
B-AlsFeSi platelets.

3.3. Dissolution of CuAl, during solution
heat treatment

Solution heat treatment causes fragmentation and

spheroidization of the silicon particles which are
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Figure 3 (a) Microstructure of the experimental base alloy (ASC) in the as-cast condition; (b) High magnification micrograph showing the eutectic-like

copper phase marked A in (a).
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Figure 5 As-cast microstructure of ASCF alloy (base alloy containing 1 wt% Fe), showing a §-AlsFeSi platelet (A), and eutectic (Al 4+ CuAl,)

precipitated along the side of the S-phase (B).
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Figure 6 As-cast microstructure of ASCFS-1 alloy (base alloy containing 0.9 wt% Fe and modified with Sr). Note how the g- and Cu-phases occur
away from the Al-Si eutectic regions.

Figure 7 As-cast microstructure of ASCFS-2 alloy (base alloy containing 1.2 wt% Fe and modified with Sr). Note the larger amount of S-platelets
compared to Fig. 6.

Figure 8 As-cast microstructure of H4T1 alloy (industrial 319 alloy containing 60 ppm P and modified with Sr), showing the precipitation of the
CuAl, phase along the dendrite cell boundaries.
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Figure 9 As-cast microstructure of H20T1 alloy (industrial 319 alloy containing 90 ppm P, 0.7 wt% Fe and modified with Sr), showing a structure

similar to that of Fig. 7.

beneficial to the resultant alloy mechanical properties.
At the same time, strontium modification has also been
found to considerably lower solution treatment times
[19].

Table VI shows the Al and Cu concentrations ob-
tained in CuAl, particles observed in the experimen-
tal Al-7% Si-3.5% Cu alloy in the as-cast condition
(~0.8°C/s). The six spots listed include all possible
CuAl, morphologies existing in the sample. The data
shows that the composition of CuAl, is nearly stable
regardless its form. Again, it is necessary to point out
that the morphology of the CuAl, particles will depend
on the segregation or dispersion caused by the pres-
ence of the added elements, with no significant effect
on the stoichiometric composition of the CuAl, phase
itself.

As mentioned previously, copper forms an inter-
metallic phase with aluminum that precipitates during
solidification either as block-like CuAl, or in eutec-
tic form as (Al + CuAl,). These phases are easily dis-
tinguishable under an optical microscope. In order to
study the effect of solution heat treatment, the percent-
age area of undissolved CuAl, phase was measured for
the various alloy samples/conditions. A Leco 2001 im-
age analyzer was used in conjunction with the optical
microscope for quantitative analysis. The amounts of

TABLE VI Al and Cu concentrations (at.%) of CuAl, phase in the
experimental Al-7%Si-3.5%Cu alloy (as-cast condition; cooling rate
~0.8°C/s)

Spot no. Al Cu

1 68.994 29.850
2 68.702 30.194
3 72.106 27.021
4 63.765 27.469
5 69.117 29.799
6 75.002 23.031

undissolved CuAl, phase so determined were plotted
as a function of solution heat treatment time and are
presented in Figs 10 through 16.

Fig. 10 reveals the progress of CuAl, phase dis-
solution in the experimental ASC base alloy. After
4 hours’ solution treatment at 505°C, the quantity of
CuAl, phase decreases abruptly from 2.6% to 0.77%,
i.e., about 70% of the total CuAl, phase has been dis-
solved in the matrix. With further solution treatment, up
to 48 h, the CuAl, phase dissolves very slowly, reach-
ing 0.03%. Prolonged solution treatment, i.e., 100 h,
tends to put the rest of the copper into the surround-
ing aluminum matrix. It should be mentioned here that
the term “complete dissolution” is taken to mean that
the CuAl, particles cannot be detected in the matrix by
optical means (at 500X magnification).

In the case of the modified alloy (viz., ASCS alloy,
Fig. 11), most of the CuAl, (~2.7%) is dissolved after
12 hours. Thereafter, the percentage of the remaining
CuAl, phase (~0.5%) reduces slowly with further in-
crease in solution time. Compared to the base alloy
(ASC), the amount of undissolved CuAl, phase in the
ASCS alloy was about 20% higher in the as-cast con-
dition. This is to be expected, as the Sr-modification
should obviously slow down the rate of CuAl, disso-
lution due to its effect on the segregation of the CuAl,
phase during solidification.

