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The 2124 Al alloy and a composite of the 2124 Al alloy reinforced with 20 % of volume fractions of 0-Al,O; short fibers made
by squeeze casting were subjected to controlled and systematic aging treatments. The materials were solution treated at (495,
525 and 555) °C. After quenching, the matrix alloy and the composite were artificially aged at (160, 170, 180 and 190) °C up to
36 h. The aging was monitored with hardness measurements and differential scanning calorimetry. The time required to reach
the peak hardness of the composite matrix during a precipitation treatment was shorter than that for the unreinforced 2124 Al.
An increase in the solution-treatment temperature resulted in an increase of the composite-matrix hardness. The
0-Al,O;-reinforced composite exhibits no grain-boundary melting, but appears to show incipient melting around short alumina
fiber interfaces at temperatures above 525 °C. The highest HV value was obtained after solutionizing at 495 °C for 6 h, followed
by water quenching and aging at 190 °C for 10 h for the unreinforced matrix alloy. In the case of the reinforced alloy the highest
HV value was found after solutionizing at 555 °C for 6 h, quenching and aging at 170 °C for 12 h.
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Al zlitina 2124 in kompozit Al zlitine 2124, ojacane z 20 % volumenskega deleza kratkih vlaken 0-ALOs , ulitih z iztiskanjem,
so bile kontrolirano in sistemati¢no starane. Materiali so bili raztopno Zarjeni na (495, 525 in 555) °C. Po hitrem ohlajanju sta
bili osnovna zlitina in kompozit umetno starani 36 h na (160, 170, 180 in 190) °C. Staranje je bilo kontrolirano z merjenjem
trdote in z diferencno vrsticno kalorimetrijo. Cas za doseganje najvi§je trdote kompozitnega materiala med postopkom izloc¢anja
je bil krajsi kot pri osnovnem materialu Al 2124. PoviSanje temperature raztopnega zarjenja se je odrazilo na povecanju trdote
kompozita. Kompozit, ojacan z 3-Al,Os, ne kaZe nataljevanja po mejah zrn, vendar pa kaZe zametke taljenja na stiku s kratkimi
vlakni, pri temperaturah nad 525 °C. Najvi§ja vrednost HV neojacane zlitine je bila dobljena po 6 urnem raztopnem Zarjenju na
495 °C, ki mu je sledilo hlajenje v vodi in 10 urno staranje na 190 °C. V primeru kompozitne zlitine je bila zabeleZena najvisja
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HV vrednost po raztopnem Zarjenju 6 h na 555 °C, ohlajanju v vodi in 12 urnem staranju na 170 °C.

Klju¢ne besede: kompozit na osnovi aluminija, aluminijev oksid, temperatura raztapljanja, kinetika staranja

1 INTRODUCTION

Research efforts on aluminum alloys are focused on
precipitation phenomena in which the precipitates
formed from a supersaturated solution are responsible
for the hardening by natural or artificial ageing in an
alloy. The response of an aluminum-matrix composite to
aging can be completely different from that of the
unreinforced alloy.'-® Hence, the age-hardening behavior
of particulate-reinforced aluminum composites has been
the subject of great interest from the scientific and
technological viewpoints. The nature of the change in the
hardening kinetics during the aging of composites
depends on the matrix material, the type of reinforce-
ment including their size, morphology and volume
fraction, composite processing route, solution and aging
temperatures.®!2

The pressure applied during solidification in the
squeze-casting technique results in excellent feeding
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during solidification shrinkage. The commercialization
of squeeze casting has only been used to fabricate high-
integrity engineering components with reinforcement
very recently.!3-13

