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The tensile deformation behaviors of the inoculated Al-Cu alloys were examined through uniaxial tensile
tests conducted within a temperature range of (433-493) K and strain-rate range of (10-*-107") s™'. After
tensile tests, an investigation was carried out to analyze the changes of the 0" precipitate phases with
deformation behaviors. The findings suggest that the growth of 0 precipitates is inversely proportional to
the strain rates or directly proportional to the deformation temperatures, leading to a decrease in work-
hardening ability during plastic deformation and subsequently reduce the level of flow stress. Moreover, the
deformation mechanism of the investigated Al-Cu alloy at elevated temperatures is controlled by dislocation

creep.
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1. Introduction

Precipitation strengthening plays a crucial role in enhancing
the strength of Al alloys. The enhanced strength improvement
is closely linked to the characteristics of precipitates, including
their structure, shape, size and number density (Ref 1-5). In Al-
Cu alloys, the precipitation sequence can generally be described
as follows: starting with a supersaturated solid solution,
followed by the formation of Guinier—Preston (G.P.) I zone
and 0” (G.P. II zone), leading to 0" phase and finally 6 phase
(Ref 6-8). The relationships of the 6”, 6" and 0 phases with o-
Al matrix phase are coherent, semi-coherent and noncoherent,
respectively. Among the various forms of precipitation, the
plate-like 0" phase is widely recognized as the most effective
strengthening component in Al-Cu alloys. This phase possesses
a body-centered tetragonal structure and typically precipitates
along the {100}o-Al planes. The presence of abundant 6
phases in Al-Cu alloys significantly enhances their strength at
room temperature through precipitation strengthening. How-
ever, this effect will be weakened at higher temperatures due to
the coarsening of the 6" phase. Therefore, it is very necessary to
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improve thermal stability of 6" phase so as to enhance the
mechanical properties of the Al-Cu alloy at elevated temper-
atures (Ref 9-24).

Li (Ref 10) investigated the effect of microalloying elements
(Zr, V and Sc) additions on thermal stability of precipitates and
elevated temperature properties of Al-Cu 224 cast alloys. They
found that Zr, V and Sc can delay the transformation from 0" to
0’ after T7 heat treatment and improved the thermal stability of
0’ phases when exposed to temperatures as high as 300 °C for
100 h after T7A heat treatment. Hu (Ref 012, 13) found that
when addition Mg microalloying into Al-Cu 224 cast alloys,
the creep, low cycle fatigue and thermomechanical fatigue
behaviors can be improved, which is because Mg element can
increased higher thermal stability of 0" precipitates. According
to Shyam et al.’s study (Ref 16), introducing Mn or Zr elements
into interfaces could potentially enhance thermal stability
within 0’ phase structures. Consequently, this leads to increase
structural stability even when exposed to temperatures as high
as 350 °C, resulting in notable improvements in elevated
temperature strength for Al-Cu alloys. In addition, Chen et al.
(Ref 17) revealed that Au additions significantly reduce the
nucleation energy barrier of 0’ phase, and simultaneously
increase the low-temperature age hardening of Al-Cu alloy.
Besides, rare earth elements have also been shown to accelerate
both precipitate nucleation and growth of 0” phases, resulting in
significant improvements in creep resistance for Al-Cu alloys
(Ref 21-24). Recently, there have been reported on the
enhancement of high-temperature properties of Al-Cu alloys
inoculated by metallic glasses (Ref 25-27). However, there is a
lack of detailed investigation into the changes of the 6" phase in
the new type of Al-Cu alloys at elevated temperatures.
Therefore, this paper aims to discuss the impact of precipitate
phases on the mechanical properties of Al-Cu alloys under high
temperatures conditions.

In this study, the hot tensile tests of the Al-Cu alloys
inoculated by Zr-based metallic glass were investigated. The
tests were carried out at various temperatures ranging from 433
to 493 K and strain rates between 10~* and 10" s™'. The
relation between 6’ phase and mechanical properties at elevated
temperatures was discussed in detailed.
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Fig. 1 Microscopy graph of the studied Al-Cu alloy: (a) optical micrograph and (b) TEM micrograph

2. Experimental

The present study utilized an Al-Cu alloy, which consisted
of 5.0 wt.% Cu, 0.45 wt.% Mn, 0.30 wt.% Ti, 0.15 wt.% V,
0.15 wt.% Zr and trace amounts (0.004 wt.%) of B with the
remaining balance being Al. To enhance its properties, the alloy
was inoculated with a Zr-based metallic glass following the
procedure described in reference (Ref 23). Subsequently, T6
heat treatment (solution at 811 K for 10 h and aging at 438 K
for 10 h) was performed on the Al-Cu alloy. The microstructure
analysis involved examination using both Zeiss optical micro-
scope (Axio Imager) and high-resolution transmission electron
microscopy (HRTEM) equipment model JEM-2100F from
Japan as depicted in Fig. 1. The microstructure characterization
revealed that the Al-Cu alloy is composed of primarily o-Al
phase along with undissolved Al,Cu phase located at grain
boundaries and small 0 precipitates dispersed within the grains
measuring approximately an mean length of about 70 nm.
According to reference literature (Ref 10), true diameter d,, of

precipitate phases can be mathematically represented as: d, =
w (1, is the measured mean length, and ¢ is the
thickness of foil.