Comparing Fig. 12 (ASCF alloy) with Fig. 10 (ASC
alloy), the addition of Fe shortens the time needed for
dissolution of the CuAl, phase to 24 hours, i.e., almost
half of the time needed in the case of the base alloy to
reach the same level of dissolution. The addition of Fe
to the base alloy assists in the dispersion of the CuAl,
particles, since the 8-AlsFeSi phase, which precipitates
before the Al-CuAl, eutectic (as inferred from the cor-
responding cooling curve) provides nucleation sites for
the CuAl, particles. Consequently, there is much less
tendency for CuAl, phase segregation to occur, leading

1209



Figure 10
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Figure 13 CuAl, phase dissolution in ASCFS-1 alloy during solution heat treatment at 505°C as a function of solution treatment time.

to smaller CuAl, particle sizes. Thus, during solution
heat treatment, these CuAl, particles will be much more
easily dissolved.

The ASCFS-1 alloy and the ASCFS-2 alloy (Figs 13
and 14, respectively) have more or less similar com-
positions. The differences between the two dissolution
curves are caused by the difference in their Fe concen-
trations. The somewhat higher Fe level in the ASCFS-2
alloy will increase the dispersion and thus accelerate
the dissolution of the CuAl, particles under the same
conditions of solution heat treatment. It is also inter-
esting to note how the effects of Sr and Fe addition on
the CuAl, phase counteract one another in comparing
Figs 12, 13 and 14 for ASCF, ASCFS-1 and ASCFS-2
alloys, respectively.

The results obtained for the H4T1 alloy (industrial
319 alloy with Sr and P additions), Fig. 15, showed a
different behavior, in that the dissolution of the CuAl,
phase was found to be very sluggish in this alloy. After
8 hours of solution heat treatment, only 60% of the orig-
inal amount of CuAl, phase observed in the structure
was dissolved. Even after 100 hours, about 0.41% of the
CuAl, phase remained undissolved. This observation is
attributed to the presence of AIP particles that reinforce
the segregation of CuAl,; at the dendrite cell boundaries.
The data for H20T1 alloy presented in Fig. 16 exhibits
clearly that iron has the ability to neutralize this nega-
tive effect of phosphorus.

A summary of the above results is presented in
Table VII, where the effects of the various element
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Figure 14 CuAl; phase dissolution in ASCFS-2 alloy during solution heat treatment at 505°C as a function of solution treatment time.
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Figure 15 CuAl; phase dissolution in H4T1 alloy during solution heat treatment at 505°C as a function of solution treatment time.
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Figure 16 CuAl, phase dissolution in H20T1 alloy during solution heat treatment at 505°C as a function of solution treatment time.

additions on the dissolution of CuAl, as a function
of solutionizing time are provided for the seven alloys
studied, in terms of the amount of time required to reach
0.5% remaining CuAl, phase and complete dissolution.
These results were obtained from the image analysis
measurements; the Si particles were also observed to
undergo morphological changes with the increasing so-
lution heat treatment time. However, while the S-iron
phase essentially retained its plate-like morphology,
the dissolution of the platelets with increasing solu-
tion heat treatment time was also observed (as will be
discussed at the end of the next section). These observa-
tions are in good agreement with the conclusions drawn
by Crowell and Shivkumar [20].

3.4. Electron probe microanalysis (EPMA)
Fig. 17 exhibits the two distinct forms of the copper
phase: (a) the eutectic-like (Al+ CuAl,) phase, and
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TABLE VII Summary of dissolution of CuAl, phase at 505°C as a
function of alloy composition and time

Time to reach 0.5% of
undissolved CuAl, phase

Time to reach approx.
complete dissolution of

Alloy (hr) CuAl, phase (hr)
ASC 8 48
ASCS 12 ~100
ASCF 4-8 24
ASCFS-1 8-12 ~T72
ASCFS-2 8 ~24
HA4T1 >72 >100
H20T1 ~20 ~48

(b) the blocky CuAl, phase that were observed in the
present alloys. The EDX spectrum obtained from the
CuAl, particles shown in (b) is given in Fig. 17c, in
which strong reflections due to Al and Cu can be ob-
served. The block-like morphology of the CuAl, phase
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Figure 17 Backscattered images of (a) eutectic copper phase, (b) blocky copper phase, and (c) EDX spectrum obtained from CuAl, particles shown

in (b), where strong reflections due to Al and Cu can be seen.

