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Abstract: The precipitation kinetics of 2519A aluminum alloy after different cold rolling reductions before aging was investigated
by hardness test and differential scanning calorimetry (DSC). The activation energy was calculated according to DSC curves using
single heating rate method. The microstructures of as-rolled and peak-aged alloys were observed by transmission electron
microscopy (TEM). The result shows that the age hardenability reduces and the activation energy rises with increasing the reduction
from 7% to 40%. Nonuniform dislocations are found in as-rolled alloy and inhomogeneous distribution of 8’ phase is revealed in
peak-aged alloy when the reduction is 15%. The inhomogeneous distribution of 6" phase may be related to the age hardenability

reducing and activation energy rising.

Key words: 2519A aluminum alloy; dislocation structure; precipitation kinetics; 6 phase; differential scanning calorimetry (DSC)

1 Introduction

The 2519 alloy is a kind of aluminum alloy with
high strength and corrosion cracking resistance. It was
developed by Aluminum Company of America in
1980s [1]. Nowadays, it has been applied for aircraft,
helicopters and the advanced amphibious assault vehicle
(AAAV) to lighten the mass for its low density [1,2].
2519A aluminum alloy, developed based on 2519
aluminum alloy, exhibits higher strength and good
ballistic performance because of fine distribution of
0 [3-5].

It is well known that precipitation is strongly related
to cold working between quenching and aging in
age-hardenable aluminum alloys. In general, the
formation of semi-coherent 8" in 2000 series aluminum
alloy can be promoted by appropriate cold working
before aging by introducing dislocations during cold
working, because dislocations can lower the energy
barrier and stimulate the formation of &', although the
formation of GP zone is suppressed. However, the
formation of semi-coherent 2 phase in AlI-Cu—Mg—Ag
quaternary alloy is restrained by cold work [6,7].

Furthermore, ZHOU et al [8] found that increasing
deformation amount negatively affects the mechanical
properties of Al-Cu—Li—Sc alloy when the pre-stretching
amount is larger than 5.6% due to the inhomogeneous
distribution of semi-coherent T1 phase. It is also found
that the yield strength of 2519A aluminum alloy
decreases when the rolling reduction increases from 10%
to 25% before aging [9]. LIU [10] proposed that when
the rolling reduction is up to 90%, @' is found in
low-density dislocation area rather than in high-density
one, resulting in the slight increase of hardness at the
beginning of aging followed by sharp decrease. Similar
result was found in severely deformed specimen of aged
6022 alloy [11].

It can be seen that the relationship between cold
work amount and precipitations is complicated.
Revealing the relationship between 6  and
pre-deformation needs further understanding on the
process of precipitation, for example, by studying
precipitation kinetics. However, most of the attention
was paid to the ultimate property like hardness and
strength of peak-aged state on age-hardenable aluminum
alloy up to the present. Few researches were reported on
the precipitation kinetics.
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In this work, the influence of cold rolling reduction
on precipitation kinetics was studied, the aging
hardening behavior and activation energy were
characterized, and the related mechanisms were
discussed.

2 Experimental

The nominal composition of 2519A aluminum alloy
is listed in Table 1. The 60 mm thick aged plate was
re-dissolved at 808 K for 6 h, and then quenched into
room temperature water immediately. The as-quenched
plates were cold-rolled by 7%, 15%, 30% and 40%
reduction, respectively, and then aged at 438 K for
different time. In order to avoid that the results were
affected by some factors, all the samples were cut from
the center layer of the plates.

Table 1 Chemical compositions of 2519A aluminum alloy
(mass fraction, %)

Cu Mg Mn Zr Fe Si Al
5.80 0.20 0.30 0.20 0.20 0.10 Bal.

The hardness tests were performed on HV-10B with
29.4 N load. DSC measurements of as-rolled samples
were carried out at a heating rate of 10 K/min by the
NETZSCH DSC 200 F3 thermal analyzer.
Microstructure characterizations were observed with
transmission electron microscope (TEM, Tecnai G* 20)
operated at 200 kV. The disk specimens for TEM were
cut from the plate along the rolling direction. They were
ground down to about 60 um, and then electro-polished
in a 3:7 HNO;—CH;0OH solution at about 250 K in a
twin-jet electro-poling unit.