Different types of intermetallics were reported in the
solidified 2xxx Al alloys. K. C. Chen and C. G. Chao?
found Cu,Mn;Aly intermetallic particles in the 2024
matrix alloy and its 9-Al,O; short-fiber-reinforced com-
posites. The same intermetallic phase was also reported
by T. Christman and S. Suresh!® in a 2014 Al alloy. On
the other hand, C. Badini et al.'” showed the possibility
of the formation of Cu,FeAl; and (CuFeMn)Als in the
2618 Al SiC particle-reinforced composite. The same
authors detected (CuFeMn)Al in the 2024 Al alloy and
its composite derived from MnAl6. They pointed out that
this precipitate did not grow during aging and was not
affected by the solution treatment because of its large
size. Aluminum alloys with a copper:magnesium weight
ratio of 2:1 and higher are used for manufacturing a
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variety of age-hardenable structural alloys. The structural
changes that occur during the aging of these alloys have
been extensively studied.'®'* According to S. K. Varma
et al.’® and A. P. Sanino and H. J. Rack', the precipi-
tation sequence in the pseudo-binary Al-Al,CuMg alloy
(Al-3 % of mass fractions of Cu-1.5 % of mass fractions
of Mg) can be represented as follows in Equation (1):

SSS (supersaturated solid solution) =
GPB zones - S” = S” = S (H)

The solutionizing at 495 °C for 2-6 h, subsequent
quenching and precipitation at 190 °C for 8-12 h, is
defined as the standard heat treatment for the 2124 Al
alloy.?” It is an age-hardenable alloy, whose mechanical
properties are mainly controlled with the hardening
precipitates contained in the material. Accordingly, the
present work was undertaken to study the effect of the
0-Al,05 short fibers on the aging response of the com-
posite matrix. Particular emphasis was given to examine
the effect of the solution treatment and aging tempera-
ture on the age-hardening kinetics.

2 EXPERIMENTAL PART

The 2124 aluminum matrix alloy and the Saffil
fiber/2124 aluminum (4.2 Cu, 1.5 Mg, 0.6 Mn, 0.3 Fe,
0.25 Zn, in mass fractions) composite were produced by
squeeze casting using 20 % volume fractions of d-Al,O;
preforms supplied by I.C.I. The preform cohesion was
ensured by the addition of 3-4 % silica binder. The
preform was supplied in the form of discs with 100 mm
in diameter and 10 mm in thickness. The liquid alumi-
num alloy was squeezed into the preform at 800 °C with
a 60 MPa hydraulic press to produce the composites. The
pressure holding time was 75 s, to eliminate shrinkage
during the solidification. Specimens were solution
treated at three different temperatures of (495, 525 and
555) °C for 6 h. Thereafter, all the specimens were
quenched into the water ice brine (=15 °C). The aging
treatment was carried out in an electrical furnace at (160,
170, 180 and 190) °C up to 36 h. Microhardness
measurements of the matrix and the composites
(between the fibers) were performed using a diamond
pyramid indenter and a 25-g mass. At least 6 hardness

measurements were carried out for each aging condition
to ensure accurate results.

A group of specimens from the alloy solution treated
2124 Al matrix and the 2124 + 20 % of volume fractions
of 0-Al,O; composite were immediately stored in a refri-
gerator at —15 °C. Discs (5 mm diameter and 0.3 mm
thickness) for DSC measurements were prepared. The
differential scanning calorimetry (DSC) analyses of
these samples were performed using a Perkin-Elmer
DSC 1700 thermal analyzer. All the samples were loaded
in a DSC cell at room temperature and equilibrated for a
few minutes. The heating rate was 10 K/min from 25 °C
to 550 °C. Dry pure nitrogen was purged through the cell
at a rate of 55 cm?/min to avoid oxidation. The data for
all the DSC runs were recorded in the instrument me-
mory. At least two samples of each heat treatment were
analyzed.

Microstructural observations were performed on me-
chanically polished and etched samples of the unrein-
forced alloy and composite. Surface-characterization
studies were carried out using a Hitachi HHS-2R scann-
ing electron microscope (SEM) with energy-dispersive
spectroscopy (EDS).

