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ABSTRACT

This study presents the effect of aging on microstructure, texture, mechanical and ballistic properties of AA-
7017 aluminium alloy. AA-7017 alloy is subjected to three different aging namely under-aging, peak-aging and
over-aging. Significant difference is observed in the mechanical properties after aging. The alloy exhibits maximum
strength and hardness in the peak-aged condition. From texture measurements, it is noticed that the overall intensity
of orientation distribution function increases from under-aged to peak-aged condition. The AA-7017 aged plates are
impacted with 7.62 mm steel core projectiles at 82010 m/s to evaluate the ballistic performance. It is noticed that
AA-7017 alloy displays best ballistic resistance in peak-aged condition. Distorted material flow lines and adiabatic
shear band induced cracking is detected in post ballistic microstructure. The ballistic performance of AA-7017 alloy
is correlated with the variations in the microstructure and mechanical properties with aging.
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1. INTRODUCTION

Armour is a means of protection used to prevent damage
to individuals or vehicles from projectiles during combat. At
present, steels are the most commonly used armour material.
Several investigators have evaluated the effect of different
parameters of steel on its ballistic performance. Further
improvement in ballistic impact resistance can be achieved
by exploring both the new materials as well as novel thermo-
mechanical processing techniques.

Ballistic performance depends on numerous material
parameters namely hardness, strength, impact energy, texture
and extent of deformation. A number of previous studies have
attempted to correlate the ballistic performance with mechanical
properties of materials. Majority of them have illustrated about
the increase in ballistic performance with strength and hardness
of the target material. Some other studies have associated the
ballistic performance with ductility and impact toughness of
materials.

Aluminium alloys have shown promise for ballistic
application due to its high strength to weight ratio'. Age-
hardenable aluminium alloy AA-7017 is noteworthy owing to
its attractive properties such as high strength, good ductility and
energy absorption capability. This work illustrates the ballistic
performance of AA-7017 alloy in different aging conditions.

2. EXPERIMENTAL PROCEDURE
The chemical composition of AA-7017 alloy was
determined using inductively coupled plasma optical emission
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spectrometer (ICP OES, Ultima Expert) and is shown in
Table 1. The material was purchased from Alcan International
(U.K.) as 70 mm thick rolled plates. The as received plates
were further hot rolled to 40 mm thick plates. The plates were
subjected to solutionization at 455°C for 1.5 hours followed
by water quenching to room temperature. The plates were
artificially aged to under-aged (UA), peak-aged (PA) and over-
aged (OA) condition. The parameters used for ageing are given
in Table 2.

Table 1. Analysed chemical composition of AA-7017 plate

5.2 Zn, 2.3 Mg, 0.35 Si, 0.35 Cr, 0.45 Fe,
0.2 Mn, 0.1 Zr, balance Al

Composition (Wt %)

Table 2. Heat treatment schedule for different aging

conditions
Material Aglng. Heat treatment Cooling
condition parameters
Under-aged lh at 130°C Air Cooling
AAT017 Peak-aged 8hat 130°C Air Cooling
Over-aged 24h at 130°C Air Cooling

Differential scanning calorimetry (DSC) studies were
carried out to understand the sequence of precipitation of the
AA-7017 alloy. DSC experiments were conducted at 20°C/
min heating rate using a NET2SCH instrument (204FI Phoenix
model). X-ray diffraction (XRD) experiments of the aged AA-
7017 plates were performed in a Philips 3020 diffractometer. In
order to measure texture, 25x15 mm? samples were prepared
from the aged plates. The texture measurement of the aged
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(a) DSC thermograms and (b) X-ray diffractograms of AA 7017 in UA, PA, OA condition (c) ODF of UA (d) ODF of PA

and (e) ODF of OA sample (f) B fibres of UA, PA and OA samples (g) intensity vs. scattering wave vector (q) plots and (h)
Kratky plots in solution treated and aged condition.
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samples was carried out by Schultz back technique using an
inel G3000 texture goniometer®. X-ray small angle scattering
experiments (make: Anton Paar,Austria) were executed to
assess the size distribution of precipitates in the aged samples.
The sample thickness for SAXS analysis was 80 microns.
Glassy carbon was used as secondary intensity calibration
standard. For q position, i.e., x-axis calibration silver behenate
is used.

