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Èññëåäîâàíû ìèêðîñòðóêòóðíûå îñîáåííîñòè è ìåõàíè÷åñêèå ñâîéñòâà ñïëàâà Al–Cu–Mg
(ÀÀ2024) ïîñëå ñòàðåíèÿ ñ ðàçíîé äëèòåëüíîñòüþ ïðè òåìïåðàòóðå 105...195°C. Îäíó ãðóïïó
îáðàçöîâ ïîäâåðãàëè ñòàðåíèþ ïðè 105, 135, 165 è 195°C â òå÷åíèå 2 ÷, äðóãóþ – ïðè îäèíàêîâîé òåìïåðàòóðå â òå÷åíèå 3,5; 3; 2,5 è 2 ÷. Äèôðàêöèÿ ðåíòãåíîâñêèõ ëó÷åé è ðàñòðîâàÿ
ýëåêòðîííàÿ ìèêðîñêîïèÿ ñâèäåòåëüñòâóþò îá îáðàçîâàíèè âûäåëåíèé S- (Al2CuMg) è Q-ôàç
(Al2Cu), ïëîòíîñòü è ðàçìåðû êîòîðûõ èçìåíÿþòñÿ âñëåäñòâèå èçìåíåíèÿ âðåìåíè è òåìïåðàòóðû ñòàðåíèÿ. Îáíàðóæåíû àíîìàëüíûå èçìåíåíèÿ çíà÷åíèé ïðåäåëîâ òåêó÷åñòè è ïðî÷íîñòè ïðè ðàñòÿæåíèè, ïëàñòè÷åñêîãî óäëèíåíèÿ, ìîäóëÿ óïðóãîñòè è òâåðäîñòè ïðè èçìåíåíèè òåìïåðàòóðû èëè âðåìåíè ñòàðåíèÿ. Îáðàçöû, êîòîðûå ïîäâåðãàëèñü ñòàðåíèþ ïðè
135 è 195°C, èìåëè ìàêñèìàëüíîå çíà÷åíèå ïðî÷íîñòè è òâåðäîñòè, â òî âðåìÿ êàê ïëàñòè÷íîñòü íåçíà÷èòåëüíî óìåíüøàëàñü ïî ñðàâíåíèþ ñ òàêîâîé îáðàçöîâ, ïîäâåðãøèõñÿ ñòàðåíèþ
ñ ðàçíîé äëèòåëüíîñòüþ ïðè äðóãèõ òåìïåðàòóðàõ.

