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Abstract: The effects of T916 thermo-mechanical process on microstructures, mechanical properties and ballistic resistance of
2519A aluminum alloy were investigated by optical microscopy (OM), transmission electron microscopy (TEM), tensile tests and
ballistic resistance test. After T9I6 treatment, the yield strength, tensile strength and elongation rate of 2519A aluminum alloy reach
501 MPa, 540 MPa and 14%, respectively. And the ballistic limit velocity of 2519A-T916 alloy (30 mm in thickness) is 715 m/s. The
microstructure varies near the sidewalls of crater. The interrupted ageing contributes to these excellent properties of the alloy. During
T9II6 process, the precipitation of Guinier Preston (GP) zone is finer and denser during the interrupted ageing, thus resulting in well

precipitated strengthening phase.
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1 Introduction

2519 aluminum alloy (Al-5.56Cu—0.36Mg—
0.44Mn—0.11Zr-0.07V—0.02Zn—0.14Fe—0.04Si;  mass
fraction, %) is a kind of plate armor material developed
by Aloca in 1980s. It has been improved to a new version
named 2519A (Al-5.80Cu—0.20Mg—0.30Mn—0.20Zr—
0.20Fe—0.10Si, mass fraction, %) in China [1]. This
2519A alloy was used in T87 temper (7% cold rolling,
then artificial ageing) with a proper combination of
mechanical properties, ballistic resistance and resistance
to stress corrosion cracking. 2519A alloy has been used
extensively in naval structures, such as advanced
amphibious assault vehicle (AAAV) [2].

However, with the development of weapons,
aluminum alloy armor with a better service property is in
desperate need. Studies on this issue have obtained
certain achievements. ZHANG et al showed [3,4] that
the tensile strength of 2519A aluminum alloy increased
sharply from 470 MPa (T87 temper, cold-rolling at a
reduction rate of 7%, then peak ageing) to 551 MPa
(cold-rolling at a reduction rate of 80%, then peak
ageing). The work hardening contributed to the increase

of the tensile property mainly. However, with a severe
plastic deformation, there was an unacceptable decrease
in plasticity and toughness. Another way to improve the
properties of the alloy is adding rare earth elements,
which were working as micro-alloying elements, to
influence the precipitation [5,6]. Studies showed that
adding Ce [6] or Yb [7] at a proper amount could
increase the tensile strength by about 25 MPa while the
elongation rate was 10.7%. However, compared with the
limited improvement, the cost of the rare earth could not
be ignored. It could be found that both these 2 ways
mentioned above could not improve the strength of the
2519A alloy while keeping the toughness and plasticity
at a reasonable level. It is significant to find a new way
to improve the comprehensive property of the 2519A
aluminum alloy.

After LOFFLER et al [8] reported a phenomenon
called “secondary precipitation” in Al-Zn alloys in
1980s, it has been studied well and laid a foundation for
interrupted ageing process [9—11]. Both of the T616 and
T916 processes have been used to Al-Zn—-Mg [12,13]
alloys and Al-Li [14] alloys widely. The former works
on interrupted ageing process were mainly
about T614, T616 and T8I6 temper (‘I means interrupted
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ageing). However, works about T9I6 have not been
reported yet by now. Only the US patent mentioned the
T916 process before. Both the effects and mechanisms
need to be clarified.

The ballistic limit velocity (vsg) is the velocity
required for a particular projectile (at least 50% of the
time) to penetrate a particular piece of material reliably.
In other words, a given projectile will not pierce a given
target when the projectile velocity is lower than the
ballistic limit.

This study introduced the interrupted ageing into the
2519A aluminum alloy to improve the comprehensive
property. And the T9I6 process, which is one of the
interrupted ageing methods, was studied. It aims at
investigating the ballistic properties and dynamic
response of the 2519A-T9I6 alloy. The microstructure
and precipitates were observed to clarify the
improvement in both quasi-static and dynamic states.

2 Experimental

Investigated 2519A alloys were provided by
Southwest Aluminum Co., Ltd., China. The nominal
composition of the alloy is listed in Table 1.

Table 1 Chemical composition of 2519A alloy (mass fraction,
%)
Cu Mn Mg Ti Zr Fe Si Al
580 030 020 0.05 020 020 0.10 Bal

The T916 process for 2519A aluminum alloy in this
study is depicted in Fig. 1. The T9I6 process includes
solution treatment, quenching, pre-ageing, cold working,
interrupted ageing, re-ageing and the T87 process is
solution treatment, quenching, cold working and ageing.
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Fig. 1 Process route of T916 temper
The Vickers hardness was the characterization

parameter. The Vickers hardness test was carried out
with 3 kg loading to investigate the aging response of the

alloys. Hardness reported in this study was the mean
value of at least five measurements. The tensile tests
were performed on MTS Landmark Servo-hydraulic Test
System and conducted in air at room temperature. The
stretching speed for the tensile tests was 2 mm/min. All
specimens were taken in longitudinal direction from
alloy plates with T87 and T916 tempers.

