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Precipitation-hardening in cast AL-Si-Cu-Mg alloys
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Abstract Age-hardenable aluminum-silicon alloys have
attracted increasing attention in recent years, particularly as
a result of the demand for lighter vehicles as part of the
overall goal to improve fuel efficiency and to reduce vehicle
emissions. Among these aluminum cast alloys, the 319-type
alloys have become the object of extensive investigation
considering their practical importance to the transport
industry. All the experimental variables, such as solidifica-
tion condition, composition, and heat treatment, are known
to have an influence on precipitation behavior; precipitation-
hardening, however, is the most significant of these because
of the presence of excess alloying elements from the
supersaturated solid solution which form fine particles and
consequently act as obstacles to dislocation movement. The
precipitation-hardening behavior of a Sr-modified 319-type
alloy containing 0.4% Mg was investigated for this study
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using transmission electron microscopy. Non-conventional
aging cycles were applied so as to evaluate the degree of the
improvement in strength potentially obtainable. The results
show that the main strengthening phase is 8-Al,Cu occurring
in the form of plates; other phases were observed as minor
constituents in this alloy, including the binary f/-Mg,Si, the
ternary S-CuAIMg,, and the quaternary Q-AlsCu,Mg,Si;.

Introduction

Aluminum-silicon—copper 319-type cast alloys are of
commercial importance because of their various applica-
tions in the automotive industry. These alloys offer a
combination of a high degree of achievable strength with
excellent castability, light weight and good machinability
with regard to both permanent molds and sand castings.
These advantages make such alloys suitable for the pro-
duction of pistons, engine blocks, and cylinder heads,
among a number of other parts [1, 2].

This particular alloy system, however, is seldom used in
its as-cast state since it yields relatively poor mechanical
properties. For this reason, a number of attempts are now
being made to improve these mechanical properties
including chemical treatment, reducing the porosity, solid
solution hardening, and precipitation-hardening [3-8]. All
the experimental variables, such as solidification condition,
composition, and heat treatment are known to have an
influence on precipitation behavior; precipitation-harden-
ing, however, is the most significant of these because of
the presence of excess alloying elements from the super-
saturated solid solution which form fine particles and
consequently act as obstacles to dislocation movement
[7-10].
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Table 1 Mean chemical composition of the 319 alloy used in this
study

Table 2 Non-conventional heat treatment regimes employed in this
study

Element Si Cu Fe Mg Mn Zn Ti Sr

wt% 6.17 357 0.09 043 0.001 0.008 0.16 0.020

Caceres [11] reported that metastable 6'-Al,Cu is the
primary strengthening phase responsible for the precipita-
tion-hardening response produced by these alloys. Also, it
has been reported that the response of the 319 alloy to arti-
ficial aging may be improved by adding Mg; thus, the find-
ings of Ouellet and Samuel [12] indicate that the addition of
0.45% Mg enhances the response of the alloy to this specific
treatment particularly in the T6 condition, where improve-
ments of more than 40% in strength were obtained. The alloy
in question contained a substantial level of Mg in comparison
with alloys which had been treated at the same temperature
and for the same duration of time, i.e., at 180 °C for 8 h, and
which contained noticeably low levels of Mg, that is to say,
about 0.06%.

Other more complex intermetallic phases may emerge,
depending on the ratio of the different elements present in the
alloy; such phases may include S-Al,CuMg, Q-Als
Cu,Mg,Si;, and 2-AlsCu,MggSis among others [9, 13-17].
The identification of these phases, however, presents a cer-
tain amount of difficulty since most of them display the
morphology of needles or very fine plates. In some cases, the
precipitates are extremely difficult to identify positively
using only the techniques applied for this study; and there are
even times when atomic resolution equipment may be
required [18-20].

An extensive amount of information is available on the
heat treatment and type of precipitation observed in
Al-Si-Mg alloys; [21-24] alloy 319, however, belongs to
the Al-Si—Cu—Mg alloy system and its aging behavior dif-
fers since more complex interactions occur than in the alloys
which belong to the Al-Si—-Mg system. The challenges
inherent in the 319-type alloys arise from the small size of
the precipitate and the complex aging response caused by the
multi-components. It is important to determine the chemical
composition, crystal structure, and orientation relationship
as well as precipitate morphology beforehand to understand
the ensuing precipitation behavior and strengthening mech-
anism. For this reason, an analytical transmission electron
microscope (TEM) was used to identify the structure and
morphology of the various precipitates observed in alloy 319
under different aging conditions (Table 1).