3 RESULTS AND DISCUSSION
3.1 Microstructural aspects

At 525 °C and 555 °C the solution treatment both
alloys showed surface blistering. However, the amount of
blistering was more pronounced on the solution treated
and quenched unreinforced alloy. These blisters were
caused by a high internal gas pressure. Typical represen-
tative microstructures of the unreinforced alloy solution
treated at (495, 525 and 555) °C and subsequently quen-
ched are shown in Figures 1a to 1c and Figures 2a to 2¢
shows the light-microscope microstructures of the rein-
forced composite. All the polished samples were slightly
etched with Kellers’ agent to reveal grain boundaries and
the dissolved intermetallics. Light microscope investiga-
tions of the samples of unreinforced alloy have revealed
that significant incipient melting along the grain boun-
daries occurred when the solution heat treatment was at
525 °C and 555 °C (Figures 1b and 1c¢). The
0-Al,Os-reinforced composite exhibits no such grain-

Figure 1: Light micrographs of the unreinforced 2124 Al matrix solution treated at: a) 495 °C, b) 525 °C, and c¢) 555 °C
Slika 1: Mikrostrukture neojacane Al zlitine 2124, raztopno Zarjene na: 495 °C, b) 525 °C in ¢) 555 °C
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Figure 2: Light micrographs of the 2124 Al + 20 % volume fractions of 0-A1,03 composite solution treated at: a) 495 °C, b) 525 °C, and c¢) 555 °C
Slika 2: Mikrostrukture Al kompozita 2124 +20 % volumenskega deleZza 0-A1,03 , raztopno Zarjenega na: a) 495 °C, b) 525 °C in ¢) 555 °C

boundary melting, but appears to show incipient melting
around the short alumina-fiber interfaces (Figures 2b
and 2c¢). There are low-melting-point constituents, which
melt first at temperatures above the initial melting point
of an alloy producing incipient melting and embrittle-
ment. Thus, it appears that whilst these low-melting-
point constituents segregate to the grain boundaries in
the unreinforced alloy they may segregate to 0-Al,Os
short fiber interfaces. Figures 1 and 2 show that as the
solution treatment temperature is increased the amount
of intermetallic appearing on the polished and etched
surface decreases. The unreinforced alloy does not
exhibit a visible intermetallic at any of the solution tem-
peratures studied. The reduction in the intermetallics
appearing on the polished surface as the solution
temperature increase (Figure 2) is due to the dissolution
of intermetallic particles. In order to clarify the un-
dissolved phase, an SEM-EDS study was undertaken.
Figure 3 shows a typical EDS spectrum performed on
the undissolved phase in the composite matrix. From the
EDS analysis copper, magnesium, aluminum, manga-
nese, and iron peaks were observed on the undissolved
phase in the heat-treated, unreinforced and composite
matrix. For the EDS analysis of the undissolved phase
the average elemental concentrations of these un-
dissolved phases and the spectral analyses of the matrix
material (2124 Al) were given in Table 1. It is clear that
the contents of copper and manganese of the undissolved

phase are much higher than those of the matrix material.
The undissolved phase in the literature was identified as
Cu,Mn;Aly, which was also found in 2024 Al by K. C.
Chen and C. G. Chao?® and in 2014 Al by T. Christman
and S. Suresh.'®

Table 1: Spectral analysis and EDS analysis results, in mass fractions
(wl%)

Tabela 1: Rezultati spektralne in EDS-analiz, v masnih delezih (w/%)

Cu | Mg |Mn | Fe | Zn | Al
2124 Al alloy spectral 4211506 03 1025 Bal-
analyses results ance
EDS analysis results of
the undissolved phase in|7.55|0.15]9.05|0.04 83.2
unreinforced matrix
EDS analysis results of
the undissolved phase in|7.52|0.13]9.20|0.05 83.1
the composite matrix