The tensile tests were performed using dog-bone-shaped
samples, which had a gauge cross section measuring 5.0 x 2.5
mm and a gauge length of 30.0 mm. These tests were
conducted on a servo-hydraulic materials testing system
(INSTRON, 5869, England). The tensile tests were conducted
under four different temperatures (433, 453, 473 and 493 K)
and four different strain rates (10™%, 1072, 1072, 10~ s™"). In
order to obtain the heat balance, each sample was held for 10
min at isothermal conditions of the setting temperature before
the tensile tests. After hot tensile test, the samples were
examined by TEM.

3. Results and Discussion

3.1 High-Temperature Deformation Behavior

Figure 2 shows the stress—strain behaviors of the Al-Cu
alloys investigated in this study at different temperatures
ranging from 433 to 493 K, and with various strain rates

between 10™* and 10™' s™'. The detailed results of the tensile
tests can be found in Table 1. During plastic deformation, as the
strain increases, the flow stress initially exhibits a rapid rise
until it reaches its peak value (o)), followed by a gradual
decrease until fracture occurs. It was observed that higher strain
rates or lower deformation temperatures led to an increase in
peak stress, while lower strain rates or higher deformation
temperatures resulted in a decrease in peak stress. These
findings highlight the significant influence of temperature and
strain rate on flow stress under all tested conditions. As reported
by Ref 26, it is evident that the mechanical properties of these
Al-Cu alloys are significantly superior compared to uninocu-
lated Al-Cu alloys under same testing conditions, and approx-
imately equivalent to those inoculated alloys by Ni-Base
metallic glass. Figure 3 shows a typical SEM fractography of
the studied Al-Cu alloy after tensile experiments. It can be
clearly observed that the small uniform dimples are uniformly
distributed on the fracture surface, indicating that the fracture
mode was mainly ductile fracture. However, comparing the
fracture morphology of low strain rate and high strain rate, it is
obvious that the fracture has a trend of intergranular fracture at
low strain rate. This is because lower strain rate allows
sufficient time for softening along grain boundaries during
plastic deformation stage; consequently, leading cracks develop
along these boundaries. In particular, it is worth noting that the
elongation of Al-Cu alloy under 493K and 10~ s™' dropped
sharply to 4.36%.

Figure 4 shows a typical TEM micrograph of 8" precipitates
observed after conducting tensile tests. Under strain rates of
107* and 107" s™" at a temperature of 433K, the sizes of 6’
precipitates were calculated to be 105.5 and 100.4 nm,
respectively. Similarly, at a temperature of 493 K, the sizes
were found to be 121.1 and 111.1 nm under strain rates of 10~*
and 107" 7, respectively. The change in size of 6’ precipitates
can be approximatively described using the Ostwald Ripening
equation D,?>— Dy? = Kt (where D, represents the mean size
after tensile test, D, represents the mean size before test, K is a
material-dependent constant, and 7 is time). According to the
Ostwald Ripening equation, the values of K are 3.0, 13.5, 10.4
and 26.1 under strain rates 107 s™' at 433 K, strain rates
107! s7! at 433 K, strain rates 107% s7! at 493 K and strain
rates 107" s7! at 493 K, respectively. At both temperatures
(433 and 493 K), under strain rates of 10~* s~!, K values are
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Fig. 2 True stress—strain curves of Al-Cu alloys at different temperature from 433 to 493 K with various strain rates: (a) 10~* s™'; (b) 107>

s7h () 1072 57" and (d) 107 's7!

Table 1 Data of the tensile experiment of the inoculated Al-Cu alloys by ZrCuAINi metallic glass at various temperatures

433, K 453, K 473, K 493, K

. oy, /MPa 55 Y% 6y, MPa 55 Y oy, MPa 35 Y% oy, MPa o5, Y%
1074 343 112 317 9.7 275 10 239 436
103 374 11.9 338 15.4 282 12 281 1.4
102 394 15.4 364 18.2 330 17.5 305 12.3
107! 403 16 375 17.4 337 18.5 313 18

greater than those obtained for strain rates of 107" s~'. This
suggests that at elevated temperatures (specifically at 493 K),
there is an increased tendency for 6’ precipitates to coarsen over
time compared to lower temperatures (433 K). This could be
attributed to the fact that higher temperatures can accelerate the
diffusion process, which can allow for easier coarsening.
Additionally, higher strain rates (specifically under conditions
with a rate of deformation equaling or exceeding 10~' s™1)
result in higher K values. This phenomenon can be attributed to
dynamic aging precipitation effects on the growth rate of 6’
precipitate phases (Ref 28, 29). In the presence of high strain
rate, there is a tendency for rapid growth of the 6 precipitates
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(Ref 29). Consequently, both deformation temperature and
strain rate significantly influence the final size of 0’ precipitates
during tensile experiments.