particles in Fig. 17b is clearly brought out when one
compares it to the eutectic-like particles observed at the
top right corner in the micrograph. The backscattered
image of the as-cast microstructure of the Sr-modified
HA4T1 alloy in Fig. 18a clearly reveals the segregation of
the copper phase particles in the interdendritic regions.
The high magnification micrograph of Fig. 18b depicts
details of the segregated region. It can be noted that due
to the presence of Sr, the CuAl, phase particles pre-
cipitate mostly in the blocky form along the B-platelet
sides. Fig. 18c shows the microstructure of H20T1 alloy
(industrial 319 alloy containing Sr, Fe and 90 ppm P)
after 8 hours solution heat treatment. As expected, some
blocky CuAlj still exists in the microstructure, together
with a scattering of fine CuAl, particles in the modified
Si particle regions.

Fig. 19a shows the backscattered image of the H20T1
(33 ppm P) alloy sample, while Figs 19b and c depict
the corresponding X-ray images of Al and P. The arrows
in each case point to segregated block-like CuAl, parti-
cles. Figs 19d and e, taken at high magnification, show
the X-ray images of Cu and P in the block-like CuAl,
phase, respectively, where the diffusion of phosphorus
inside these particles is clearly observed from the lat-
ter figure. The corresponding WDS analysis revealed
that the maximum solubility of P in the copper phase
did not exceed 0.1 at pct. As shown elsewhere [21], the
block-like copper phase is believed to be nucleated by
(Al,P)O, oxide particles.

The segregation of blocky CuAl, particles on the
B-AlsFeSiplatelets in the as-cast ASCFES alloy is shown
in Fig. 20. A high magnification backscattered image

taken from ASCEFS alloy (Fig. 21) illustrates the main
process of fragmentation and dissolution of the CuAl,
particles, which involves: (i) separation of the CuAl,
particles from the B-phase after 8 hours solution heat
treatment, followed by (ii) necking and spheroidiza-
tion of the fragmented CuAl, particles, and (iii) radial
diffusion of Cu atoms into the surrounding aluminum
matrix.

The backscattered image taken from H4T1 alloy sub-
jected to 8 hours solution heat treatment at 505°C re-
veals undissolved spheroidized CuAl, particles in a
segregated region away from the Al-Si eutectic area
(Fig. 22). It is interesting to note how the fine CuAl,
particles scattered over the Si particles in Fig. 18c for
the as-cast 319 alloy are almost absent after 8 h solution
treatment.

Fig. 23 is a general view of the microstructure of
H4T1 alloy after 100 h solution treatment at 505°C, re-
vealing the almost complete dissolution of the CuAl,
phase, although a few particles are still observed in the
matrix. At the same time, it is also noticed that, during
the process of dissolution, the Al and Cu concentra-
tions in the CuAl, phase remain practically stable, as
shown in Table VIII. Therefore, it may be suggested that
the dissolution of the CuAl, phase occurs by diffusion
of the Cu atoms in the outer layer of the CuAl, phase
particles into the surrounding matrix, without changing
the chemical composition of the remaining portions
of the particles, even after 100 h at 505°C.

The line scans corresponding to ASCFS alloy follow-
ing 8 h and 100 h solution heat treatment times are pre-
sented in Figs 24b and 25b, respectively, taken across
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Figure 18 (a) Backscattered image of CuAl, phase distribution in as-cast H4T1 alloy, (b) high magnification micrograph of the Cu phase segregation
area shown in (a), and (c) fine CuAl, particles scattering on the modified Si particles in as-cast H20T1 alloy.
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Figure 19 (a) Backscattered image, and X-ray images of (b) Al and (c) P underneath CuAl, particles observed in H20T1 alloy (ASC alloy containing
Fe, P and Sr); high magnification X-ray images of (d) Cu and (e) P in the block-like CuAl, phase, taken from the same sample.
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Figure 20 Microstructure of CuAl, particles precipitated on the S-plate in the as-cast ASCFS alloy.

the paths marked AB in the corresponding Figs 24a
and 25a. These scans reveal the concentration gradients
of Cu across the area containing the Cu-phase parti-
cles. The Cu concentration in the matrix around the
CuAl, particles in Fig. 24b is ~4 wt% after 8 h solu-

tion treatment—much higher than the Cu concentration
(~2 wt%) in the aluminum matrix after 100 h solution
heat treatment, Fig. 25b. Thus, during the process of
solution heat treatment, the Cu atoms diffuse in the ma-
trix, far away from the remaining undissolved CuAl,.
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Figure 21 Backscattered image showing the dissolution process of CuAl, particles in ASCFS alloy after 8 h solution heat treatment at 505°C: (1)
separation of CuAl, from B-plate, (2) necking of CuAl, cluster, (3) spheroidization of CuAl, and reduction in the size of CuAl, fragments.

