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The present work was performed on Al-Si-Mg-Cu and Al-Si-Mg alloys containing measured amounts of Ni (0.4
wt% and 4 wt%), Bi (1.0 wt%), Ca (0.5 wt%), Sr (0.015 wt%), 10 vol%SiC(p), and 20 vol%SiC(p). After sol-
utionizing treatment, tensile bars (ASTM B108) were aged in the temperature range of 155 °C-350 °C for up to
100 h. The results of 700 tensile bars show that although the value of E is the ¥ = E1+E2+ E3 +——, where Eisa
function of interparticle spacing and particle volume fraction of each type of precipitate, E can not be determined
using a simple empirical formula due to interference of other factors such as porosity, inclusions, particle/matrix
surface reaction, and precision of measuring each of the involved parameters. Considering alloying elements, the
addition of a sufficient amount of Ni (Ni/Cu > 1), in the T6 condition, produces the highest E value, about 92
GPa (Al,Cu, Al3Ni, Al3NiCu precipitates). Modification of the eutectic Si particles has a moderate improvement in
E about precipitation hardening (about 12 %). The highest E value was obtained using metal matrix composites
(359 alloy + 20 vol% SiC(p)) in the T6 condition, approximately 42 % improvement over that achieved using the

base alloy, at 110 GPa.

1. Introduction

Various heat treatments can be performed on aluminum alloys. One
of these, structural hardening, improves mechanical properties. To have
an aluminum alloy that can undergo structural hardening, the alloying
element in solution must have a higher solubility at high temperature
than at low temperature. The solubility of copper is about 4.5 %, while
at low temperatures, the solubility of the alloy is almost zero. Thus, upon
cooling, the element in solution in the aluminum matrix can supersat-
urate the matrix during solidification [1-4].

Solution heating consists of heating the aluminum within a tem-
perature range that will allow the dissolution of the alloying elements
(Cu, Mg, Si, Zn), which participate in structural hardening. The solution
time depends on the part size, the alloy, the manufacturing process, and
the type of part, which influences the microstructure of the part. These
factors determine the amount of additive element in solution, as well as
the size and distribution of the precipitates [5,6].

Aging allows the alloy to increase its mechanical properties. There
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are three types of aging: natural, refrigeration, and artificial. The first,
natural aging, consists of a partial return to equilibrium of the alloy by
allowing the alloy elements in solution to precipitate at room temper-
ature. The result is a part that will have the desired mechanical prop-
erties after a few days. For the second, artificial aging, precipitation is
done in a furnace at a controlled time and temperature at the bottom of
the solvus line. During aging, the Guinier-Preston (GP) zones appear
first, followed by coherent precipitates. Incoherent precipitates are the
last to appear and correspond to a decrease in the hardness of the alloy.
Incoherent precipitates can also be called equilibrium precipitates
[7-9].

The Guinier-Preston (GP) zones and coherent phases hinder dislo-
cations’ movement, generating significant stress and strain fields in their
surroundings. To pass through the coherent precipitates, the disloca-
tions shear them, hence the stress increases to cause deformation. If
aging continued, stable equilibrium precipitates formed, which are
incoherent with the matrix. With the lack of coherence that appears and
the greater distance between the precipitates, the mode of movement of
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the dislocations through the precipitate changes. They bypass the pre-
cipitates by an Orowan mechanism [10,11]. The dislocation, when it
moves and crosses the precipitates, bends and leaves a loop of disloca-
tions around each precipitate. The force required to deform aluminum
decreases as the precipitates grow larger and the distance between the
precipitates increases.

Depending on the type of alloy, the nature of the precipitate that
participates in hardening is different. In the case of an alloy with copper,
the precipitate formed is CuAl, according to the following sequence
[12-15]:

Element in solid solution - GP - 0" - 0°—= 0

For an alloy containing magnesium and silicon, the formed phase is
Mg,Si, and it precipitates in the following sequence [14,15]:

Element in solid solution — GP - f” - f’—f

Precipitates 0", 6/, p”’, and B’ represent the intermediates which are
consistent with the matrix. The 6 and p precipitates are the equilibrium
precipitates and have no consistency with the matrix. Too long a time or
too high a temperature can cause over-aging, which reduces the me-
chanical properties.