Êëþ÷åâûå ñëîâà: èñêóññòâåííîå ñòàðåíèå, àëþìèíèåâûå ñïëàâû, âûäåëåíèÿ,
ìåõàíè÷åñêèå ñâîéñòâà.
Introduction. Age hardening in aluminum alloys has been a subject of
interest since its discovery in Al–Cu alloys by Alfred Wilm about one hundred
years ago [1]. It is considered to be a novel way to increase the strength of the
aluminum alloys which are used for aerospace, marine, automotive and other
engineering applications. Aluminum alloy 2024 (AA2024) is one such alloy which
is often used for these applications and therefore the study of its age hardening has
been a prime topic of research. It is well accepted that the microstructure of the
aged AA2024 consists of Guinier–Preston–Bagaryatsky (GPB) zones that are
formed during the initial stages of the aging treatment and are coherent with the
matrix [2–5]. With increase of aging temperature, these transform into the
metastable Al2CuMg (S ¢) and Al2Cu (Q¢) precipitates which act as precursors of
the equilibrium S and Q phase intermetallic particles [6–12]. The structure of S ¢
and Q¢ has been found similar to S and Q precipitates with only a small
difference in their lattice parameters [13, 14]. Various studies were conducted on
the understanding of the formation and role of these precipitates on hardness and
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strength of the aged Al–Cu–Mg alloys [15–23]. The literature shows that the
hardening of the aged Al–Cu–Mg alloys depends upon the distribution and types of
these precipitates in the matrix [15–21]. The formation of S -phase precipitates in
Al–Cu–Mg alloys during the aging treatment is found to be more useful in
increasing the hardness and strength of the alloy than the Q-phase precipitates [5,
14]. Recently, work has been carried out on the mechanical properties of AA2024
after its artificial aging at different temperatures and time [22–24]. Gurugubelli
[22] studied the hardness and impact toughness of Al–Cu–Mg alloy after aging it
for different durations (1–18 h) at 200°C. The impact toughness of the alloy
showed anomalous trend with the aging time and became minimum at the peak
hardness value. In another work of Abbas regarding the aging time effects on the
hardness of spot welded joints of Al–Cu–Mg alloy [23], it was observed that the
hardness of the material becomes maximum it is aged at 190°C for 3 and 5 h,
respectively. Similarly, Reis et al. [24] studied hardness, tensile and fatigue
strength of AA2024 alloy after its artificial aging at 190 and 208°C for 2h. The
specimens aged at 208°C for 2 h showed the maximum yield and tensile strength
followed by a decrease in its ductility as compared to those aged at 190°C.
Despite numerous efforts in investigating the precipitation hardening of
Al–Cu–Mg alloys, there still exists a considerable amount of interest to find out the
optimum aging temperature and the time at which the material shows a good
combination of hardness, strength and the ductility because of the anomalies present
in its mechanical properties. In the present study, artificial aging of AA2024
specimens has been carried out at temperatures ranging from 105 to 195°C for
different durations (2–3.5 h). A systematic correlation has been made between the
microstructural features, mechanical properties and fractographs of the aged
specimens.
1. Experimental. Al–Cu–Mg alloy (AA2024) used in the present work
contains 93.5 wt.% Al, 4.4 wt.% Cu, 1.5 wt.% Mg, and 0.6 wt.% Mn. The alloy
specimens in strip form (with dimensions 30 ´ 3.2 ´ 6. 4 mm) were ground using
emery papers of different grades followed by their polishing using diamond pastes
up to 3 mm. Two batches each containing five specimens were prepared for the
experiment. The samples were given solution heat treatment inside the muffle at
495°C for 2 h and then rapidly quenched in air up to the room temperature. The
aging of one set of the specimens was performed at 105, 135, 165, and 195°C for
2 h in the furnace whereas in the other set, the specimens were aged at 105, 135,
165, and 195°C for 3.5, 3, 2.5, and 2 h, respectively. X-ray diffraction analysis of
the solution treated (ST) and the aged specimens was carried out by using the
X-ray diffractometer (XRD) operating at CuKa line with 40 kV and 40 mA voltage
and current, respectively. The secondary electron images of the ST and aged
specimens were taken using the scanning electron microscope (SEM). Hardness
tests of the ST and aged specimens were conducted using Vickers hardness tester at
room temperature. For the tensile testing, specimens with gauge length 30 mm
were inserted inside the jaw faces of the universal testing machine and their stress–
strain curves were recorded by the attached software at the room temperature. The
fractographs of the deformed specimens were taken using the SEM and a systematic
correlation was made between the microstructure and mechanical properties of the
material. The experiment was repeated to confirm the obtained results.
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2. Results.
2.1. XRD Results. XRD patterns of AA2024 after its aging at 105, 135, 165,
and 195°C for 2 h are shown in Fig. 1. The figure shows that in case of the ST
sample, the peaks of aluminum solid solution (a-Al) corresponding to (111), (200),
(220), and (311) planes appear at 38.3, 44.6, 65, and 78° , respectively. Aging
treatment of the material at 105°C for 2 h reveals an additional peak of Al2CuMg at
27° along (111) and Al2Cu (Q-phase) peak at 42° along (112) plane [25, 26]. By
increasing the aging time to 135°C, the a-Al peak at 78° disappears and the S -phase
peak pertaining to (206) plane occurs at its place. Moreover, two additional
Q-peaks are also formed at 20.5 and 47° along (110) and (112) planes,
respectively [27, 28]. With increase of aging temperature to 165°C, the a-Al peak
appears again at 78° whereas the remaining S and Q peaks form at the same
angles as observed for the specimen aged at 135°C. At 195°C, the Q peak at 20.5°
vanishes whereas the S -phase peak corresponding to (206) appears at 78° instead of
the a-Al peak. In addition to the S and Q peaks, variations in the intensity of
a-Al peaks also occur (Fig. 1).