Experimental procedures

The 319 as-received alloys, in the form of 12.5-kg ingots,
were cut into smaller pieces, cleaned, dried, and melted in a
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A 2hat 190 °C + 5 h at 180 °C
B 2 hat 190 °C + 100 h at 25 °C + 3 h at 180 °C
C 24 h at 130 °C + 2 h at 240 °C
D 1hat170°C + 1 h at 190 °C + 2 h at 240 °C

7-kg capacity SiC crucible, using an electrical resistance
furnace. The melting temperature was maintained at
750 £ 5 °C. At this temperature, controlled amounts of
Mg in the form of a pure metal were added by means of a
perforated graphite bell. Strontium was added as an
Al-10%Sr master alloy. Table 2 shows the mean chemical
composition of the alloy used in this study, as obtained
from samplings for chemical analysis taken from the cor-
responding melts. The chemical analysis was carried out
using arc spark spectroscopy at the GM facilities in
Milford, NH. The molten metal was degassed using
pure, dry argon injected into the melt for ~40 min by
means of a rotating graphite degassing impeller, at a rota-
tion speed of 125 rpm, to ensure homogeneous mixing of
the additives.

Tensile test bars were produced by pouring the degassed
molten metal at 450 °C into a preheated permanent steel
mold of the ASTM B 108 type. The average Dendrite Arm
Spacing (DAS) of the sample in the testing gauge was
25 um. The test bars were separated into ten sets, each
containing five bars, as follows: one set was kept in the
as-cast condition, the second set was solution heat-treated
at 495 °C/8 h with a heating rate of up to 93 °C/h, then
quenched in warm water at 60 °C. The subsequent eight
sets were submitted to artificial aging processes as follows:
four sets were aged at 170 °C for seven different aging
time periods of 2, 4, 6, and 8 h while the remaining four
sets were aged at 240 °C for the same seven aging time
periods. The solution and aging heat treatments were car-
ried out in a forced-air Blue M Electric Furnace equipped
with a programmable temperature controller which is
accurate to within £2 °C. The aging delay was less than
10 s.

A number of non-conventional aging treatments were
also carried out so as to evaluate the behavior of the 319
alloy subjected to these treatments; this approach was
adopted since there is some evidence reported in the lit-
erature [25-28] that non-conventional aging practices may
improve the properties of wrought aluminum alloys by up
to 30% in terms of tensile strength, yield strength, and
hardness. A list of the non-conventional treatments used in
this study is presented in Table 2.

The as-cast and heat-treated test bars were pulled to
fracture at room temperature at a strain rate of 4 x 10™%/s
using a Servohydraulic MTS Mechanical Testing machine.
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A strain gauge extensometer was attached to the test bar to
measure percentage elongation as the load was applied.
This machine was recalibrated each time any further testing
was carried out.

The microhardness of the fractured tensile bars was
measured. Two coupons, each 1 cm in length, were obtained
from a cross-sectional area about 1 cm from the fracture
surface of each bar. These coupons were mounted in cold
mounting resin, then ground and polished as is typically
done for metallographic samples so as to obtain a flat mirror-
like surface. Five microhardness readings were taken for
each coupon using a Vickers hardness tester (Future Tech,
model F11-7) equipped with a diamond indenter having a
square-shaped base and an angle of 136° between facets; the
load used was 100 gf. The tester was checked for calibration
by taking ten hardness readings on a standard test block
before proceeding to measure the treated samples. For each
aging condition, the average of the values obtained for four
coupons is presented here together with its respective stan-
dard deviation value.

For the TEM analysis, thin foils were cut from the tensile
bars using a high-precision diamond disk cutter at low
speeds. These foils were mechanically polished to a thick-
ness of ~100 pm, followed by electrolytic jet polishing in a
Struers Tenupol 3 electrolytic cell. The etchant used was a
solution of 30% nitric acid and 70% methanol, while the
temperature was maintained at —40 °C. Observation was
carried out by means of a JEOL JEM-2100F transmission
electron microscope equipped with an EDAX™ chemical
analysis system, and operated at 200 keV.

