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Effects of dislocation loop on microstructure and
mechanical properties of LN;-quenched 2524 Al alloy
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Abstract: The microstructure and mechanical properties of 2524 Al alloy after quenching in liquid nitrogen (LN,) were
investigated by TEM and compared with those of cold water quenching. The results show that the LN» quenching
process effectively induces the formation of dislocation loops. These loops become large and unevenly distribute after
aging for 15 min. Furthermore, such loops become rapidly immobilized by the precipitation of coarse S phases after 1 h
aging. The alloy quenched in LN, demonstrates superior peak hardness and displays a more rapid response to
subsequent aging treatments compared with the cold water-quenched one. Despite the short aging time, LN>-quenched
sample achieves tensile strength of 488 MPa. This enhanced strength is attributed to the strengthening effect of
numerous finely dispersed Guinier-Preston-Bagaryatsky (GPB) zones, in conjunction with the inhomogeneous

formation of S phase on the dislocation loops.
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1 Introduction

Al-Cu—Mg alloys, renowned for their high
strength and heat treatability, have emerged as
crucial structural materials in the aerospace industry
owing to their favorable characteristics such as
thermal stability, excellent damage tolerance, and
creep resistance [1—4]. The conventional age-
hardening heat treatment process for such alloys
comprises three primary steps: (1) high-temperature

solution treatment, (2) quenching, and (3) aging,
allowing precise control over precipitation
phenomena [5]. The Al-Cu—Mg alloys usually
exhibit quench sensitivity, as their capacity for
achieving maximum precipitation hardening is
contingent upon the cooling rate employed during
the quenching process [6—8].

Generally, the fast quenching rate enhances
subsequent precipitation behavior [9—11]. This
acceleration allows solute atoms to diffuse belatedly
and maintains the high concentration of vacancies
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their dissipation.
concentration of

in the matrix, preventing
Consequently, a  high
supersaturated vacancies is retained in such alloy.
These vacancies not only facilitate the formation of
quenched dislocation loops but also expedite the
diffusion of solute atoms during the aging process.
Alternatively, they may directly act as nucleation
sites for the second phase precipitation, leading to a
finer, denser precipitation distribution throughout
the process. This process ultimately ensures the
attainment of exceptional strength and optimal
corrosion resistance through the fastest quenching
rate.

In contrast to quenching
techniques, liquid nitrogen (LN») quenching notably
enhances the mechanical properties while reducing
residual  stress of the materials [12,13].
Theoretically, LN> cools approximately five times
faster than cold water [5], so the alloy will obtain
improved  mechanical  characteristics  after
quenching. Upon the solid solution treatment of
2524 Al alloy, the introduction of dislocation loops
becomes apparent [8,14]. TIAN et al [15] have
demonstrated that the precipitation of secondary
phases on these dislocation loops contributes to
mechanical properties subsequent to
quenching in cold water. Unfortunately, in-depth
studies concerning quenching media at lower
temperatures remain limited. Thus, it becomes
imperative  to explore the
microstructural evolution and mechanical properties
of aluminum alloy quenched in LN,. This study
aims to ascertain the presence of quenched
dislocation loops in LN, and to evaluate their
potential impact on alloy strength. Moreover, this
study aims to elucidate the interplay among
quenching rate, dislocation loops, and secondary
phases, thereby enhancing the utilization of LN,
quenching in Al alloy.

conventional

superior

comprehensively

2 Experimental

The as-rolled 2524 Al alloy with a nominal
composition of Al-4Cu—1.5Mg (in wt.%) was
selected to ensure the achievement of meticulous
and reliable experimental results. The actual
chemical composition determined by inductively
coupled plasma (ICP) is presented in Table 1. The
2524 Al sheets underwent heat treatment at 495 °C

for 0.5 h, followed by immediate quenching in LN.
To mitigate the influence of the nitrogen film on the
sample surface, adequate cooling was achieved by
continuous stirring of the LN, for a duration of
2 min. Subsequently, aging was conducted within
an oil bath maintained at 170 °C.