In the field of metallurgy, precipitation strengthening is
widely recognized as a strategy for enhancing mechanical
properties, especially in Al-Cu alloys. During the stage of
plastic deformation, 0" precipitates exhibit a stronger ability to
hinder and accumulate dislocations (Ref 2, 26). This phe-
nomenon not only enhances the capacity for dislocation storage
but also leads to significant work hardening (Ref 30, 31).
Furthermore, the precipitation strengthening mainly depends on
the size of 0’ precipitates, and smaller sizes can result in a more



Fig. 3 SEM fractography of the studied Al-Cu alloy after tensile experiments under different conditions: (a) 10~ s™' and 433 K; (b) 10" s

and 433 K; (¢) 107* 57! and 493 K; (d) 107" s™" and 493 K

prominent effect. Besides, work softening occurs due to
dynamic recovery and recrystallization at elevated tempera-
tures. Hence, the strain-hardening ability is the net value
between work hardening and work softening in this paper.
Figure 5 illustrates the strain-hardening characteristics of the
Al-Cu alloys at elevated temperatures. Figure 5(a) shows the
work-hardening rate ® (do/de) versus net flow stress (¢ — 1),
where Y is the (0.2% off-set) yield strength, during the plastic
deformation at 10~' s~' with various elevated temperatures.
The high initial ® value rapidly decreased with the net flow
stress gradually increased, and subsequently, the ©® value
decreased at a slower rate eventually stabilizing at zero when
the net flow stress reaches a certain threshold. It is evident that
the © value increased when the temperature was lowered while
fixing the net flow stress. With the increase in deformation
temperature, the K value increases, and the size of €’
precipitates increases, as depicted in Fig.4(b)and (d), resulting
in a decrease in driving force for dislocation movement and
consequently reducing the work-hardening rate, leading to a
decrease in flow stress. Figure 5(b) illustrates the relationship
between work-hardening rate ® (do/de) and net flow stress
(6 — Y) during plastic deformation at 433 K under various
strain rates. A similar trend of strain hardening can be observed.
It is apparent that the ® value increased with increase in strain
rate while maintaining a fixed net flow stress level. With an
increase in strain rate, although the K value also increases,
lower strain rates allow more time for 0 precipitates to grow, as
shown in Fig. 4(a) and (b), resulting in larger 0" precipitate sizes
at low strain rates. As a result, precipitation strengthening effect
weakens at lower strain rates, thereby reducing the overall flow
stress level. Therefore, the change of 0 precipitates has a
significant impact on high-temperature mechanical properties
of Al-Cu alloys.

Mag= 1.00KX EHT=20.00kV WD =105 mm Signal A= SE1

—1

Concurrently, Fig. 2 vividly illustrates the influence of strain
rate on the flow stress value. The strain-rate sensitivity
exponent m can be mathematically represented as
m=03Ino/0Inéi=0Ing/dIné. It can give better approxima-
tions to use peak stress as the representative flow stress. The
findings indicate that at temperatures of 433, 453, 473 and 493
K, the corresponding m values are approximately 0.030, 0.034,
0.041 and 0.046, respectively. For common metal materials,
m = 0.02-0.2; for many superplastic metal materials, m = 0.3-
0.9. The strain velocity sensitivity m has a significant effect on
the total strain from the beginning of necking to fracture.
Commonly, the larger the m value, and the greater the
possibility of high elongation. It can be found that with
increase in deformation temperature, there is a gradual increase
in the m value. Deforming at high strain rate with low m value
typically indicates intragranular dislocation activity (Ref 32).
Generally speaking, when m > 0.3 (or m < 0.3) under
deformation conditions, it corresponds to grain boundary
sliding processes (or dislocation creep processes) (Ref 32).
Therefore, the deformation mechanism of the Al-Cu alloys at
the elevated temperatures in this study is controlled by
dislocation creep.

4, Conclusion

In this paper, the deformation behaviors of inculcated Al-Cu
alloys were studied by uniaxial tensile tests under elevated
temperatures with various strain rates. The peak stress increases
with increase in strain rates from 10~ to 1.0~ s™! or decrease
in deformation temperatures from 433 to 493 K. The size of 0’
precipitates increases with decrease in strain rates or increase in
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deformation temperatures, which can reduce work-hardening
capacity during plastic deformation stage, thus reducing the
flow stress level. The deformation mechanism of Al-Cu alloys
at the elevated temperatures is controlled by dislocation creep
in this paper.
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