Results and discussion
Tensile properties and microhardness measurements

Figure 1 summarizes the variations to be observed in
ultimate tensile strength, yield strength, and Vickers
microhardness values as obtained for the as-cast, solution
heat-treated, and artificially aged alloy. It will also be
observed from the figure that the aging peak is reached
after the aging treatment has been applied for 8 h at
170 °C. The properties obtained as a result of this treat-
ment cannot be improved upon further using non-conven-
tional aging cycles such as Treatment A. It should also be
noted that Treatment B does not produce any significant
changes when compared to Treatment A. Aging at 240 °C
reveals that the tensile strength and microhardness of the
alloy decrease when the aging time is increased. The values
obtained by applying Treatments C and D are comparable
to those obtained by aging for short periods of 2 and 4 h at
240 °C.
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Fig. 1 Ultimate tensile strength UTS, yield strength YS, and microh-
ardness values for the 319 alloy under various conditions of heat
treatment

Precipitation-hardening

The precipitation sequence which occurs during the aging of
Al alloys is complex and goes through a number of inter-
mediate stages before the formation of equilibrium precip-
itates. In AI-Si—~Cu-Mg alloys, the precipitation sequences
derived from the supersaturated solid solution are generally
believed to be as follows: GP zones —» 0" - (' — 0
(Al,Cu, equilibrium) and GP zones — " — f/ — f
(Mg,Si, equilibrium) [29, 30]. For a given aging tempera-
ture, the sequence and type of phases which form are
strongly composition-dependent. Such sequences and types
are in turn determined by the equilibrium phases which may
eventually form in the alloys.

As-cast condition

Figure 2a shows a micrograph of the microstructure
observed in the as-cast material. Since no heat treatment was
applied to the alloy, large undissolved particles may be
observed in the microstructure. Thus, in the figure, the white
arrow indicates the presence of a prominent undissolved Si
particle measuring ~0.75 pm. The inset in the image rep-
resents the diffraction pattern obtained from the Si particle;
the zone axis is [1 12]. Figure 2c shows the energy disper-
sive X-ray spectrum (EDS) of the particle, showing a large
Si peak. Figure 2b shows an image obtained from the same
sample in scanning transmission electron microscope mode
(STEM) where several TiAlsz, Al;s(Fe,Mn);Si,, and undis-
solved Cu-rich phases are present.

Solution heat-treated condition
Figure 3a—c shows TEM images of the microstructure

observed after solution heat treatment. The difference in
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Fig. 2 TEM microstructure
observed in the as-cast sample.
a Bright-field image, the arrow
points to a Si particle, while the
inset shows the corresponding
diffraction pattern; b STEM
image showing elongated
Cu-rich precipitates, with TiAl;
and Al;s(Fe,Mn);Si, particles;
¢ EDS spectra of

precipitates in a
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the coefficients of thermal expansion between the matrix
and the intermetallic phases observed in the microstructure
will cause dislocations to appear. These dislocations
release thermal stress generated during quenching from the
high solution treatment temperature and tend to form tan-
gles together with the equiaxed Si particles present in the
o-Al matrix [9, 30, 31]. Figure 3b shows a dark-field image
where precipitates in the form of rods may be observed.
Energy dispersive analysis of the precipitates revealed that
these are rich in both Cu and Mg indicating that they are
possibly the ternary phase S-CuMgAl, which is not dis-
solved by the solution treatment [32].

Figure 3c shows a bright-field image of the same sam-
ple after solution heat treatment. The image was obtained
in the double-beam condition near the [001] zone axis.
The morphology of the equiaxed silicon particles may
be clearly seen here marked with white arrows. Small
B-Mg,Si plate precipitates which are slightly bigger than
the Si equiaxed particles may also be observed. These par-
ticles measure approximately 50 x 10 nm which is in accu-
rate mode conformity with the literature [18, 22, 33-37].
These precipitates are marked with black arrows in Fig. 3c.
It is possible that the -phase particles present in the matrix
did not dissolve, since the solution temperature required for
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dissolving the Mg in the alloy is usually higher than the
temperature used for this research study [29]. Because
alloys of the 319-type contain Cu, the solution temperature
should be maintained at a lower level with a maximum of
500 °C to avoid incipient melting of the Cu-rich phases
during the solution treatment [38—40], a situation which
would be detrimental in terms of the mechanical properties.