Tensile samples were prepared from the aged plates
according to ASTM E8-93 standard and tested at 8.3x10s™
strain rate. Charpy samples were machined from the aged
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Table 3.  Size (D), Volume fraction (V) and Number density (d)
of MgZn, precipitates at different aging conditions

. . <D> \A d/
Aging condition (nm) (%) (x107cm™)
Solution treated 1.5 2.7 67
UA 2.7 6.3 15
PA 3.8 6.9 3.9
OA 9.7 6.7 0.38
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Figure 2. (a) True stress-true strain curves; Variation of (b) Strength (¢) Hardness (d) % Elongation (e) Charpy impact toughness
with aging and (f) log (true stress) vs. log (true plastic strain) curves of AA-7017 alloy at different aging conditions.
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plates as per ASTM E23-02a standard. Hardness values of
the aged plates were measured on a Vicker’s hardness tester
following ASTM E140-02 standard. Fracture surface of the
Charpy samples were investigated under a FEI scanning
electron microscope to understand the topographical features.
200x100x40 mm?® samples were machined to evaluate the
ballistic property of the aged plates. The aged AA-7017
samples were impacted with 7.62 mm steel core projectiles at
820+10 m/s. The ballistic testing procedure is described in a
detailed manner elsewhere®.

3. RESULTS

The DSC thermograms for differently aged AA-7017
samples are given in Fig 1(a). UA and PA samples display three
distinct regimes with temperature: an endothermic reaction
region (regime I), an exothermic reaction doublet (regime
IT) and an endothermic reaction (regime III). In contrast, the
exothermic region is absent in OA specimen. In addition,
the temperature range of the region I is also shifted to higher
temperature.

Figure 1(b) exhibits X-ray diffractograms of AA-7017
alloy at different aging conditions. From the XRD pattern a
face-centered-cubic (fcc) matrix phase with lattice constant
~4.05 A is obtained. A few small peaks corresponding to the
n (MgZn,) and 1’ (MgZn,) phases are observed in the XRD
patterns of the PA and OA plates. The texture of the aged plates
in terms of orientation distribution functions (ODF) are shown
in Fig. 1(c-e).

There is a variation observed in the overall texture intensity
of the aged plates. The maximum overall ODF intensities in
UA, PA and OA plates are 9.5, 13.7 and 18.1, respectively. The
major texture components for UA, PA and OA plates are {103}
331)[f(g) =3.4], {0,1,12}(7,12,1)[f(g)=4.1], {0,1,12}(2,12,1)
[f(g)=4.2], {203}(302)[f(g)=06.1], {001}(100)[f(g)=1.7], {112}
(132)[f(g)=6.0], {113}(031)[f(g)=7.7], {111}<011)[f(g)=6.5],
{114}(110)[f(g)=5.0],  {114}<041)[f(g)=6.2], {111}(110)
[f(g)=6.6], {103}(331)[f(g)=2.1], {0,1,12}(10,12,1)[f(g)=2.3],
{011}(100)[f(g)=3.9], {104}¢401)[f(g)=1.8], {1,1,15}(2,13,1)
[f(2)=3.0], {1,1,15}¢6,9,1)[f(g)=3.2], {225}(232)[f(g)=3.2],
{113}(110)[f(g)=3.8], {441}(104)[f(g)=4.8] and {001}(655)
[f(g)=10.4], {551}(110)[f(g)=15.6].

The texture component intensities [f(g)] are presented as
“times random”. The [ fibers of the UA, OA and PA plates are
exhibited in Fig. 1(f). The B fibre is very weak in UA plate,
while inhomogeneous with high intensity between {168}(211)
and {011}(211) locations in PA and OA plates.

The intensity vs. scattering wave vector (q) plots of AA-
7017 alloy in different aged conditions is displayed in Fig. 1(g).
The corresponding Kratky plots are displayed in Fig. 1(h). This
clearly reflects strong scattering in solution treated sample
indicating the presence of fine precipitates which corresponds
to GP zones. The aged (UA, PA and OA) samples reflect the
presence of MgZn, precipitates. The size, number density and
volume fractions of the MgZn, precipitates are obtained using
standard SAXS calculation using IRENA size distribution
macros and are given in Table 3. The contrast factor was
estimated by considering only MgZn, precipitates.