Nickel (Ni), compared to copper (Cu) and magnesium (Mg), exhibits
less effect on the mechanical properties of Al-Si alloys. Ni is usually
added at 2-3 % to improve alloys’ mechanical properties at elevated
temperatures. However, there is no reliable factor to corroborate this
view since for nickel compositions of 0.1 % and less, 1.1 % and 1.9 %,
the ultimate tensile stress does not differ significantly from one nickel
composition to another. Since the interparticle spacing of AlsNi com-
pounds is substantial, around 50 pm, this spacing would not permit a
noticeable dispersion strengthening [16-19].

Dispersoids are hard and brittle particles formed in the liquid state,
consisting of one element within the other, acting as a second phase in
the aluminum matrix, leading to dispersion strengthening, which en-
hances the alloy’s mechanical properties. These dispersoids are small
and large in number. They are not affected by the precipitate-free zones
that occur during aging, and hence better distribution of stresses. In
addition, dispersoids are barriers to dislocation movement, resulting in
higher alloy strength. Another type of dispersoids is introducing insol-
uble hard particles into the molten metal, such as Al3Sc, SiC, Al;03, B4C,
and TiC particles at various volume fractions. This process is termed as
metal matrix composites [20-23].

Young’s modulus, a measure of the alloy stiffness, typically ranges
from 69 GPa to 94 GPa for Al-Si complex alloys. A specific value can
vary depending on the alloy composition and the applied heat treat-
ment, in particular age hardening process. Alloying elements such as Mg
and Cu, the presence of primary silicon particles, and interconnected
intermetallics have a major influence on the value of the Young’s
modulus. The present work was undertaken to deeply analyse the phases
and precipitation involved in the present study; define the role of pri-
mary silicon particles and interconnected intermetallics elements in
determining the value of E; and describing the appropriate method of
measuring the Young’s modulus employing the results analysis of a huge
number of tensile bars (10 bars/experimental condition).

2. Experimental procedure
2.1. AL-Si cast alloys

In the present study, two basic Al-Si cast alloys were used, and their
chemical compositions are listed in Table 1. The alloys were received as
13.5 kg. Each alloy was remelted in an electrical furnace (Fig. 1(a))
equipped with a degasser made of surface-treated graphite (Fig. 1(b and
c)) attached to the machine by a hollow graphite tube, rotating at the
speed of 135 rpm with pure Ar gas going into the melt through fine holes
made in each fin reaching into the inner tube. To avoid a vortex, a baffle
plate made of ceramic (10 cm wide) was attached to the inner surface of
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Table 1
Chemical compositions of the two base alloys.

Alloy Code  Element (wt.%)

Si Fe Cu Mn Mg Sr Ti Al
A354.1 9.1 012 1.8 0.0085  0.62 0.018 0.21  Bal
B319.2 6.14 011 3.65 0.0005 0.048 0.015 0.15 Bal

the melting SiC crucible. Measured amounts of Ni were added to the
molten bath of the 354-alloy in the form of Al-10 %Sr, Al-5 %Ti-1 %B,
and Al-25 wt%Ni master alloys, respectively. In the case of the B319
alloy, Bi and Ca were added to the molten alloy in the form of Al-5 % Bi
and Al-10 % Ca master alloys. The chemical analysis was carried out
using a Spectrolab Jr CCD Spark Analyzer (3 samples/heat). Table 2
summarizes the chemical compositions of all prepared alloys. At the end
of degassing, the molten metal was poured into a metallic permanent
mold preheated at 450 °C, Fig. 1(d) displays the test specimen di-
mensions, according to ASTM-B-108. Once the casting is solidified, the
casting is hung upside-down for cooling to room temperature, avoiding
any possible shape deformation of the tensile bars -Fig. 1(e). Fig. 1(f)
depicts the uniformity of the grain size across the gage length (average
grain size ~20-25 pm).