3.2 DSC analysis

The DSC scans of the unreinforced 2124 alloy and
2124 Al + 20 % volume fractions of d-Al,O; composite
are shown in Figure 4. For comparison purposes, results
from the DSC scans of the unreinforced matrix and the
composite quenched into ice brine after the solution
treatment at 495 °C and 555 °C are presented in Figures
4a and 4b, respectively. The DSC traces of the compo-
sites were different from each other. However, the DSC
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Figure 3: a) SEM micrograph of the 2124 Al + 20 % volume fractions of 0-Al,O3 composite and b) an EDS spectrum taken from the undissolved

intermetallic phase

Slika 3: a) SEM-posnetek Al kompozita 2124 + 20 % volumenskega deleza 9-Al,O3 in b) EDS- spekter neraztopljene intermetalne faze
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Figure 4: Results of DSC for 2124 Al alloy and 2124 Al alloy + 20 %
volume fractions of 0-Al,O3 composite solution treated at: a) 495 °C
and b) 555 °C

Slika 4: Rezultati DSC Al zlitine 2124 in Al kompozita 2124 + 20 %
volumenskega deleZa 3-Al,O3, po raztopnem Zarjenju na: a) 495 °C in
b) 555 °C

traces of the matrix alloy do not exhibit significant
differences depending on the solutionizing temperatures.
The curve of the unreinforced matrix alloy shows four
zones: an exothermic reaction between 40 °C and 135 °C
due to the formation of Guiner-Preston zones followed
by an endothermic between 135 °C and 245 °C due to
the dissolution of the Guiner-Preston zones; an exother-
mic reaction between 245 °C and 335 °C due to forma-
tion of S’ precipitates and finally the endothermic reac-
tion between 335 °C and 485 °C due to the dissolution of
these S’ precipitates (Figures 4a and 4b). However, the
DSC curves for the composite do not have obvious
Guiner-Preston zone formation and dissolution peaks.
Increasing the solution temperature to 555 °C resulted in
an increase in the amount of S’ precipitate for the com-
posite, as shown in Figures 4a and 4b. Additionally, the
figure also shows an acceleration of S’ precipitate for-
mation in the case of the reinforced alloy. For example,
the S’ precipitates are formed at 245 °C in the unrein-
forced 2124 Al matrix (Figure 4a), but this temperature
is approximately 230 °C for the composite material (Fig-
ure 4b). This shows that the short 0-Al,O; ceramic phase
shifted the S’ precipitate-formation temperature.

3.3 Matrix microhardness

Figure 5 shows the microhardness (HV) as a func-
tion of aging time at 190 °C for both alloys. For all con-
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Figure 5: Microhardness variation of 2124 Al alloy and 2124 Al alloy
+ 20 % volume fractions of d-A1,03 composite as a function of aging
time at 190 °C after solution treatment at: a) 495 °C and b) 555 °C

Slika 5: Spreminjanje mikrotrdote Al zlitine 2124 in Al kompozita
2124 + 20 % volumenskega deleza d-Al,0O3, v odvisnosti od Casa
staranja na 190 °C, po raztopnem Zarjenju na: a) 495 °C in b) 555 °C

ditions, the unreinforced 2124 Al matrix alloy and the
composite reached a peak hardness after aging for 10-12 h
and 7-9 h, respectively, at 190 °C. A reduced hardness of
the matrix was observed in the case of the reinforced
alloy.

The times required to attain the peak hardness for
both alloys artificially aged between 160 °C and 190 °C
are summarized in Table 2. First, the peak of the matrix
microhardness values of the composite samples increase
with increasing solutionizing temperature, while these
values show a slight decrease in the unreinforced 2124
Al matrix. Second, the presence of short alumina fibers
in the matrix decreases the time needed to achieve the
peak microhardness. This suggests that the addition of
20 % volume fractions of 0-A1,0; short fibers for the
matrix causes considerable acceleration in the aging
kinetics of the matrix alloy. Third, a decrease in the
aging temperature from 190 °C to 170 °C leads to an
increase of the peak microhardness of the composite
matrix. From Table 2, solutionizing at 495 °C for 6 h,
followed by water quenching and aging at 190 °C for
10 h, seems to be the best aging procedure for the un-
reinforced matrix alloy. In the case of the reinforced
alloy the highest HV value was formed after solutioniz-
ing at 555 °C for 6 h, quenching and aging at 170 °C for
12 h.