Artificial aging condition

The topic of the early mechanisms of the aging process has
already been discussed extensively by different researchers
[14, 41, 42]. Figure 4 shows a high-magnification bright-
field image obtained from the sample aged at 170 °C for
4 h with the electron beam parallel to the [001] zone axis;
the inset in the image shows the selected-area diffraction
pattern obtained. It will be clearly observed that the GP
zones are oriented in the (001) orthogonal directions of the
a-Al matrix. The streaking to be seen along the (100)
directions is a typical indication of the presence of GP
zones within the matrix.

Figure 5a shows a low-magnification STEM image of
the aged sample in which TiAl; and Si particles may be
observed. The square indicates the area from which the



J Mater Sci (2010) 45:641-651

645

_

Fig. 3 TEM microstructure of solution heat-treated sample. a Bright-field image with low magnification, showing TiAls; b dark-field image, the
arrows indicate the precipitation of Al,CuMg; c bright-field image showing the precipitation of the Mg,Si phase

10 nme

Fig. 4 TEM images of precipitates in the aged sample at 170 °C/4 h,
the inset is the corresponding selected-area diffraction pattern

X-ray mapping was obtained. It should be noted that the
mapping for the Mg Ko energy indicates that this element
is distributed throughout the area indicated by the square
and that no Mg-containing precipitates may be distin-
guished. Elements such as Ti, Si, and Cu seem to appear in
the same region as the elongated precipitate. Figure 5b,
however, shows another STEM image, at high magnifica-
tion, of a region where the TiAls, Si, and Cu precipitates
appear. From the X-ray mappings, it will be observed that
particles containing Si and Cu seem to be located under-
neath the Ti-containing particle which has a rhomboid
shape. The brighter area in the square corresponds to the
Cu particle. The Ti present in the alloy comes from the
grain refiner used during the casting process, namely, TiB,.

Figure 6a—c shows TEM images, obtained in the double-
beam condition near the zone axis [001], showing the
microstructure observed in a sample aged at 170 °C for
8 h. This aging condition is the one which yielded the
strength and hardness peak. It will be observed that there
occurs a dense precipitation of the ¢’-Al,Cu metastable
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Fig. 5 STEM image of the sample aged at 170 °C/4 h at a low
magnification and b high magnification; the corresponding X-ray
mappings of the region are indicated in the black square

phase. This behavior is to be expected since Al,Cu pre-
cipitates are the ones responsible for the strengthening
mechanism for this type of alloy which was aged to the
maximum strength or T6 condition [31, 43]. The plate-like
Al,Cu has an average size of 35 x 5 nm and precipitates
in the (100) directions of the matrix [44].

Figure 7a shows the microstructure which may be
observed in a sample treated by means of the overaging
condition, that is to say, aged at 240 °C for 8 h. The
microstructure consists of plate-like 0-Al,Cu particles in
the o-Al matrix. The image was obtained in the double-
beam condition for which the corresponding selected-area
diffraction pattern is presented in Fig. 7c, the zone axis
being [011]; it should be noted that there are discrete dif-
fraction maxima appearing as additional spots in the dif-
fraction pattern. These additional spots belong to the
diffracting planes of the 0-Al,Cu phase. Figure 7b is a
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bright-field image showing an area of Fig. 7a at high
magnification, where the 0-Al,Cu particles may easily be
examined. These particles precipitate in the orthogonal
(100) directions of the matrix. Electron diffraction spectra
and X-ray maps were obtained to elucidate compositional
information from the precipitates observed in the figure.

Figure 8a presents an STEM image of the microstruc-
ture observed in samples having undergone an overaging
treatment accompanied by the corresponding X-ray maps
for the different elements present in the alloy. The X-ray
maps relate to the area indicated by the white square in the
STEM image. As expected, the aluminum map indicates
that this element is present throughout the area; silicon
particles in the form of equiaxed precipitates may also be
seen, indicated by black arrows in the image. These equi-
axed Si particles do not grow any larger than 50 nm even
after the application of overaging treatments such as aging
at 240 °C for 8 h. The white arrows indicate where the Cu
plates may be observed. The Mg map indicates the
Mg-content of the tiny plates measuring ~20 x 5 nm
observed close to the Cu-containing plates. The map for Ti
indicates that it is not present in this area; thus, large TiAlz
rods were not observed in the instance of this particular
aging condition.