2.2. metal matrix composites

Table 3 exhibits the chemical compositions of the three alloys used in
this section: 359-alloy + two Metal Matrix Composites containing 10
and 20 % in volume of SiC particulates. Hydrogen content in the com-
posite melts was controlled by taking precautionary measures as pre-
heating. Instead, a stirrer was made of surface-treated graphite with
curved blades as shown in Fig. 1(c). Fig. 1(g) represents the simulation
of the temperature and speed vectors of liquid 359-alloy using a special
Fluent software. Both the temperature and the speed are almost uniform
around the degassing system, with zero velocity near the surface due to
the presence of the refractory baffle, whereas it is approximately 1.8 m/s
within the melt. Considering the particulates’ motion in the molten
composites, Fig. 1(h) indicates that the SiC particles are uniformly
distributed within the melt, from bottom to top direction inside the
crucible. In addition, the arrows reveal that the particle’s motion is from
left to right.

All tensile bars were heat-treated before testing. The solutionizing
temperature for 319 and 354 alloys was 510 °C, whereas the tempera-
ture for the 395, F3S.10S, and F3S.20S alloys was 540 °C. The solutio-
nizing time in all cases was 8 h, followed by questioning in warm water
(60 °C)-termed SHT. Artificial aging was carried out in blue M air forced
ovens in the temperature range of 155 °C-250 °C for times of up to 200
h. For each condition, an average of five (5) bars was considered.
Thereafter, tensile bars were pulled to fracture using a servo-hydraulic
MTS tensile testing machine at a strain rate of 4 x 10™*/s. An exten-
someter was attached to the gauge length to record the amount of
deformation before fracture. Fig. 1(i) demonstrates the position of the
test bar inside the grips. A laser beam was used to check the alignment
between the test bar and the loading direction.

3. Results and discussion
3.1. Microstructural characterization and fractography

Fig. 2(a) depicts the microstructure of the base A354 alloy (coded A)
in the as-cast condition, consisting of Al, f-AlsFeSi, Al,Cu, Q-
AlsCusMgsSie phases as determined using a wavelength dispersive
spectrometer (WDS) system. Upon artificial aging at 155 °C/100 h
(Fig. 2(b)), the microstructure reveals a high density of fine Cu-rich
phase particles. Enlarging a portion of this micrograph (inset
micrograph-upper right corner) displays the inter-particle distance of
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Table 2(a)
Compositions of the 354-alloy series.
Alloy code Composition
A Base alloy 354
E Alloy A + 0.4 wt%Ni
G Alloy A + 4 wt%Ni
Table 2(b)
Compositions of the 359-alloy series.
Alloy code Composition
wo Base alloy B319.2
Wb WO + 900 ppm Bi
W4c WO + 400 ppm Ca
(d)
o o
2 @
o n o Gauge Secfion
8 Ly 8
70
80
197

Fig. 1(d). Dimensions of the cast tensile bar in mm, according to ASTM-B-108.

about 40 nm on average. Such narrow interparticle distances will restrict
the motion of dislocations [24-28] as shown in the bright field electron
micrograph, revealing a particle that is tangled with dislocations (inset
micrograph-lower corner). The microstructure of the same alloy
following T7 tempering (250 °C/100 h) is displayed in Fig. 2(c),
exhibiting coarsening of the particles shown in Fig. 2(b) with a marked
increase in the interparticle distance to 200 nm. The Cu distribution in
(c) is displayed in Fig. 2(d). Aging at a higher temperature, i.e., 350 °C
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Fig. 1(e). Placing the casting during the cooling stage.

for 100 h, resulted in a relatively spherical shape with almost equal
interparticle distances (Fig. 2(e)). Fig. 2(f) reveals X-ray image of Cu
distribution in (e).