Fig. 1. XRD patterns of AA2024 as function of the aging temperatures.

Figure 2 shows the XRD spectra of AA2024 specimens aged at 105, 135, 165,
and 195°C for 3.5, 3, 2.5, and 2 h, respectively. The results show that a-Al peaks
are formed at 38.3, 44.6, 65, and 78° corresponding to (111), (200), (220), and
(311) planes, respectively, whereas the S and Q peaks appear at 35 and 42° along
(112) planes. The comparison of these results with the XRD results of the
specimens aged for 2 h at these temperatures reveals that the S -peak at 27° along
(111) and Q peak along (110) at 20.5° disappear (Fig. 2).
2.2. Microstructural Results. Figure 3a–e represents SEM micrographs of the
ST and AA2024 specimens aged between 105–195°C for 2 h. As seen from Fig. 3a,
the microstructure of ST sample consists of solid solution of aluminum (a-Al)
along with small inclusions/particles. From Fig. 3b, it is observed that aging of the
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Fig. 2. XRD patterns of AA2024 as function of the aging temperatures and time.

specimen at 105°C for 2 h produces a large number of fine white and dark gray
particles/precipitates which may correspond to S and Q phases, respectively
[29–31]. At few places within the matrix, clustering of precipitates particles can
also be observed. With increasing the aging temperature to 135°C, the number
density and size of these particles are found to increase (Fig. 3c). At 165°C, it is
found that a large number of particles/precipitates which were observed at 105 and
135°C are dissolved into the parent matrix (Fig. 3d). As a result, a large portion of
the matrix becomes free from the precipitates and these regions are termed as
precipitate free zones (PFZ). The formation of PFZs in the aluminum matrix
indicates a heterogeneous segregation of the precipitates particles around the grain
boundaries. The appearance of a-Al peak instead of S -phase peak at 78° in the
XRD pattern of the specimen aged at 165°C supports the dissolution of the
precipitates inside the matrix (Fig. 1). The SEM micrograph of AA2024 specimens
aged at 195°C for 2 h also indicates the formation of white and dark shaped
particles which take the form of clusters at the grain boundaries (Fig. 3e). From the
figure, it is further noticed that the density and size of the particles/precipitates
formed as a result of aging varies throughout the matrix. The increased density of
these precipitate particles at 195°C can also be related to the formation of
additional S -phase peak at 78° in the XRD spectrum (Fig. 1). Figure 4a–c shows
the SEM micrographs of AA2024 specimens aged at 105, 135°C and for 3.5, 3, and
2.5 h, respectively. From Fig. 4a, it is seen that the size of precipitates/particles
formed is significantly increased by aging the specimen at 105°C for 3.5 h as
compared to 2 h at the same temperature. Aging of specimen at 135°C for 3 h
displays a similar pattern of large and small size precipitates/particles along with
their clusters in the whole matrix. By comparing it with the specimen aged at
135°C for 2 h (Fig. 3c), it is observed that the precipitates coarsen with increase of
the aging time from 2 to 3 h at 135°C (Fig. 4b). From Fig. 4c, it is clear that the
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Fig. 3. Comparison of microstructures of AA2024 specimens aged at different temperatures for 2 h:
(a) solution treated; (b) 105°C; (c) 135°C; (d) 165°C; (e) 195°C.