Figure 8b shows a further STEM image at high magni-
fication where an X-ray line scan was taken along the black
line AB, from points A to B. Figure 8c shows a graph
depicting the intensity of the characteristic X-rays emitted
by Al, Si, Cu, and Mg along the line scan path AB shown in
Fig. 8b. It will be observed that the plate-like particle con-
tains Al and Cu; the next particle could potentially be a small
needle of the quaternary phase Q-(Al;Cu,Mg,Si;) since the
intensity of all the elements presented in the graph increases;
this type of particle, however, would be present only as a
minor species [18, 45]. It has been reported, for other cast
alloys such as alloy 339, that particles of the quaternary
phase Q tend to nucleate on Si particles [18]. The average
size of the Q phase is 50 x 5 nm.

Comparison between conventional
and non-conventional aging cycles

Figure 9a and b illustrates the comparison between a
sample which was aged continuously to obtain a peak-aged
condition by applying a T6 treatment at 170 °C for 8 h, and
a sample which had been aged by applying a T6-type
multi-temperature aging cycle of 2 h at 190 °C followed by
5 h at 180 °C, respectively. The values obtained for UTS,
YS, and microhardness were slightly lower for the sample
aged by means of the multi-temperature treatment; thus,
406 MPa UTS, 386 MPa YS, and 128 VHN compared to
423 MPa UTS, 398 MPa YS, and 134 VHN in the case of
the former treatment. A comparison of Fig. 9a and b will
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Fig. 6 TEM microstructures of aged sample at 170 °C/8 h. a Bright-field image, b dark-field image, ¢ STEM

reveal that the plate-like particles are more widely spaced
in the sample previously aged with a multi-temperature
treatment, as shown in Fig. 9b, than they are in the sample
aged using the continuous T6 aging treatment, shown in
Fig. 9a.

Figure 10a and b shows the comparison between a
sample which was aged using Treatment A, namely, 2 h at
190 °C and 5 h at 180 °C, and a sample which was aged
using the same treatment but with the addition of an
intermediate interruption stage at room temperature, that is
to say, 2 h at 190 °C, 100 h at 25 °C, and 5 h at 180 °C.
Figure 10c and d shows the comparison between a sample
aged by the application of a continuous T7 treatment, 2 h at
240 °C, in contrast with a sample which had been sub-
mitted to aging through a T7-type multi-temperature
treatment, in other words, for 1 h at 170 °C, 1 h at 190 °C,
and then 2 h at 240 °C. It will be observed from Fig. 10c
that when overaging is instigated, a characteristic coars-
ening of the Al,Cu plates occurs. This coarsening will lead
to the same type of microstructure as was presented in
Fig. 7b which shows a higher density of coarse
Cu-containing precipitates; this figure corresponds to the

thoroughly overaged material which had been aged at
240 °C for 8 h. Both the bright-field images presented in
Fig. 10c and d were obtained using the double-beam con-
dition with the transmitted beam parallel to the [001] zone
axis. The equiaxed precipitates observed in both the images
correspond to the S-CuMgAl, ternary phase. More of these
precipitates may be observed in Fig. 10d. These particles
display a rod-like morphology, where the rods measure
about 100 nm in length and 10 nm in thickness. The ori-
entation of this phase is parallel to the zone axis of the
images and will, therefore, appear as dots or equiaxed
particles [18, 32, 46, 47].

It will also be observed that the coarsening of the Al,Cu
plates is not present in Fig. 10d and that there is still a high
concentration of plate-like precipitates. This behavior
indicates that the inclusion of certain underaging stages
before the actual overaging stage would be beneficial to the
material since it delays the overaging process. Such a delay
could be explained by the fact that underaging carried out
at lower temperatures ranging from 150 to 190 °C would
cause nucleation of the early metastable phases. Later
on, when the temperature has risen to the overaging

@ Springer



648

J Mater Sci (2010) 45:641-651

200
a0y

A\

(11-1) &

2 1/nm

Fig. 7 TEM microstructures of aged sample at 240 °C/8 h (overaging). a Bright-field image at low magnification, b bright-field image at high

magnification, ¢ selected-area diffraction pattern of 6-Al,Cu phase

temperature, or 240 °C, these metastable phases will dis-
appear. Subsequently there will be a local enrichment of
the atoms contained in the metastable phases, however,
which in turn will produce a smaller and better distributed
stable phase during overaging, thereby improving the
mechanical properties of the material to some extent.