The effect of adding Ni to the microstructure details of alloy G is
highlighted in Fig. 3. The use of 0.4 wt% Ni is not enough to produce
major intermetallics as shown in Fig. 3(a). Increasing the Ni concen-
tration to 4 wt% resulted in the precipitation of a large number of
insoluble Ni-rich intermetallics (about 9.7 vol%, using special software
mounted on the electron probe microanalyzer type JEOL JXA-8900L
employed in this study). An important observation to consider is that
Ni has no affinity to react with Mg. Hence, part of the hardening
following the T6 temper is due to precipitation of Mg,Si ultra-fine phase
particles. Fig. 3(b) shows alloy G in the as-cast condition, where the
observed phases are indicated as follows: 1-Al-AlsNi eutectic, 2-AlNi-
FeSi, 3-AINiCu, and 4-Mg,Si phases. Fig. 3(c) reveals the precipitation
of Al3Ni phase particles (about 2 pm in diameter) in the T7 condition
(250 °C/200 h). The fracture surface of alloy G displayed in Fig. 3(d) of
alloy G in the SHT condition reveals the presence of a new phase having
the shape of a fishing net (area 1) with a composition close to AlgNiCu in
the neighbourhood of Al3Ni phase particles (area 2). Most of the Ni-rich
phases were insoluble at 510 °C/8 h.



Chemical compositions of the used composites.

)

Fig. 1(f). Grain size across the gauge length-inset shows the grain structure at high magnification.
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Fe Cu Mn Mg Sr Ti SiCp) Al

0.2 0.2 0.0005 0.65 0.013 0.12 - Bal
0.2 0.2 0.0005 0.65 0.013 0.12 10 vol% Bal
0.2 0.2 0.0005 0.65 0.013 0.12 20 vol% Bal
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Fig. 1. (i) Positions of the tensile bar and extensometer.

3552

Fig. 1 (g). Temperature and speed in the liquid 359 alloy, (h) motion of the particulates in the molten composites.

Fig. 4 illustrates the demodification effect of Bi and Ca when added
to Sr-modified alloys (i.e, B319 alloy in the present work). The results
show that either the addition of 900 ppm Bi or 400 ppm Ca causes
complete demodification of the alloy (see inset micrographs). It should
be highlighted that the high levels of Bi and Ca were applied to evaluate
their impact on the solidification of Al-Si-Cu/Sr-modified alloys.
Furthermore, high levels of Bi and Ca are easily controlled/reproduced
in the experimentations [28]. Fig. 4(a) displays an optical microstruc-
ture of B319.2 base alloy (W0), while Fig. 4(b) shows the microstructure
of the base alloy with Bi addition (W0+900 ppm Bi (W9bc)). Fig. 4(c)
reveals an X-ray electron image of Bi distribution, Fig. 4(d) reveals the
microstructure of WO + 400 ppm Ca (W5cc) alloy, and Fig. 4(e) shows
the fracture surface of W4c alloy.

According to Ref. [29], AlyCa (a gray plate-like phase), Al4Ca (ul-
tra-fine eutectic colonies) are the main intermetallic phases in Al-Ca
master alloys. The Al-Ca master alloys have a relatively low density
(about 2.33 g/cm3) compared to the matrix density (~2.7 g/cm3) [30].
Fig. 4(e) represents the fracture surface of alloy 4(d), revealing the
precipitation of undecomposed AlCa phase particles in the form of long
rods surrounded by fractured a-AlFeSi and Q-AIMgCuSi phases, which is
different from the two identified AlCa phases. In a previous study, the
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Fig. 2. (a) Backscattered electron image A alloy in the as cast condition, (b) alloy A in the T6 condition (155 °C/100h)-FESEM, (c) alloy A in the T7 (250 °C/100 h)
-bright field image, STEM, (d) Cu distribution in (c), (e) 350 °C/100 h, STEM, (f) X-ray image of Cu distribution in (e).

authors interpreted the Ca-Sr and Bi-Sr interactions. While Ca has no
poisoning effect in terms of demodification (Fig. 4(d)), the addition of Bi
has an affinity to interact with Sr and Mg forming complex phases
mainly BiSr, BiySrs, MgsBiy [31], reducing the available Sr amount for
eutectic modification as shown in Fig. 4(b). The maximum solubility of
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Bi in solid aluminum is very limited (about 0.2 %). Thus, for 0.9 % Bi, Bi
precipitation in the W9b alloy in the solid state is well-distributed in the
form of small particles as displayed in Fig. 4(c).