3 Results and discussion

3.1 Aging hardening behavior

Figure 1 shows the Vickers hardness curves of
2519A alloy aged at 438 K with different reduction rates.
It can be seen that the hardness of as-rolled state
increases from HVI123 to HV148 with increasing the
reduction from 7% to 40%, which is caused by the strain
hardening. The time to the peak age of each alloy is
within 5 h, which is quite short compared to former
research [4,12]. This result is interesting and further
work is intended to be done and fill this gap. The time to
the peak ageing is slightly shortened from 5 to 4 h with
increasing reduction from 7% to 40%, while the hardness
in peak-aged state decreases with reduction increasing
from 7% to 15%, and increases from 15% to 40%.
Recovery may occur in 2519A aluminum alloy at 438 K,
but the movement of dislocation will be blocked by the
precipitation [13,14]. Therefore, the hardness in peak-
aged state is composed of matrix hardness, precipitation
hardening and strain hardening. Since recovery is

blocked by the precipitation, and the variation of solid
solution doesn’t result in large change of matrix hardness,
the aging hardening is mainly caused by the precipitation.
Therefore, parameters AH is introduced to define the age
hardenability in this work, which is listed in Table 2. A
quick decrease of AH is observed with increasing
reduction from 7% to 30%, while AH increases a little
when reduction changes from 30% to 40%. It can be seen
that the age hardenability is weakened with increasing
reduction from 7% to 40%.
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Fig. 1 Vickers hardness curves of 2519A alloy aged at 438 K

with different reduction rates
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Table 2 Vickers hardness of 2519 alloy with different reduction

rates

Peak- Hardness of Hardness of Increase in

Reduction aged as-rolled peak-aged hardness,
time/h  samples, H,, samples, H,, AH=H,—H,
7% 5 123 158 35
15% 5 129 152 23
30% 4 138 158 20
40% 4 148 167 19

In fact, similar results can be obtained in previous
study. The data of related references listed in Table 3
were collected, which agrees to the result of this work.
Although a certain pre-deformation amount enhances the
hardness of peak-aged alloys due to the fine and disperse
precipitates, the hardness difference decreases
significantly, proving the weakening of age hardenability
by pre-deformation in all the alloys, as listed in Table 3,
compared to the undeformed alloys (except that for
AA2524 alloy, 2% pre-deformation increases the
hardness difference compared to the undeformed alloy.
However, with increasing pre-deformation from 2% to
5%, the hardness difference decreases again).

3.2 DSC analysis and activation energy determination
The DSC curves of different reduction samples
are shown in Fig. 2. In each curve, there is a major peak
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Table 3 Hardness difference between as-deformed and peak-aged alloys in references
Allo Aging Deformation Hardness Hardness
Y temperature/°C amount/% As-deformed alloy Peak-aged alloy difference
0 44 (HRB) 76 (HRB) 32 (HRB)
Al-5Cu—0.5Mg [7] 200
6 58 (HRB) 81 (HRB) 23 (HRB)
0 84 (VHN) 130 (VHN) 46 (VHN)
Al-4Cu—0.3Mg [6] 190
6 99 (VHN) 137 (VHN) 38 (VHN)
0 77 (HBS) 148 (HRS) 71 (HRS)
AA2618 [15] 200
10 135 (HBS) 159 (HBS) 24 (HRS)
0 97 (VHN) 142 (VHN) 45 (VHN)
AA2524 [16] 170 2 108 (VHN) 163 (VHN) 55 (VHN)
5 125 (VHN) 170 (VHN) 45 (VHN)
0 34.2 (HRB) 69 (HRB) 34.8 (HRB)
Al-2.6Cu—-1.3Mg [17] 170
1.5 43 (HRB) 71.8 (HRB) 28.8 (HRB)
0 53 (HRB) 78 (HRB) 25 (HRB)
AA2024 [17] 170
1.5 60 (HRB) 82 (HRB) 22 (HRB)
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Fig. 2 DSC curves of as-rolled 2519A aluminum alloy after

different cold-rolling reductions

(marked by arrow A4), which is due to the nucleation and
growth of semi-coherent &' [18]. The temperature of the
peak A4 decreases with increasing the reduction. The peak
temperature of the sample subjected to 7% cold rolling is
514 K, while that of the sample subjected to 40%
decreases to 503 K. There is a tiny peak attaching to the
major peak 4 on each curve (marked by arrow B), which
becomes weak with increasing the cold rolling reduction,
and it is hardly found on the curve of the sample after
40% reduction. This peak may be related to the
formation of coherent GP zone or phase 6" [12].