The microstructures were analyzed by optical
microscopy (OM) and transmission electron microscopy
(TEM, Tecnai G* 20). The specimens for OM were
etched in Keller reagent that is composed of 1.0 mL HF,
1.5 mL HCI, 2.5 mL HNO; and 95 mL H,0. The samples
for TEM were cut from the plate along the rolling
direction. They were ground down to about 60 pm, then
electro-polished in a HNO;—CH;OH solution (volume
ratio of 3:7) at about 250 K in a twin-jet electro-poling
unit.

The ballistic limit velocity is the velocity required
for a particular projectile to reliably (at least 50% of the
time) penetrate a particular piece of material. The
ballistic limit velocity of 2519A-T9I6 alloy was tested by
the ogive-shaped 7.62 mm-diameter projectile.

3 Results and discussion

3.1 Mechanical properties

The tensile properties and fracture toughness of the
2519A-T87 and 2519A-T9I6 alloys are listed in Table 1.
It could be concluded that both yield strength and tensile
strength of the 2519A-T916 alloy are enhanced compared
with T87 temper. Accompanied with the increase of
tensile properties, the fracture toughness of 2519A-T916

alloy is also higher by 4.9 MPa-m'”?.

Table 2 Mechanical properties of 2519A-T87 and 2519A-T916
alloys at 298 K

Yield Tensile . Fracture
Elongation/
Alloy strength/ strength/ o toughness/
MPa MPa (MPam'?)
2519A-T87  431.6 470.5 9.7 27.8
2519A-T916  501.0 540.1 14.3 32.7

3.2 Ballistic limit velocity (vso) test

The ballistic limit velocity test of the 2519A-T916
alloy was conducted at room temperature. The
2519A-T916 aluminum alloy plate (30 mm in thickness)
was shot vertically at impact velocity of 818 m/s and the
vso was 715 m/s. Figure 2 shows the response of the plate
to projectiles. Projectile embedded in the plate nearly
penetrated the target (see Fig. 2(b)).

Compared with tests conducted in static or
quasi-static condition, the impacted behaviors of
materials are totally different. Grain morphology varies
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near the sidewalls of the crater. As shown in Fig. 3(a),
large grains were located around a number of small
grains, which is an abnormal grain growth behavior.
Abnormal grain growth happens under certain conditions,
and it would lead to significant differences between the
grain sizes. A few preferential growth grains annexed
small grains gradually. The annexation would not stop
until preferential growth grain met another abnormal
growth grain. Some grains were pulled very long (see
Fig. 3(b)). Adiabatic shear banding (ASB) could be
found in Fig. 3(c). And micro-cracks accompanied by
ASB appear in some areas. All these features mentioned
above were resulted from severe deformation. The
amount of dislocations multiplied rapidly due to the short
deformation time in the high speed impact process. The
dynamic recovery might not happen and the sub-grains
might not form either. As a result, the density of the
dislocation in grains was kept at a high level and the
storing energy would reach the driving power of

dynamic recrystallization (DRX), so all these changes in
the alloy resulted in the DRX finally (Fig. 3(d)).

3.3 Microstructural evolution

It has been indicated that the precipitation reaction
in Al—Cu alloys below 523 K proceeds through a well
accepted sequence of transformations [15]:

Alg(supersaturated)— Al +GP zones— Al +60'— Al +6

where Al represents the aluminum solid solution; the
GP zones and ¢ are metastable precipitate phase; &'
phase is underformable particles in 2519A aluminum
morphology. A dense uniform distribution of & plates
(Al,Cu) with an average thickness of 3 nm is presented
in aluminum matrix [16], and mechanical properties are
controlled by the amount and the morphology of the &
phase precipitated during the thermo-mechanical process.
Figure 4 shows TEM images of the 2519A aluminum
alloy during different treatment processes.

(a)
Fig. 2 Images of crater: (a) Back of plate with craters; (b) Crater profile

Fig. 3 Typical impacted optical microstructures: (a) Abnormal grain growth; (b) Fibrous tissue; (c) Adiabatic shear banding;

(d) Dynamic recrystallization

A A
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Figures 4 (a) and (b) show that the density of the
precipitate phase with T916 temper is higher than that
with T87 temper. The SAD (selected area diffraction)
patterns indicate that the precipitate phases are mainly 6’
and 6 phases.

Figure 4(c) shows the morphology of the precipitate
phase after the interrupted period. It can only be
observed under relatively high magnification. Its
morphology resembles the disk shape of §'. These tiny
particles have length of 7-9 nm, and width of 0.35—-0.45
nm. The particles of GP zones, according to a former
study with the application of high-resolution
transmission electron microscopy (HRTEM), have length
about 8 nm and width about 0.4 nm [17]. Combined with
the diffraction spot, these particles may be GP zones.