The advantage of using 359-alloy as a base instead of the 356-alloy is
that the high Si in the A395 alloy improves the alloy fluidity [32,33],
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i Element Atomic% :

AlgNiCu -—-area 1
i Element At%

Alz(Ni, Fe)-area 2

()

Fig. 3. (a) alloy E following solutionizing treatment, (b) alloy G in the as cast condition: 1-Al-Al3Ni eutectic, 2-AINiFeSi, 3-AINiCu, and 4-Mg,Si phases, (c) high
angle annular dark field (HAADF) image for the alloy G after aging at 250 °C for 200 h (Al3Ni particles), (d) fracture surface of alloy G in the SHT condition.
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Fig. 4. Optical microstructure of B319.2 containing Bi and Ca: (a) base B319.2 alloy (WO0), (b) WO+900 ppm Bi (W9bc), (c) X-ray electgron image of Bi distribution,

(d) WO + 400 ppm Ca (W5cc), (e) surface of alloy W4c.

leading to sounder castings compared to those obtained from the
A356-MMC composites. In addition, high Si reduces the reaction be-
tween SiC and surrounding Al in the liquid state, resulting in the for-
mation of a layer of Al4Cs carbide as black platelets bridging the SiC
particles. The initiation of the Al4Cs reaction can be observed at the
edges of the SiC particles. Since the A359 alloy contains Si and Mg with
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traces of Fe, solutionizing treatment will result in the dissolution of the
Mg,Si phase along with spheroidization of the eutectic Si particles as
shown in Fig. 5(a). In this case, the average interparticle distance is
approximately 20 pm. Comparison between Fig. 5(b) and (c) demon-
strates the uniform distribution of the SiC particles throughout the
matrix, absence of porosity or inclusions when the proper procedure is
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Fig. 5. Optical microstructure of: (a) A359 base alloy after solutionizing treatment, (b) F3S10S in the as cast condition, (c) F3S.20S in the as cast condition, (d)
enlarged micrograpf of (c-rectangular area), (e) fracture surface of alloy F3S.20S in the T6 condition-white arrow indicates the crack propagation direction white

yellow arrows point to cleaved particles.
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followed during the melting and casting processes. In addition, Fig. 5(d)
displays strong particle/matrix coherence and absence of chemical re-
actions between SiC and the surrounding Al matrix as inferred from the
fracture of a SiC particle during tensile testing. Examining the fracture
surface of test bars obtained in the T6 condition (F3S.20S), shown in
Fig. 5(e), revealed that failure was mainly initiated and propagated in
certain areas because of localized stresses. As a result, some of the SiC
particles are cleaved due to strong particle/matrix bonding.

4. Tensile testing

Table 4 summarizes the tensile values obtained from alloy (A354.1)
at different aging temperatures and times. The Young’s modulus was
reported as an average value of 5 tensile bars. The values listed in
Table 4 are grouped for each aging temperature, where the first reading
corresponds to low aging time and the last reading represents the highest
aging time. Examples of the actual stress-strain curves are shown in
Fig. 6 for different aging treatments.

Hafez and Farag [34] carried out a detailed study on the effect of
particle size, interparticle spacing, and volume fraction of all particles in
the matrix using Al-Cu and Al-Ni binary alloys with different Cu and Ni
concentrations. All samples were annealed at 375 °C for 3 h. Based on
the gathered data, the authors establish the following empirical formula:

E=76.6 +94.6 V4 — 1.3d + 0.06\ 1)

where E is Young’s modulus, Vg is the volume fraction of all the
dispersed phases, and d and A are the average particle size and mean free
path, respectively. The results display an improvement in the values of E

Table 4
Tensile properties of alloy A as a function of aging treatment.