Materiali in tehnologije / Materials and technology 50 (2016) 6, 1011-1016
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Table 2: Times (h) required to attain peak hardness for 2124 Al and
2124 Al + 20 % volume fractions of d-Al,O3 composite matrices at
different aging temperatures

Tabela 2: Cas (h) potreben za doseganje najvi§je trdote Al zlitine
2124 in kompozita Al zlitine 2124+ 20 % volumenskega deleza
0-Al,03 pri razli¢nih temperaturah staranja

Solution Time (h) / Microhardness (HV¢.025)
temp. (°C)| Material | 160 °C | 170 °C | 180 °C | 190 °C
2124 Al |20/132.0/17/130.4]12/133.0|10/133.3
4951 2124 AL 1o 16 6112/119.6]10/117.9) 8/116.7
composite
2124 Al |20/130.6|16/129.6|12/130.7| 8/132.5
25 | 2124 Al 1000 51 10/125.4 10/122.9) 8/121.3
composite
2124 Al |20/127.5/16/129.1|10/129.6| 8/130.5
335 | 2124 Al 1006 4112/130.4| 8/125.8 | 8/124.5
CompOSIte

3.4 Discussion

The use of an Al-Cu-Mg alloy for fabricating an alu-
minum matrix composite leads to the formation of inter-
metallic particles of Cu,Mns;Al,, type. Increasing the
solution treatment temperature caused greater dissolution
of the Cu-Mn-Al-based intermetallic particles, and this is
related to a decrease in the number of particles on the
metallographic polished and etched sample surfaces. At
525 °C and 555 °C for the solution-treated unreinforced
alloy and the composites, surface blistering was observed
after quenching. However, the amount of blistering was
observed to be more in the unreinforced alloy when com-
pared with the composite. These blisters were suggested
to form due to a high internal gas pressure. Above the
solution treatment of 495 °C for the unreinforced alloy,
grain-boundary melting was detected. For 2124 Al +
20 % volume fractions of 0-Al,O; the composite speci-
mens intermetallic dissolution was almost complete at
555 °C.

Regarding the heat-treated samples, the extensive
dissolution of the Cu,Mn;Al,-type intermetallics and the
formation of coherent precipitates after aging, indicate
an apparently good solution and precipitation treatment
that improves the hardness values of the 2124 Al matrix.
At solution-treatment temperatures above 495 °C the
peak hardness values of the matrix alloy decrease, prob-
ably as a result of increasing the amount of gas porosity
due to hydrogen absorption from a moist atmosphere.
The increment in the peak hardness values of the com-
posite was observed by increasing the solution-treatment
temperature.

The thermal analysis technique was employed to
study the change in the enthalpy, which is associated
with the formation and dissolution of the precipitates.
The area of the peak in the DSC curve gives the reaction
enthalpy, which is directly related to the molar heat of
reaction and the volume fraction of the precipitating or
dissolving phase. The corresponding temperature is
related to the stability of the precipitates and to the reac-
tion kinetics. The DSC curves show that the GP zone’s
formation peak is suppressed in the composite matrix.
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This inhibition of the GP zone’s formation and its effect
on the age hardening are similar to the observation of
sintered aluminum powder (SAP) alloys.? In SAP alloys,
these phenomena have been attributed to a lack of
quenched-in vacancies that were soaked up by the grain
boundaries in the fine-grain matrix and by the Al/A1,0;
particle interfaces. The observations in the present work
suggest that a similar mechanism is responsible for the
inhibition of the GP zone’s formation in aluminum ma-
trix composite matrices. From the DSC scans and micro-
hardness measurements, it was observed that the S’
formation temperature is lower in the composite than in
the unreinforced matrix alloy. In general, the addition of
0-A1,0; fibers decreases the time required to attain peak
hardness. These features encourage the nucleation of
precipitates by reinforcing the ceramic phase. The addi-
tion of 0-Al,Os fibers to the 2124 alloy was also resulted
to obtain lower age-hardening temperatures to attain time
to require peak aging. It is well known that 0-A1,0;
fibers lead to acceleration in the aging kinetics and some
possible reasons for the acceleration of the aging kinetics
are given in 21?2, Composite matrix has finer grains than
that of the unreinforced alloy. As also evidenced from
the transmission electron microscopy studies by C. M.
Friend and S. D. Luxton?, the dislocation densities are
almost similar in the aluminum matrix alloy and its
0-Al,05 short-fiber-reinforced composites. The disloca-
tions in the matrix are in the form of long lines and short
lines in the composite. However, the short dislocations
are agglomerated close to the fiber matrix interfaces. In
this study, it is suggested that these dislocations can also
accelerate the formation of the S’ phase. In addition,
fiber matrix interfaces are well-known heterogeneous
nucleation sites for precipitation.