Vickers microhardness measurements of the
carefully polished samples were carried out using a
Shimadzu HMV-G-XY-S microhardness tester with
a load of 49N and a loading time of 20s. The
hardness values were averaged over seven
consecutive measurements to attain representative
data. Room-temperature tensile tests were
performed using a UTM5105GD test system at a
strain rate of 1 mm/min.

For transmission electron microscopy (TEM)
analysis, thin 3 mm-thick discs were prepared by
cutting, grinding and punching. These discs were
subsequently ion-milled using the PIPS 1II
(GANTAN 695). The TEM observation and
characterization were examined by the JEM—2100F
operating at an acceleration voltage of 200 kV.

Table 1 Chemical composition of commercial 2524 alloy
(wt.%)

Cu Mg Mn Si Fe Zn Mo Al
421 138 0.75 042 0.07 0.02 0.02 Bal

3 Results and discussion

3.1 Hardness and peak-aged room temperature

tensile properties of LN>-quenched alloy

Figure 1(a) illustrates the evolution of Vickers
hardness for 2524 Al alloy subsequent to quenching
in LN> and cold water, respectively, followed by
aging at 170 °C. The plots show similar aging
trends for both quenched alloys, with the LN-
quenched alloy showing not only a higher peak
hardness but also a more rapid response to peak
aging. Our previous research [15] has shown that
the cold water-quenched alloy reaches a peak
hardness of HV 140 after 72 h of aging. In contrast,
the LN>-quenched alloy achieves a peak hardness
of HV 149 after only 48 h of aging, clearly
demonstrating the significant increase in hardness
achieved by LN quenching. In addition, the LN,
quenching approach significantly reduces the aging
time required to achieve peak hardness.



2824 Hui YU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2822-2829

160

P

150 4

140 f---gf----

Hardness (HV)
I
S

120 Cold water [15]

A=24h

110 . . . . . . . . .
0 20 40 60 80 100 120 140 160 180

Aging time/h

525 H(b) N

450 -
Cold water [15]
375
300
225

150

Engineering stress/MPa

75

0 2 4 6 8 10 12 14 16 18
Engineering strain/%

Fig. 1 (a) Age-hardening curves of 2524 alloy cooled in
LN> and cold water versus aging time; (b) Engineering
stress—strain curves of two quenched alloys at peak aging

Figure 1(b) shows the representative engineering
stress—strain curves obtained from the peak aging
stage for both LN,-quenched and cold water-
quenched alloys. It is evident from the figure that
while the tensile yield strength (TYS) and
elongation (EL) of the LN,-quenched alloy
experience a slight reduction compared with the
cold water-quenched counterpart, the ultimate
tensile strength (UTS) is comparable or even
slightly increased, reaching 488 MPa in a short
aging duration. The comprehensive mechanical
properties of the two quenched alloys are listed in
Table 2. This observation aligns with the findings
depicted in Fig. 1(a), indicative of the influence of
aging hardening. A plausible explanation lies in the
practice of continuous stirring during LN,
quenching, which minimizes the influence of
nitrogen film on the alloy surface, thereby
facilitating a greater cooling rate in LN than
that achieved in cold water. These findings
collectively testify the capacity of LN, quenching to
effectively enhance the strength and hardness of the

aluminum alloy, contradicting previous research
conclusions [16].

Table 2 Mechanical properties of two quenched alloys in
peak aging state at room temperature

Sample TYS/MPa  UTS/MPa EL/%
1 ter-
Coldwater- 300100 467415 16426
quenched
LN»-quenched 211.6+2.6 488+3.2 15.4+1.3

3.2 Characteristics of dislocation loops and
precipitates

The microstructure of the alloy quenched in
LN, at various aging stages was characterized using
TEM to investigate the underlying factors
contributing to the observed increase in both
strength and hardness. Figure 2 shows the TEM
images of the alloy after quenching in LN,. As can
be seen from Figs.2(a—c), the presence of
dislocation loops and S phases in the quenched state
of the alloy is not observed either from the [110]a;
or [100]a direction before artificial aging, and the
fast Fourier transform (FFT) image shown in
Fig. 2(d) confirms that there is no S phase
precipitation in the alloy at this state.