The application of an underaging stage before over-
aging does not always improve the mechanical properties.
Figure 10e shows a bright-field TEM image obtained
from a sample aged by means of Treatment C, namely,
24 h at 130 °C and 2 h at 240 °C. This multi-temperature
treatment yielded lower property values than did the
continuous T7 overaging cycle (333 MPa UTS, 283 MPa
YS, and 100 VHN compared with 355 MPa UTS,
306 MPa YS, and 110 VHN). The image was obtained
using the double-beam condition, with the transmitted
beam parallel to the [001] zone axis. The microstructure
observed in the sample shows Al,Cu plates still present-
ing a homogeneous distribution in the matrix. Some
Al,Cu plates may also be observed in the form of thick
plates, indicating that the transformation of the metastable
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0’-Al,Cu to the stable 0., has occurred. The Al,Cu plates
are indicated in Fig. 10e by the white arrows. The darker
particles present in the microstructure consist of Si
plates; these are indicated by the black arrows. Rod-like
S-CuMgAl, precipitates are also present in the structure,
as marked by the dotted black arrows. The coarsening of
strengthening precipitates such as Al,Cu, Mg,Si, CuMgAl,,
and so forth, may have a detrimental effect on the mechani-
cal properties of the alloy. This behavior is to be expected,
since the underaging stage of the multi-temperature treat-
ment is relatively long, namely, 24 h; there is, however,
sufficient time for these phase precipitates to coarsen and
form the thick plates and particles which may be observed
in Fig. 10e.

Conclusions
The following conclusions may be drawn from observation

of the microstructures as made in this study on the pre-
cipitation-hardening behavior of 319 alloys:
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Fig. 8 STEM image of the
aged sample at 240 °C/8 h at

a low magnification, the
corresponding X-ray mappings
of the region are indicated in the
black square; b high
magnification, showing the area
from which X-ray maps and a
line scan were obtained; ¢ graph
of the X-ray intensities obtained
across the line scan AB
indicated in b

Si Ka

Ti Ka

Intensity (a. u.)

Distance

Fig. 9 Bright-field TEM images of a peak-aged sample (170 °C/8 h), b sample aged at 190 °C/2 h + 180 °C/5 h

1. Precipitates of CuMgAl, and Mg,Si were identified in
the solution heat-treated alloy; these phases, however,
are present only as a minor species. Another feature
observed was the presence of dislocation tangles which
appear as a result of the difference in coefficients of
thermal expansion between the matrix and the interme-
tallic phases present. Dislocations release thermal stress

2.

generated during quenching from high solution treat-
ment temperatures, and they tend to form tangles
together with the equiaxed Si particles present in the
o-Al matrix.

The peak aging condition, or aging at 170 °C for 8 h,
shows a dense homogeneous precipitation of §'-Al,Cu
plates which are the main contributor to strengthening
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Fig. 10 TEM images of precipitates in the samples at different aging stages. a 190 °C/2 h + 180 °C/5 h, b 190 °C/2 h + 25 °C/100 h +
180 °C/5 h, ¢ 240 °C/2 h, d 170 °C/1 h 4 190 °C/1 h + 240 °C/2 h, e 130 °C/24 + 240 °C/2 h

in 319-type alloys, oriented in the (100) directions of the
matrix; these plates display an average size of 35 x 5 nm.
The wide spacing between the Al,Cu precipitates
observed in the sample aged by means of a T6-type
non-conventional treatment explains why this treat-
ment does not further improve the properties obtained
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by conventional T6 treatment (aging at 170 °C for
8 h). A dense precipitation of intermetallic species will
impede the movement of dislocations through the
matrix, thereby increasing the strength of the material;
when the precipitates are widely dispersed the dislo-
cations can cross between them easily.
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