In the as-quenched condition, the microhardness of
the composite matrix is lower than that of the
unreinforced matrix. The result is similar to the 2024
Al-0-A1,05; composites and 2124 Al-SiC composites
that were reported by K. C. Chen and C. G. Chao® and
T. S. Christman and Suresh'¢, respectively. When the
composite is cooled from the elevated temperature of the
aging process, misfit strains occur due to differential
thermal contraction at the reinforcement/matrix inter-
face, which are sufficient to generate dislocations. The
dislocation density is able to influence the microhard-
ness. B. Dutta and M. K. Surappa!' suggested an en-
hanced dislocation density in the 6061 Al-A1,0;
composite matrix that contributes to higher microhard-
ness values compared to the unreinforced matrix alloy.
K. C. Chen and C. G. Chao® reported that a very low
dislocation density was observed in a 2024 Al alloy that
was reinforced with 0-A 1,05 short fibers when compared
with Al-SiC systems. They pointed out that the coeffi-
cient of thermal expansion difference between Al and
0-A1,05 is 3:1, but this ratio is 10:1 for Al and SiC.
Thus, a lower dislocation density is established in the
matrix of Al-0-A1,0; short-fiber composites. Moreover,
the porosity level is expected to be higher in the com-
posite matrix due to poor wetting of the short fiber by the
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matrix during the squeeze-casting process route since the
fibers are agglomerated in some regions. Since the artifi-
cial age hardening of 2124 Al is attributed to the GP
zone and the S’ phase, the microhardness of the compo-
sites is smaller due to the suppression of the GP zones.
Consequently, the number of S’ precipitates in the com-
posite matrix decreases. The increasing number of
precipitates are expected to result in high strength in the
age-hardenable alloys and their composites. The res-
ponse of the d-Al,O; short-fiber-reinforced 2124 Al alloy
matrix to aging is significantly different to that of the un-
reinforced alloy in the 495 °C solution-treated condition.
The grain boundaries and the addition of fiber-matrix
interfaces were thought to be the preferred site for pore
nucleation for the following reasons; i) the incipient
melting that occurs there (incipient melting is particul-
arly prone to gas porosity because of the higher solubi-
lity in the liquid phase® and, ii) the observation that when
an aluminum matrix composite was charged with
hydrogen, the gas migrates to the clusters in addition to
the -A1,0; fiber interfaces.*

4 CONCLUSIONS

Increasing the solution treatment temperature led to
an increase in the dissolution of the intermetallic
particles in the composite matrix. At temperatures above
525 °C, samples of the unreinforced alloy experienced
significant incipient melting along the grain boundaries.
The 0-Al,O; reinforced composite exhibits no grain-
boundary melting, but appears to show incipient melting
around the short alumina fiber interfaces.

The microhardness values of the matrix of the com-
posite were lower than that of the 2124 unreinforced
matrix in their peak-aged conditions. The highest micro-
hardness value was obtained after solutionizing at 495 °C
for 6 h, and aging at 190 °C for 10 h for the unreinforced
matrix alloy. The highest HV value was found after
solutionizing at 555 °C for 6 h and aging at 170 °C for
12 h for the composite.
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