A single heating-rate expression is used to calculate
the activation energy [19,20]:

In [d—yij =1Ink, —g(lj (1
dT f(y) R\T

where T is Kelvin temperature; y is the transformation
fraction of peak 4 on DSC curves in Fig. 2, 0<y<l; @ is
the heating rate, which is 10 K/min in this study; Q is the

activation energy; ko, is a constant; R is the mole gas
constant; f{y) is the reaction function, which is to be
selected. According to JMA model, f{y) can be expressed
as [21]

n—1

S =nl-In(d=y]" (1-y) )
where n gives a straight line of Eq. (2). Therefore, if
In[(dy/dT)(D/f(y))] versus 1/T is plotted and fits a line,
the activation energy can be determined by the slope.
According to Ref. [21], n corresponds to the mechanism
of nucleation and growth of phase. In order to determine
n,0.5,1,1.5,2,2.5 and 3 are tried as the value of  to fit
the In[(dy/dT)(@/Ay))] versus 1/T line, as well as (1-y)"?,
(1-9)**, y"*(1-y) and 1 as the expression of fy) [21].
The best fitting line is obtained with fy)=y"*(1-y). Be
aware that expression of f{y) shows the precipitation
mechanism, which is controlled by precipitate growth in
three-dimensions after saturation of nucleation in mean
field approximation with f{y)=y"*(1-y) [21]. As plate-
shape phase, 6’ grows in radius direction at first, and then
in normal direction to transform to non-coherent @ finally.
In other word, when & grows in three-dimensions, it
starts to transform to 6.

Figure 3 shows the results of plots and fitting lines
on Eq. (1) for various reductions at different values of y
(0.05, 0.20, 0.35, 0.50, 0.65, 0.80 and 0.95) by
f»)=y"*(1-y). The values of Q are listed in Table 4,
determined by the slope of the fitting lines. Surprising,
the activation energy of the alloy goes up from 106.5
kJ/mol to 114.6 kJ/mol when the plate is cold-rolled by
reduction from 7% to 30%, while it rises slightly with
increasing reduction from 30% to 40% (only from 114.6
kJ/mol to 114.8 kJ/mol), although the peak temperature
decreases. The result meets the change of hardness
difference.
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Fig. 3 Fitting lines of calculated activation energies of 6 phase
in 2519A aluminum alloy

Table 4 Kinetic parameter values for 8 formation in 2519A

aluminum alloy

Activation energy/

Reduction  Peak temperature/K (kJ-mol ")
- s14 106.5
15% 513 112.6
30% 508 114.6
0% 504 114.8

Effect of cold rolling on precipitation has been
researched for decades. It was put forward that &'
formation was affected positively by appropriate cold
work. The previous investigation shows that both 6%
stretching and rolling before aging accelerate and
promote the formation of §' by introducing dislocations,
where €' precipitates preferentially, providing a large
amount of nucleating positions [6,7]. However, the
deformation amount in Refs. [6,7] is 6%, not referring to
the larger deformation. In this research, the reduction is
from 7% to 40%, and the result shows that larger
deformation suppresses the &' precipitation and growth
according to the increasing of activation energy and
decreasing of hardness difference, as shown in Fig. 4(a).
Interestingly, activation energy linear
relationship with hardness difference, which needs
further research to deep into it.

The data collected above indicate that the
mechanism of the effect of larger cold rolling on the &'
phase may be distinguished from that of lower cold
rolling.

shows a

3.3 Precipitation in alloy

Since 2519A aluminum alloy plate is mainly
strengthened by precipitation of ', large attention is
focused on the distribution of 6@'. Representative
microstructures of as-rolled and peak-aged plates are
shown in Fig. 5. Two distinguished zones are found in
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Fig. 4 Relationships between hardness difference and reduction

(a), activation energy and reduction (b) and activation energy

and hardness difference (c)

the microstructure in as-rolled plates: low density
dislocation zone (LDDZ) and high density dislocation
zone (HDDZ), as shown in Fig. 5(a). Since dislocations
are the preferable positions for 6 to nucleate,
nonuniform  dislocations are easy to form
inhomogeneous &', as shown in Figs. 5(b) and (c). It is
found that thick &' distributes in areas both near grain
boundary and in grain interior, which are plausible to be
the original HDDZ in as-rolled state, and beside the areas
@' is relatively thin (arrowed in Figs. 5(b) and (c)).
However, homogeneous #' is found when reduction is
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Fig. 5 Microstructures of 2519A aluminum alloys as-rolled with 15% reduction rate (a), peak-aged with 15% reduction rate, near

grain boundary (b), peak-aged with 15% reduction rate, in grain interior (c) and peak-aged with 7% reduction rate (d)

7%, as shown in Fig. 5(d). It is worth emphasizing that
hardness difference decreases while activation energy
raises a lot with increasing reduction from 7% to 15%,
which may be related to inhomogeneous distribution of
0.