Table 4. Strain hardening exponents
different aging conditions

of AA-7017 alloy at

Heat treatment condition n, -n,
Under-aged 0.156 106
Peak-aged 0.082 131
Over-aged 0.088 195.4

Cleavage
facets

Figure 3. Fractographs of impact fracture surface of differently
aged plates (a) UA (b) PA and (c) OA.
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True stress-strain curves of AA-7017 alloy in different
aged condition are given in Fig. 2(a). The mechanical properties
are illustrated in Fig. 2(b-¢). The alloy in PA condition exhibits
maximum hardness, yield (o) and tensile strength (o),
whereas UA condition displays maximum ductility. In all the
aging conditions two slopes are observed in the strain hardening
curves (Fig. 2f). Ludwigson’s relation (Eqn. 1) is employed to
measure the strain hardening exponent (n) at different strain
regimes>.

o =Ke" +exp(K, +n,¢) (1)

Where o is true plastic stress, ¢ is true plastic strain, K,
and n, are as same as K and n in the Ludwik relation. K, and
n, are the constituents of a term which describes the positive
departure of flow curve from the Ludwik relation at low strains.
Table 4 gives the ‘n” and ‘n,’ values of the aged plates. It can
be observed that in the high strain regime, the strain hardening
exponent decreases from UA to PA condition and shows a

|
»

marginally increase in OA plate. In the low strain regime, the
strain hardening exponent decreases continuously from UA to
OA condition.

The Charpy impact test results of UA, PA and OA samples
are shown in Fig. 2(e). UA and PA plates display the maximum
(17J) and minimum (9J) values of impact energy, respectively.
Fig. 3 displays the changes in fractographic features with aging.
The fracture surface of UA and PA plates mainly show ductile
dimples. In PA samples, cleavage facets are also observed
along with dimples in the fracture surface.

The aged AA-7017 plates after ballistic testing are shown
in Fig. 4(a). It can be seen that the projectiles penetrated
through the UA plates and the tip is seen protruding out at
the back side of the plates. There is a complete perforation
observed in OA plates. In contrast, the PA plates are able to
stop the projectiles successfully. Petalling is observed in UA
and PA plates. On the other hand, spalling is seen in the PA
plates. The microstructure close to the impact craters is studied

Y e S

| ; )
Rear Face =
Fiui 1 ave i
L |

Figure 4. (a) Aged plates after ballistic impact.
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Figure 4. (c) Post ballistic microstructure of PA plates after ballistic impact.
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diabic: hel' Bandg

3 ot of crck origin &

Figure 4. (d) Post ballistic microstructure of OA plates after ballistic impact.

to understand the material behavior during ballistic impact
(Fig. 4(b-d)). Similar microstructural features are observed in
all the aged plates. Distorted material flow lines with adiabatic
shear bands (ASBs) are seen at the projectile entry region.
Beyond that the flow lines become smooth and bent along the
penetration direction. Small cracks are noticed emanating from
the crater wall in all the plates. The microstructure of the crater
region also displays ASBs leading to the cracks. The UA plate
exhibits maximum number of ASBs.

4. DISCUSSION

Al-Zn-Mg alloys undergo decomposition during aging®:
Super saturation solid solution (SSSS) — Guiniere Preston (GP)
zones — Semi-coherent ' (MgZn,) —Incoherent n (MgZn,).
The strong scattering observed in log — log plot of intensity
vs. q (scattering wave vector) in solution treated condition
corresponds to quenched GP zones. Precipitation sequence can
furthermore be realised from the different regions of the DSC
thermograms (Fig 1(a)). It is to be noted that in precipitation
hardenable aluminum alloys, precipitation and dissolution
processes are exothermic and endothermic, respectively’. The
first endothermic region (region I) represents the dissolution
of GP zones. The doublet observed in the exothermic reaction
in region 2 is attributed to the separate sequential reactions
involving ' (MgZn,) formation, dissolution of ' (MgZn,) and
subsequently formation of n (MgZn,)*. The higher temperature
endotherm (region 3) illustrates the dissolution of n (MgZn,)
precipitates. Since the OA material contains n' (MgZn,) and
n (MgZn,) precipitates, the intermediate exothermic reaction
(region 2) is absent in its DSC thermograms.