Figure 22 Backscattered image showing CuAl, dissolution in H4T1 alloy after 8 hours solution heat treatment at 505°C.

Figure 23 Backscattered image taken from H4T1 alloy after 100 hours solution heat treatment at 505°C.
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Figure 24 (a) Backscattered image of CuAl, particle in ASCFS alloy after 8 hours solution heat treatment; (b) the concentration profile of Cu along

the path AB in (a).
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Figure 25 (a) Backscattered image of CuAl, particle in ASCFS alloy after 100 hours solution heat treatment; (b) the concentration profile of Cu

along the path AB in (a).
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Figure 26 X-ray image of Cu in ASCEFS alloy after: (a) O hr, (b) 8 hr and (c) 100 hr solution heat treatment at 505°C.

This is consistent with the X-ray image for Cu shown
in Fig. 26, corresponding to the (a) as-cast, (b) 8 h
solution-treated, and (c) 100 h solution-treated samples
of ASCEFS alloy. Table IX reveals the maximum Cu
counts obtained from WDS analysis of ASCFS alloy
shown in Fig. 26. Due to the diffusion of Cu during

solution heat treatment, the maximum Cu concentration
in the CuAl, particle shows a reasonable decrease. It is
also interesting to note the sponge-like appearance of
the B-phase shown in Fig. 25a, after 100 h solutionizing
at 505°C, and compare it to the solid platelet seen in
Fig. 20 for the as-cast condition.
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TABLE VIII Aland Cu concentrations (at.%) in CuAl, phase parti-
cles during solution heat treatment at 505°C

Sr concentration Time of solution

(ppm) heat treatment (hr) Al Cu

0 (ASC) 0 68.647 29.285
8 69.764 29.328
100 69.287 28.267

200 (ASCS) 0 68.691 30.290
8 68.941 30.118
100 68.713 30.456

TABLE IX Maximum Cu counts obtained from WDS analysis for
ASCEFS alloy after different solution heat treatment times

Solution treatment

time (hr) Counts
0 1806
8 1646
100 1383

4. Conclusions

Based on our study of the effect of Sr, Fe and P element
additions on the precipitation and dissolution of CuAl,
phase in 319 type Al-Si-Cu alloys (following different
solution heat treatment times at 505°C), the following
conclusions can be made:

1. Addition of Sr leads to segregation of the copper
phase in regions away from the Al-Si eutectic. This
results in:

i) an increase in the amount of blocky CuAl; in the
as-cast alloy (~17.7%, cf. 2.60% in the unmodi-
fied alloy).

ii) slowing down the rate of CuAl, dissolution on
account of the CuAl, segregation during solidifi-
cation.

2. Addition of Fe results in dispersion of the CuAl,
phase and hence accelerates its dissolution during solu-
tion heat treatment. The precipitation of the 8-AlsFeSi
phase provides nucleation sites for the precipitation of
the copper phase, which, in turn, reduces the severity of
CuAl, segregation. In this case, the blocky CuAl, form
as small particles, which can be greatly beneficial in
enhancing the CuAl, dissolution during solution heat
treatment.

3. The CuAl, phase particles are more or less com-
pletely dissolved in the Al matrix after 100 hours so-
lution heat treatment in all the alloys studied, except
in the case of the 319 alloy containing both P and Sr,
where the dissolution of the CuAl, particles is slowed
down considerably during solution heat treatment. The
presence of Sr leads to severe segregation of the CuAl,
phase during solidification, whereas the negative effect
of P is due to (a) its solubility in the CuAl, phase parti-
cles, and (b) the formation of (AL,P)O, oxide particles
that act as nucleation sites for the precipitation of the
block-like CuAl, phase. However, introduction of Fe to
the alloy can assist in neutralizing this negative effect
of phosphorus.
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4. The mechanism for the dissolution of the CuAl,
phase during solution heat treatment can be proposed as
follows: (i) separation of the CuAl, phase particles from
the B-AlsFeSi platelets, (ii) necking of the CuAl, phase
particles followed by spheroidization, (iii) dissolution
of the spheroidized CuAl, particles by radial diffusion
of Cu atoms into the surrounding aluminum matrix.
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