Two mechanisms has been promoted to explain the
formation of 6: 1) Altering based on coherent 6" [22].
When the dislocation density is very low, Cu atoms
have to gather together through diffusing, forming
coherent phase and then growing to semi-coherent 6';
2) Precipitating along dislocations [6]. If there are dense
dislocations in the matrix, 6 can nucleate along
dislocations rather than be altered from coherent phase.
The density of dislocation in the alloy after cold work is
surely higher than that in the as-quenched alloy.
Therefore, in as-rolled alloy, the formation of ' depends
on the dislocation structure which relates to the rolling
reduction. However, different deformation amounts
correspond to different dislocation appearances [13].
Relatively disperse dislocation is obtained by appropriate
deformation due to the difficult moving of dislocations at
this condition, while the dislocation cell is formed with
increasing the deformation to a certain level, because the
mobile dislocations interact with each other and divide

volume into several cells [8,23]. The dislocation density
on cell boundary is much larger than that in cell interior.
The cell boundary is a kind of typical HDDZ, while cell
interior is a type of LDDZ. In this work, distinguished
dislocation zones, HDDZ and LDDZ, can be found when
reduction is 15%, as shown in Fig. 5(a). Actually, this
featured microstructure is proved to be present in the
alloys after a certain amount of deformation, e.g. pure Al
after 5% cold deformation [13] and as-quenched
Al-Mg—Si alloy after 80% cold rolling [24]. In this work,
the microstructure is featured in the as-quenched 2519A
alloy after 15% cold rolling. Since the semi-coherent &'
prefers to precipitate along dislocations, homogeneous &'
forms in the microstructure with disperse dislocations
(Fig. 6(a)), while the nonuniform dislocation results in
the inhomogeneous distribution of 8’ (Fig. 6(b)). There is
less precipitates in the LDDZ for the much sparser
dislocation and fewer Cu atoms diffusing to the area
because most atoms diffuse to the HDDZ. Therefore, the
precipitates disperse inhomogeneously, thicker and
denser in HDDZ, and thinner and sparser in LDDZ, and
this kind of microstructure is observed by TEM
observation in the peak-aged alloys after 15% reduction,
as shown in Figs. 5(b) and (c).
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Fig. 6 Schematics of microstructures of peak-aged 2519A aluminum alloy: (a) Formation of homogeneous dislocation structure;

(b) Formation of nonuniform dislocation structure

Although LDDZ forms with increasing the
reduction, it is plausible that the average density of
dislocation increases. Therefore, it is easier for Cu atoms
to diffuse. Since formation of 8’ depends on the diffusion
of Cu atoms, it may be beneficial for 8’ to nucleate
macroscopically, resulting in the decrease of temperature
of peak 4 on DSC curves and shortening of peak-aged
time with increasing reduction from 7% to 40%.
However, problems may be brought in by
inhomogeneous dislocation structure. First, since Cu
atoms prefer to diffuse along HDDZ, the area for 6 to
nucleate and grow up decreases. Second, &' phases with
the habit plane of {001}[25—27] block each other to
grow up. For example, there are two vertical edge
dislocations close to each other, as shown in Fig. 7(a).
Cu atoms diffuse along both dislocations and gather
together to form clusters (Fig. 7(b)). With more atoms
diffusing to the area, two nuclei of ' form (Fig. 7(c)).
Because these two nuclei are perpendicular to each other
in this condition, they may stop growing if the stored
energy is not enough, or grow at both radius and
thickness direction, forming non-coherent 6 when
enough stored energy is obtained. As mentioned in
Section 3.2, the expression of fy)=y"*(1-y) to give the
best fitting line hints the precipitation mechanism
controlled by precipitate growth in three dimensions. It is
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Fig. 7 Schematics of ways that dislocations affect growth of 6":
(a) Two vertical edge dislocations; (b) Cu atoms diffusing with
dislocations; (c) Formation of perpendicular ' particles
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believed that in this work the latter situation happens in
HDDZ, resulting in the consuming of large stored energy
to form the thick #. This may be the reason why the
activation energy rises with
However, the effects of cold work on precipitation
kinetics in age-hardenable aluminum alloys are needed to
be clarified.

increasing reduction.

4 Conclusions

1) The age hardenability reduces with increasing the
reduction rate from 7% to 30%. The age hardenability
will increase when the reduction rate increases from 30%
to 40%. This is proved by the decreasing of hardness
difference between peak-aged state and as-rolled state
and the increasing of activation energy of & phase
growth.

2) Inhomogeneous distribution of 8" phase is found
when the reduction is 15%, while &' phases are relatively
homogeneous when the reduction is 7%. Inhomogeneous
distribution of ' phase may be related to the weakening
of age hardenability.
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