aging behavior of AA2024 at 165°C for 2.5 h is the same as that was noted at the
same temperature after aging the specimen for 2 h with a difference that the size of
the precipitates/particles has significantly increased after aging at 165°C for 2.5 h
(Fig. 4c).
2.3. Hardness Results. The results of Vickers hardness tests are shown in
Figs. 5 and 6, respectively. Figure 5 represents a variation in the hardness of
AA2024 specimens after aging at different temperatures for 2 h. The hardness
increases with increase of the aging temperature from 105 to 135°C, then decreases
at 165°C and again starts increasing when aging temperature is increased to 195°C.
Figure 6 shows the hardness results of AA2024 specimens aged at 105, 135, 165,
and 195°C for 3.5, 3, 2.5, and 2 h, respectively. It can be observed that there is an
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Fig. 4. Comparison of microstructures of AA2024 specimens aged at different temperatures for
different durations: (a) 105°C–3.5 h; (b) 135°C–3 h; (c) 165°C–2.5 h.

Fig. 5. Variations of hardness with aging temperatures.

increase in the hardness of the specimens aged at 105 and 135°C for 3.5 and 3 h,
respectively. However, aging of specimen at 165°C for 2.5 h decreases its hardness
and upon further increasing the aging temperature to 195°C and decreasing the aging
time from 2.5 to 2 h, the hardness again increases.
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Fig. 6. Variations of hardness with aging time and temperatures.

Fig. 7. Stress–strain curves of AA2024 as function of the aging temperatures.

2.4. Tensile Tests Results. Figure 7 displays a comparison of tensile stress–
strain curves of ST specimen and the specimens aged at 105–195°C for 2 h. The
yield strength (YS) and ultimate tensile strength (UTS) increase whereas the
plasticity slightly decreases with increase of aging temperature from 105 to 135°C.
When the aging temperature is increased to 165°C, the YS, UTS, and plasticity are
decreased. Upon further increasing the temperature to 195°C, YS and UTS again
increase whereas the plasticity is considerably reduced. It can also be noted that the
elastic modulus also changes with change in the aging temperatures. Similarly,
Fig. 8 compares the tensile stress–strain curves of AA2024 before aging and after
aging at 105, 135, 165, and 195°C for 3.5, 3, 2.5, and 2 h, respectively. Again an
anomalous trend in the tensile behavior of AA2024 is observed after changing the
aging temperatures and time simultaneously. When the specimens are given the
aging treatment at 105°C for 3.5 h, its YS, UTS decrease, however, its plasticity
ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2013, ¹ 6
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Fig. 8. Stress–strain curves of AA2024 as function of both aging time and temperatures.