Alloy Code UTS YS Strain to fracture ~ Young’s Modulus
(MPa) (MPa) (%) (GPa)
A-AC 235 154 1.3 76-78 (+£3 %)
A-SHT 304 161 5.6 70-72 (£3 %)
A1-155°C- 309 196 3.6 80-83 (+4 %)
2hrs
A5-155°C- 367 308 1.4
10hrs
A13-155°C- 380 336 0.9
100hrs
Al14-170°C- 348 261 2.6 82-86 (+4.5 %)
2hrs
A18-170°C- 386 327 1.2
10hrs
A26-170°C- 338 300 1.2
100hrs
A27-190°C- 382 327 1.2 84-87 (+3.5 %)
2hrs
A31-190°C- 360 320 0.9
10hrs
A39-190°C- 314 264 1.2
100hrs
A40-240°C- 312 263 0.9 84-76 (+2.8 %)
2hrs
A44-240°C- 282 198 1.8
10hrs
A52-240°C- 240 137 2.8
100hrs
A53-300°C- 242 135 2.6 72-68 (+5 %)
2hrs
A57-300°C- 223 116 3.0
10hrs
A65-300°C- 196 80 6.3
100hrs
A66-350°C- 221 101 4.5 63-58 (+5 %)
2hrs
A70-350°C- 210 86 5.6
10hrs
A78-350°C- 198 81 6.3
100hrs
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with the increase in the volume fraction of existing dispersoids up to 20
%. The study was mainly based on optical microscopic examination.
However, the authors did not take into consideration the interactions
between the different alloying elements in complex alloys.

Based on the values reported in Table 4, solutionizing treatment led
to areduction in the value of E of the as-cast alloy (74 GPa) by about 8 %
due to the increase in the alloy ductility coupled with a decrease in its
strength. Upon aging at 155 °C-190 °C, with precipitation of ultra-fine
AlyCu phase particles, the value of E increased by about 20 %
compared to that of the as-cast alloy, reaching a maximum increase after
aging at 190 °C for 100 h (88 GPa). In the case of T7 aged alloys, the
value of E decreased continuously with the increase in both aging
temperature and time reaching —20 % when the alloy with aged at
350 °C for 100 h (see Fig. 2(d)), concerning the initial value (72 GPa),
and about 35 % concerning mT6 tempering. It should be noted that
although all curves in each diagram seem to be branching from the same
spot, the enlarged portion in Fig. 6(d) reveals that all curves were
slightly separated at the start of testing, hence the observed variations.
According to Nikitin et al. [35], increasing the Si content leads to an
increase in the value of E. In addition, alloys prepared by quenching of
the electromagnetically levitated melt had higher E values than those
obtained with conventional casting, as shown in Fig. 6(e).

The effect of Ni addition on the level of E is presented in Fig. 7. All
aging treatments used for alloy A were applied to alloy E. Apparently,
the addition of 0.4 wt% Ni is not enough to produce marked changes in
the value of E-Fig. 7(a). Although the Ni additions in the presence of Cu
can significantly enhance the ultimate tensile strength (UTS) and yield
strength of Al-Si alloys at elevated temperatures [35]. However, the
addition of 4 wt% Ni resulted in reducing the alloy ductility due to the
large insoluble intermetallics as displayed in Fig. 3, leading to a drop in
the alloy strength as displayed in Fig. 7(b). Following the work of Hafez
and Farag [34], the Young’s modulus of the G alloy in the T6 condition
recorded 92 GPa with a gain of about 27 % compared to the as-cast alloy.
The Ni-Cu interactions in the G alloy (1.8 wt% Cu, 4 wt% Ni) lead to a
reduction in the amount of Cu that will affect the hardening rate of the G
alloy [36].

Based on the AlI-Ni—Cu pseudo binary [37], K and & phases will form.
Precipitation of the delta phase (8-Al3CuNi) takes place during heat
treatment and can influence the mechanical properties of the alloy,
whereas the K-phase or (6'-Al,Cu) phase is a metastable precipitate that
forms during age hardening, which is crucial for strengthening the
Al-Cu alloys. Fig. 8 exhibits an example of AlgNiCu phase particles
observed in the G alloy. Thus, the reported increase in the E value may
be interpreted in terms of the interparticle distances of all particles
(dispersoids) that exist in the matrix.

Another aspect to be considered is the morphology of the Si eutectic
particles, e.g., non-modified or Sr-modified. Fig. 9(a) and (b) display the
stress-strain curves of the B319.2 alloy in the cast condition. In the case
of a non-modified alloy (Fig. 9(a), eutectic Si is present in the form of
sharp-edged platelets with a clear scatter in the level of stresses. In
addition, the maximum % elongation is about 1.8 %. The calculated E
value was found in the range 72-74 GPa. When the alloy is well modi-
fied, Fig. 9(b), all curves seem to be identical, giving a maximum %
elongation of about 4 %, increasing the E level to about 79 GPa. This
enhancement of the E value is directly related to the fragmentation of
the eutectic Si particles as depicted in the inset micrograph.