Figure 3 presents the microstructure of the
LN;-quenched alloy near the [110]a; or [100]4; axis
during the initial stage of aging. The yellow circles
and the red squares/arrows in Fig. 3 represent the
dislocation loops and the S phases precipitated on
these loops, respectively. After aging for 15 min, a
notable presence of dislocation loops similar to
those observed in the cold water-quenched alloy
appears in the LN,-quenched counterpart [15].
However, these loops have larger dimensions as
uneven distribution, as shown in
Figs. 3(a, b). This phenomenon can be attributed to
the extremely rapid cooling rate of the LN»-
quenched sample, which induces high thermal
stresses and quenching deformations, resulting in
high dislocation density. Subsequently, during the
aging process, the pre-existing dislocation lines,
acting as strong defects, exert a significant
influence on the nucleation and evolution of
dislocation loops. These dislocation lines
effectively reduce the concentration of point defects
generated during quenching, thereby facilitating
the growth of dislocation loops while suppressing
their nucleation [17,18]. Consequently, at the initial

well as
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Fig. 2 TEM images of LN>-quenched Al alloy: (a) B=[110]ai; (b) B=[100]a1; (c¢) HRTEM image; (d) FFT pattern (The

insets show the corresponding SADP)

stage of aging, the number of dislocation loops
remains limited, but their sizes are enlarged.
Moreover, the rapid cooling rate enables the Al

alloy to acquire a substantial amount of
supersaturated solute atoms and vacancies.
However, the presence of dislocation lines

accelerates the growth of dislocation loops by
facilitating their absorption of surrounding
supersaturated vacancies or the formation of new
loops through the intersection and merging of
existing dislocation loops. This dynamic process
leads to the disappearance of the original
dislocation loops and the formation of large ones.
Consequently, the density of these loops diminishes,
and their shapes become irregular, thereby
explaining the observed variations in loop size
and imperfect elliptical shapes observed in
Figs. 3(a, b).

Small precipitates were also found within the
sample (see Fig. 3(c)). A high-resolution transmission
electron microscopy (HRTEM) examination, shown
in Fig. 3(d), corroborated by the corresponding
FFT image, confirmed these precipitates as S

phases [19,20], which play a crucial role in
strengthening the alloy throughout the thermal
aging process [21,22].

Upon aging for 1h, the dislocation loops
within the alloy become indiscernible, attributed to
their coarsening and the entanglement effect
resulting from the growth of S phases on them.
Figures 3(e—h) exemplify this transition, as the
loops are supplanted by numerous coarse .S phases.
The scanning transmission electron microscopy
(STEM) image presented in Fig. 3(e) offers a clear
view of the morphology and distribution of these
coarsened S phases. Additionally, the HRTEM
image in Fig. 3(h) reveals a noticeable increase in
the thickness of the S phase due to aging, ranging
from 2—4 atomic layers to 6—8 atomic layers. This
accounts for the rapid increase in hardness observed
during the under-aging stage in Fig. 1(a), as a
substantial volume of enlarged strengthening S
phases is generated. This experimental finding
corroborates previous research, which indicates that
the size of S phases adhering to dislocation loops
magnifies during the beginning of aging [15].
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Fig. 3 TEM images of alloy aged at 170 °C for 15 min (a—d) and for 1 h (e—h) after cooling in LN,: (a, b) Dislocation
loops viewed from [110]a; and [100]a1 zone axes, respectively; (c) Low-magnification image of S phase; (d) HRTEM
image of S phase; (¢) HADDF-STEM image of S phase; (f, g) S phase morphology viewed from [110]a1 and [100]ai
zone axes, respectively; (h) HRTEM image of S phase (The insets are the corresponding SADP or FFT patterns of
interesting regions)
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Significantly, in contrast to the alloy cooled in
cold or boiling water wherein visible dislocation
loops persist and grow during aging, the
LN-quenched alloy, when aged for 1 h, exhibits the
absence of observable dislocation loops due to the
presence of coarse S phases that have formed on
them. This behavior can be attributed to the
instantaneous cooling of the quenched alloy from
a high solid solution temperature to —196 °C,
resulting in substantial temperature differentials that
induce lattice shrinkage and distortion [23,24].
Consequently, the lattice shrinkage and distortion
impede dislocation slip, thereby increasing the
strength of the alloy [25]. Furthermore, lattice
distortion augments the potential energy, thus
increasing the density of defects such as vacancies
and dislocation nodes, thereby promoting
precipitation during aging [24,26]. Consequently, a
considerable population of significantly coarsened
S phases is observed within a relatively short aging
period of 1 h.