remains same. By aging the specimen at 135°C for 3 h, the YS, UTS, and plasticity
are further decreased. This decrease becomes more pronounced when the aging
temperature is set at 165°C for 2.5 h. When the aging temperature is increased to
195°C for 2 h, the YS and UTS again increase substantially accompanied by a
decrease in the plasticity of the material.
2.5. Fractographs Analysis. The fractographs results of AA2024 specimens
with respect to different aging temperatures are shown in Fig. 9a–e. The fractured
surface of ST shows a large number of dimples which represent a ductile fracture
(Fig. 9a). Aging at 105°C for 2 h produces shallow voids inside the dimples and
cracks propagation takes place at the grain boundaries which increases the
materials’ strength and decreases its plasticity (Fig. 9b). With increase of the aging
temperature to 135°C, the fractured surface shows the ductile dimples and cracking
around the precipitates (Fig. 9c). However, merging of a few cracks produces
relatively flat dimples which results in an increase in the YS and UTS of the
material. Aging the material at 165°C for 2 h again produces dimples and cracks
especially at the grain boundaries (Fig. 9d). When aging temperature is increased
to 195°C, the flatness of dimples and cracking at the grain boundaries around the
precipitates becomes more prominent (Fig. 9e). The flatness of dimples indicates a
moderately ductile fracture which results in an increase in YS and UTS of the
material as indicated by the stress–strain curve (Fig. 7). Figure 10a shows that
aging of AA2024 at 105°C for 3.5 h produces relatively more flat dimples along
with the intergranular cracks. By aging the specimen at 135°C for 3 h, the
intergranular cracking becomes more pronounced (Fig. 10b). When aging is carried
out at 165°C for 2.5 h, the surface again shows dimples and cracks propagation at
the grain boundaries (Fig. 10c). The comparison of Fig. 10a–c with Fig. 9a–e
shows that the intergranular cracking and flatness of the dimples become more
prominent when the material is aged at 105, 135, and 165°C for 3.5, 3, and 2.5 h,
respectively, as compared to the other aging temperatures and time.
3. Discussion. The anomalous changes in the mechanical properties of
AA2024 after artificial aging at different temperatures and time are attributed to
the variations in the number density and size of the S and Q phase precipitates.
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Fig. 9. Fractographs of AA2024 specimens aged at different temperatures for 2 h: (a) solution treated;
(b) 105°C; (c) 135°C; (d) 165°C; (e) 195°C.

When the solution treated sample is aged at 105°C, then the fine S and Q
precipitates are formed in it as revealed through the XRD analysis of the specimen
(Fig. 1). The formation of these precipitates and their clusters induces local stresses
in their vicinity [22], thus causing an increase in the hardness of the alloy. During
deformation, the dislocations motion is greatly impeded by these precipitates
which results in an increase of the YS, UTS, and FS of the material. An increase in
the number of S and Q peaks in the XRD spectra of the specimen aged at 135°C
thus indicates an increase in the number density of these precipitates (Fig. 1). Due
to the changes in the density of S and Q precipitates, stress variations around
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Fig. 10. Fractographs of AA2024 specimens aged at different temperatures and time: (a) 105°C–3.5 h;
(b) 135°C–3 h; (c) 165°C–2.5 h.