Aspect ratio could be used to describe the process of
precipitation and transformation of the second phases in
the Al—Cu alloys qualitatively. According to a former
study [18], a larger aspect ratio of the precipitate phases
means higher mechanical properties, such as yield

strength. Area fraction and aspect ratio of precipitate
phases of the studied alloy are shown in Fig. 5. The area
fraction of 2519A-T916 alloy, which is 30.24%, is 1.5
times that of the 2519A-T87 alloy. The colored areas
illustrate the different aspect ratios in these precipitate
phases. Among these, aspect ratios ranging in 0—10 as
well as those ranging in 10—20 gain the dominant
position in 2519A-T87 alloy. In the result of T9I6
process, the aspect ratio is mainly in the range of 10—20.
Besides, aspect ratio over 30 could also be found. That is
to say, more strengthening phase can be found in
2519A-T916.

Under T916 processing condition, pre-ageing works
the same way with the T6 ageing. The following cold
rolling introduces work hardening, lending a higher
starting point for the following ageing strengthening; on
the other hand, it increases dislocation density of the
matrix, decreases the lattice distortion energy, thus
providing conditions for the #' phase nucleation on half
coherent Al matrix.

Fig. 4 TEM images and corresponding SAD patterns of 2519A aluminum alloy during different treatment processes: (a) Peak ageing

at T87 temper, (b) Peak ageing at T916 temper; (c) After interrupted ageing period

Aspect ratio: l0-10 m10-20

10.40%

(a)
Fig. 5 Area fraction of precipitate phase of 2519A aluminum alloy treated with T87 (a) and T916 (b) temper

W 20-30

1.37%

1.15%

69.76%

(b)
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In the procedure of low temperature insulation, the
super saturation of the matrix increases, and the free
energy of phase changing of GP zones increases.
Meanwhile, the diffusion rate of the solvent atoms under
relatively low temperature is low, thus obtaining
uniformity of nucleation in GP zone. After reaching
certain size, these GP zones become the crystal core of
the following ageing precipitate phase [9].

What’s more, during the interrupted period, Cu
atoms segregated to a large amount of Cu-rich GP zones,
while their migration speed reduced due to low
temperature. As a result, only minor amount of Cu atoms
diffuse to grain boundaries and subboundaries. Thus, the
amount of precipitation at the grain boundaries is
relatively small, alloys are then less easily to produce
of this,
compared with the alloys at T87 temper, they have
improvements in plasticity and toughness under the
temper of T9I6. This is parallel to the former results.

micro-fissure while deforming. Because

3.4 Orowan strengthening in 2519A-T916 alloy

Dislocations would bypass or cut the particles of the
second phase according to the size of particles. These
two ways of dislocation motion were summarized as two
different mechanisms. The critical shear stress of these
mechanisms was affected by the volume fraction and
size of the second phase particles. The relationship
between the radius of the second phase and strengthening
effect of these two mechanisms is shown in Fig. 6. The
Orowan mechanism indicated that critical shear stress for
dislocations to bypass the particles is [19]

12
G 12 g2y (1)

Az-bypass oc
"o

and that for dislocations to cut the particles is
1/2~5/6_1/2 1/2
Aty < f rt s pfr )

where f'is the fraction of the second phase, and r is the
radius of it. The effect of strengthening would be the
most remarkable at point of intersection of the lines
shown in Fig. 5, and the best radius of the particles is 7.
It could be estimated that the 7. of 2519A aluminum alloy
is 3—10 nm. It could be known from Fig. 4 that the radius
of &' phase in 2519A is much smaller than the calculated
value and the Orowan mechanism worked mainly during
T87 and T916 processes. Orowan strengthening, caused
by the resistance of closely spaced hard particles to the
passing of dislocations, is important in aluminum alloys.
A larger fraction of the second phase (f) and a smaller
size(r) of particles would contribute to the strengthening
of alloys. T9I6 temper, together with a larger 6’ phase
fraction and thinner particles compared with T87 temper,
has an obvious strengthening effect.
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Fig. 6 Relationship between radius of the second phase and
strengthening effect

4 Conclusions

1) After the T916 thermo-mechanical process, the
yield strength, tensile strength, elongation of
2519A-T916 aluminum alloy reach 501 MPa, 540 MPa
and 14%, respectively. All these mechanical properties
increase sharply compared with 2519A-T87.

2) The ballistic limit velocity of the 2519A-T916
alloy (30 mm in thickness) is 715 m/s. And typical
impacted optical microstructures could be found in the
alloy.

3) Interrupted period is the key to the enhancement.
The @' phase is denser and finer during the interrupted
ageing period and contributes to better properties of the
2519A-T916 alloy.
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