Fig. 9(c) and (d) respectively represent the stress-strain curves of
WO9b and W5c alloys in the T6 condition (155 °C/8 h). Thus, the value of
E will be determined based on the interparticle spacings of all pre-
cipitates and dispersoids available in the matrix (Al,Cu, Si, and Bi phase
particles and their total volume fractions). Therefore, the W9b alloy
reported the highest E level in this series (87-89 GPa), followed by the
W5c alloy (82-84 GPa).

The principal advantage of Al/Sic(p) composites is their high
Young’s modulus, which is needed for improved wear-resistance auto-
motive brakes and other applications where lightweight materials with
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Fig. 8. Precipitation of Al3NiCu phase particles in alloy G.
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Fig. 9. Stress-strain curves of alloys: (a)W0-non modified, (b)WO Sr-modified, (c)W9b, (d) W5c in the T6 condition. note the fragmentation of a Si fiber in the as-cast
condition to a column composite of several small particles after the solutionizing treatment.

high stiffness values are required. Young’s modulus of a given composite
is directly attributed to the volume fraction of the added SiC(p), their
sizes and distribution, as well as the interface between the SiC(p) and
matrix. According to Ceschini et al. [38], because of the variations in the
modulus of elasticity between the matrix and embedded particulates,
the deformation occurs at the particle/matrix interface, inducing a high
density of dislocations. It also enhances the modulus of elasticity value
of the used composite. Alfonso et al. [39] and Tupaj et al. [40] proposed
a rule to estimate the Young’s modulus of the alloy matrix:

En=fE+(1-f)E, 2
Where Ef and E, are the Young’s modulus of SiC(p) and matrix, and f is
the reinforcement volume fraction. The results of Krizik et al. [41] on the
methods of improving the Young’s modules of Al-SiC composites show
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that, depending on the interface quality, the Young’s modulus can vary
over the range 88-120 GPa. On the other hand, SiC-matrix interface
reactions will lead to a decrease in the composite Young’s modulus.
Before tensile testing, selected tensile bars of F3S.20S were examined
employing X-ray radiography for porosity or inclusions. Only a sample
free of porosity was tested for determining the E value, as seen in Fig. 10,
which displays the X-ray radiography of selected tensile bars of F3S.20S
composite. Fig. 11 demonstrates the variation in the alloy/composite
tensile properties as a function of the added volume fraction of SiC(p)
treated in the T6 condition (155 °C/5 h). Although the addition of 20 vol
% SiC(p) contributed to the alloy strength, and the ductility was reduced
by about 82 %. From the slope of the curves, the approximate E levels
(based on the average of 10 sound tensile bars) have been determined as
76, 92, and 107 GPa for 359, F3S.10S, and F3S.208S, respectively, with a
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Fig. 10. X-ray radiography of some selected tensile bars of F3S.20S composite.
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Fig. 11. Stress-strain curves of the present alloys in the T6 condition.

gain of ~42 %. inclusions, particle/matrix surface reaction, and precision of
measuring each of the involved parameters.
5. Conclusions o The ideal method of measuring E is the use of tensile testing under
restricted conditions, i.e., perfect tensile bars and well well-aligned
Based on the obtained results, the following conclusions may be machine.
drawn. e Considering alloying elements, the addition of a sufficient amount of
Ni (Ni/Cu > 1), in the T6 condition, produces the highest E value
e Although the value of E is the ¥ = E1+E2+ E3 +——, where E is a (AlyCu, Al3Ni, Al4NiCu precipitates).
function of interparticle spacing and particle volume fraction of each e Modification of the eutectic Si particles has a moderate in improve-
type of precipitate, E can not be determined using a simple empirical ment in E about precipitation hardening (about 12 %).

formula due to interference of other factors such as porosity,
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The highest E value was obtained using metal matrix composites
(359 alloy + 20 vol% SiC(p)) in the T6 condition-about 42 %
improvement over that achieved using the base alloy.
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