188

The shifting of peak of the endothermic reaction region
I to higher temperature for OA material has been related to
size of the n (MgZn,) precipitates. The coarse n (MgZn,)
precipitates in OA condition reduces the solubility and hence
increases the temperature of dissolution. In a previous study it
has been reported that the size of the n (MgZn,) precipitates
increases from 35 um in PA to 90um in OA in AA-7017 alloy®.
The present results based on SAXS exhibit that the average
diameter and volume fraction of MgZn, precipitates increase
significantly from UA to PA to OA conditions. The precipitation
sequence and the peak temperatures of the differently aged
specimens are in agreement with previously reported other
7xxx series aluminium alloys'. Prominent peaks of " and n
precipitates are also observed in XRD diffraction pattern of
PA and OA plates (Fig. 1b). This reinforces the sequence of
precipitation during aging as mentioned above.

From the texture measurements, the overall intensity of
ODF increase from UA to OA plates (Fig. 1(c-¢)). UA plates
show recrystallisation texture components observed in fcc
materials. A continuous fibre isalso observed between =010 90°
in @, = 0° section. It appears that these components are moving
towards typical cube texture during aging. The aging of hot
rolled material at relatively low temperature align the existing
components and move them towards either recovery or the
stable end orientation in particular in case of recrystallization.
However, the aging time and temperature of UA material is not
sufficient for complete recrystallisation. This is reflected in the
low intensity of the [ fibre which is nearly homogeneous. The
PA material, on the other hand, displays high intensity between
{168}(211) and {011}(211) orientations in P fibre and several
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other components with reasonable intensities. The continuous
fibre between ¢=0 to 90° in @, = 0° is broken. The texture is
quite sharp in OA material. The main component is also close
to typical Bs component. This corresponds to high intensity
between {168}(211) and {011}(211) locations in f fibre. The
cube component further weakens in OA material.

Strength and hardness values display an increase and
decrease from UA to PA and PA to OA plates, respectively
(Fig. 2b-c). Previous studies have also reported similar change
in strength and hardness with aging time'!"'2, The deviation in
strength and hardness can be explained from the changes in
morphology of the precipitate phases. The maximum strength
and hardness in PA condition is due to the formation of large

numbers of fine n° (MgZn,) precipitates within the matrix.
The decrease in strength and hardness value for the OA
condition can be attributed to the transformation of metastable
N’ precipitates (MgZn,) phase to stable n (MgZn,) phase and
the growth of the n" (MgZn,) precipitates. In UA condition,
cutting through of dislocations is the dominating mechanism
as the size of the MgZn, precipitates are small. In PA condition,
maximum strength is obtained at a critical radius of the
strengthening MgZn, precipitates, as higher stress is required
for dislocations to cut through them!®. With further increase
in diameter of the MgZn, precipitates, looping of dislocations
become the dominating mechanism in OA condition. As lower
stress is required for dislocations to loop around the bigger n’

Figure 5. SEM images: (a) Intermetallic particles aligned in the rolling direction, (b) Intermetallic particles aligned in the shear flow
direction in deformed ASBs, (¢) Absence of bigger intermetallic particles in transformed ASBs, (d) Close view of the centre
region of transformed ASBs, (e) Bifurcation of ASBs in PA and OA specimens, and (f) Cracks originating from deformed

ASBs.

189



DEF. SCI. J., VOL. 73, NO. 2, MARCH 2023

(MgZn,) precipitates, it subsequently leads to a decrease in the
strength of the material in OA condition. This also explains the
decrease and increase of ductility from UA to PA and PA to OA
plates, respectively (Fig. 2d).