them take place which further increase their hardness and the strength. The
decrease of hardness and strength of AA2024 aged at 165°C for 2 h is attributed to
the dissolution of most of the precipitates inside the parent matrix and as a result
PFZs are formed inside the grains (Fig. 9d). Although the clustering of
precipitates/particles occurs at few portions in the matrix along the grain
boundaries, yet this does not significantly affect the strength and hardness of the
material. Instead, it reduces the plastic elongation due to intergranular cracking
caused by these precipitates (Fig. 9d). With increase of aging time at 105°C from 2
to 3.5 h, the size of precipitates/particles is considerably increased. As the
resistance offered by the coarser precipitates to dislocations motion is not as
effective as offered by the fine small size precipitates, therefore the YS and UTS of
the material decrease when it is aged at 135°C for 3.5 h instead of 3 h. The more
pronounced decrease in YS, UTS, and FS of AA2024 sample aged at 165°C for
2.5 h as compared to 2 h is related to the reduction and coarsening of the
precipitates. However, due to decrease in the number density of the precipitates at
2.5 h aging time, the material’s hardness shows a decreasing trend. The specimens
aged at 135 and 195°C for 2 h show maximum hardness, YS and UTS along with a
decrease in their ductility. This is because of the fact that aging at 135 and 195°C
for 2 h significantly increases the density of the S phase precipitates instead of the
Q phase precipitates which is evident from the XRD analysis of the specimens
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where an additional S -phase peak occurs at 78° and the Q peak at 20.5° vanishes
(Fig. 1). Since the presence of S -phase precipitates is more effective in restricting
dislocation motion as compared to the Q precipitates, therefore the strength and
hardness of AA2024 increases considerably when it is aged at 135 and 195°C for
2 h as compared to the other aging time and temperatures used in the present work.
However, the more prominent decrease in the plasticity of the specimen at 195°C as
compared to 135°C may be due to the more pronounced intergranular cracking
caused by the coarser precipitates as observed using the fractograph analysis
(Fig. 9).
Conclusions
1. Artificial aging of AA2024 at 105, 135, 165, and 195°C for 2 h produces
anomalous variations in its hardness, YS, UTS, elastic modulus, and the plastic
elongation. The specimens aged at 135 and 195°C for 2 h exhibit maximum
strength and hardness whereas aging at 165°C for 2 h decreases the strength and
hardness of the alloy.
2. The increase of hardness and strength at 135 and 195°C after 2 h aging is
attributed to an increase in the number of S -phase precipitates as compared to the
Q phase precipitates. The more prominent decrease in the plasticity at 195°C
compared to 135°C is ascribed to more pronounced intergranular cracking caused
by relatively coarser precipitates at 195°C. However, dissolution of the precipitates
in the parent matrix at 165°C decreases both strength and the hardness of the alloy.
3. Aging of AA2024 at 105, 135, and 165°C for 3.5, 3, and 2.5 h, respectively,
decreases the YS, UTS, and plastic elongation of the alloy which is related to the
coarsening of the S and Q precipitates. The increased hardness of the material
aged at 105 and 135°C for 3.5 and 3 h, respectively, is ascribed to an increase in the
density of coarse precipitates.
4. Coarsening of the precipitates promotes intergranular fracture which
decreases the plasticity of the material.
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Ðåçþìå
Äîñë³äæåíî ì³êðîñòðóêòóðí³ îñîáëèâîñò³ ³ ìåõàí³÷í³ âëàñòèâîñò³ ñïëàâó Al–
Cu–Mg (AA2024) ï³ñëÿ ñòàð³ííÿ ð³çíî¿ òðèâàëîñò³ çà òåìïåðàòóðè 105...195°Ñ.
Îäíó ãðóïó çðàçê³â ï³ääàâàëè ñòàð³ííþ çà 105, 135, 165, òà 195°Ñ ïðîòÿãîì 2
ãîäèí, ³íøó – çà îäíàêîâî¿ òåìïåðàòóðè ïðîòÿãîì 3,5; 3; 2,5 ³ 2 ãîäèí.
Äèôðàêö³ÿ ðåíòãåíîâñüêèõ ïðîìåí³â ³ ðàñòðîâà åëåêòðîííà ì³êðîñêîï³ÿ ñâ³ä÷àòü ïðî ïîÿâó âèä³ëåíü S - (Al2CuMg) ³ Q-ôàç (Al2Cu), ãóñòèíà ³ ðîçì³ðè ÿêèõ
çì³íþþòüñÿ âíàñë³äîê çì³íè ÷àñó ³ òåìïåðàòóðè ñòàð³ííÿ. Âèÿâëåíî àíîìàëüí³ çì³íè çíà÷åíü ãðàíèöü òåêó÷îñò³ ³ ì³öíîñò³ ïðè ðîçòÿç³, ïëàñòè÷íîãî âèäîâæåííÿ, ìîäóëÿ ïðóæíîñò³ ³ òâåðäîñò³ ïðè çì³í³ òåìïåðàòóðè àáî ÷àñó ñòàð³ííÿ. Çðàçêè, ÿê³ ï³ääàâàëè ñòàð³ííþ ïðè 135 ³ 195°Ñ, ìàëè ìàêñèìàëüí³ çíà÷åííÿ ì³öíîñò³ ³ òâåðäîñò³, â òîé ÷àñ ÿê ïëàñòè÷í³ñòü çìåíøóâàëàñü íåçíà÷íî
ïîð³âíÿíî ç³ çðàçêàìè, ùî ï³ääàâàëè ñòàð³ííþ ð³çíî¿ òðèâàëîñò³ çà ³íøèõ
òåìïåðàòóð.
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