Figure 4 shows the TEM images of the alloy
during the peak aging period. In comparison to
Fig. 3, the S phases exhibit a noteworthy increase in
size, reaching a thickness exceeding 22—26 atomic
layers (see Fig. 4(c)). Additionally, a significant

GPB zones

occurrence of diffusely distributed, smaller Guinier-
Preston-Bagaryatsky (GPB) zones in 1-2nm,
denoted by yellow circles, becomes apparent, as
illustrated in Figs. 4(d—f). GPB zones also serve
as potent strengthening particles, capable of
obstructing dislocation movement and enhancing
the overall mechanical properties. They can also
form concurrently with the reinforcing S phases and
interact with each other in terms of microstructure
and morphology [27]. Although GPB zones are also
present in the cold water-quenched alloy during the
peak aging stage, their quantity is far lower,
resulting in a comparably weaker strengthening
effect on the alloy compared to the S phases [15].

In this investigation, the utilization of LN; as a
quenching medium resulted in the presence of a
greater number and larger size of strengthening S
phases, as well as a densely populated and widely
dispersed collection of GPB zones within the alloy.
These GPB zones, together with the coarser S
phases, collectively contribute to the strengthening
of the alloy, with GPB zones playing a dominant
role. The alloy experiences a substantial temperature
range when rapidly transitioning from a high
solid solution temperature to LN,. The continuous
stirring of the liquid serves to mitigate the influence
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Fig. 4 TEM images of alloy at peak aging state after quenching in LN»: (a—c) S phases; (d—f) GPB zones: (a) Bright-
field image of S phase; (b) High-resolution image of S phase; (c) Local magnification of (b); (d) Dark-field image of
GPB zones; (e) Bright-field image of GPB zones; (f) High-resolution images of GPB zones (The insets are the
corresponding SADP with B=[100]a: and FFT patterns for the phase analysis)
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of the nitrogen film on the alloy surface, thereby
significantly accelerating the cooling rate and
augmenting the concentration of supersaturated
solid solution within the alloy. Consequently, an
increased abundance of supersaturated vacancies
ensues.

During the early stage of aging, the formation
of large dislocation loops with an uneven
distribution is observed, which subsequently
facilitates the rapid precipitation of S phases
distributed along these loops. Simultaneously, the
concentration of supersaturated solute atoms within
the alloy increases, promoting the formation of
numerous small and dispersed GPB zones. Through
the combined influence of GPB zones and S phases,
the aging heat treatment response of the material is
substantially enhanced, resulting in comparable or
even higher levels of strength and hardness when
compared to cold water quenching, in a shorter
aging time.

4 Conclusions

(I) Quenched dislocation loops with
significant dimension and non-uniform distribution
persist in the LN>-quenched alloy. However, their
observability is precluded due to the rapid
anchoring effect caused by the precipitation of §
phases onto the loops after aging for 1 h.

(2) The LNz-quenched alloy exhibits an
acceleration in peak aging, resulting in significant
improvements in both hardness and tensile strength.

(3) In addition to the inhomogeneously
nucleated S phases on dislocation loops, a
considerable population of diffuse and small GPB
zones precipitate in the alloy during the peak aging.
These GPB zones play a prominent role in
enhancing the overall strength of such alloy.
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