The two - slope behaviour of the plastic stress-strain
curves indicates two different deformation mechanisms in the
aged AA-7017 samples (Fig. 2f). Planar flow of dislocations is
the dominating mechanism in low strain region, whereas cross
slip is the controlling mechanism in high strain regimes®. Two
- slope behaviour in flow curves has also been reported in other
fcc materials'. The drop in ‘n,” value from UA to PA materials
can be ascribed to the cutting of the coherent precipitates by
dislocations'. As the precipitates slacken coherency, the value
of ‘n,’ again increases marginally from PA to OA materials.
The gradual drop in ‘n,” values from UA to PA and PA to OA
materials can be assigned to the subsequent ease of cross slip
with progress of ageing process. Strain hardening exponent ‘n’
offers a good indication about the propensity of deformation
in terms of spread of dissipation energy in the material at high
strain rates. Higher ‘n’ value implies that the deformation can
be spread over a bigger area without getting localised. In turn,
the material deforms in a homogeneous manner and can absorb
more impact energy. The dimple morphology in the fracture
surfaces of UA and OA plates indicate a ductile mode of failure
consisting of void nucleation, growth and coalescence (Fig. 3).
This gives maximum impact energy to the UA plates.

In PA material, the cleavage facets reduce the energy
necessitate to fracture and hence decreases the Charpy impact
energy. The cleavage facets are formed due to a combination of
low ductility and precipitate free zones along grain boundaries
in PA condition.

There are two material parameters, namely, (i) hardness
and (ii) toughness which are important for optimizing the
ballistic performance. Target plate hardness resists the
penetration and facilitates the fracture of the projectile. Higher
toughness assists in absorbing the impact energy in a uniform
manner. Therefore, toughness also supplements to the ballistic

resistance of the material. The PA plate exhibits higher ballistic
performance owing to superior strength and hardness values.
UA plates display highest ductility and Charpy impact values
but they show inferior ballistic property in comparison to PA
plates. Thus, it appears that the material hardness is a key
factor in comparison to other mechanical properties to tailor
the ballistic performance. This is in agreement with previous
investigations'®.

The texture of the aged plates has also played a vital role
in defining the ballistic performance. It is well understood
that the high intensity texture provides limited orientation of
grains. It has been reported that a strong Bs texture results in
the activation of only a limited number of slip systems'”. It
implies that the limited crystal orientations are available for
the dissipation of the projectile kinetic energy with increase in
intensity of texture. Thus, the presence of texture introduces
a gradual non-uniform dissipation of energy during ballistic
impact from UA to OA plates. The non-uniform dissipation
of impacted energy impairs the ballistic performance of
materials'®. The lowest ballistic resistance of OA plate can
be attributed to the near Bs texture as main component. In PA
plates, few weak components along with Cu and Bs type main
texture components are observed. These texture components
provide several orientations for the dissipation of impact
energy. The spread of impact energy along several orientations
thus improves ballistic performance.

Heterogeneous deformation leading to the formation of
ASBs is noticed in the microstructures of the impacted AA-
7017 alloy plates (Fig. 4(b-d). ASBs are formed due to the
intense localized heating during ballistic impact. Both deformed
and transformed ASBs are witnessed in the post ballistic
microstructure. From the SEM investigation, the intermetallic
particles are seen aligned along the rolling direction of the
plate (Fig 5(a). In contrast, the intermetallic particles are co-
ordinated in shear flow direction in deformed ASBs (Fig 5(b).
It suggests that the significant amount of thermal softening
is taking place due to adiabatic heating during deformation.

Table 5. Parameters taken for BPI calculation at different aging conditions of AA-7017 alloy

Aging Density

Elastic modulus  Yield strength

Tensile strength  Fractional Poission’s ratio

condition (p) gm/cc (E) GPa (cy) (c) elongation (g ) ) BP1
UA 2.78 72.14 343 483 0.13 0.31 1.96
PA 2.78 77.1 437 512 0.11 0.32 1.99
OA 2.78 75.2 343 410 0.08 0.308 1.84
Table 6. Parameters considered for BPI calculation of different materials
Material Density Elastic modulous Yield strength Tensile strength Fractional Poisson’s
(p) gm/cc (E) GPa (o-y) () elongation (g ) ratio (y)
Mild steel 7.8 203 325 691 0.35 0.33
RHA 7.8 200 875 975 0.2 0.30
Ti-6Al-4V 4.5 114 1059 1149 0.105 0.34
AA 2024 2.78 72.4 310 457 0.16 0.33
AA 6061 2.7 68.9 250 294 0.11 0.33
AA 7075 2.81 71.7 503 572 0.11 0.33
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There is an apparent difference in the microstructures of
transformed ASBs from the deformed ASBs and the bulk
material (Fig. 5(c). It is observed that transformed ASBs are
without the bigger elliptical shaped intermetallic particles.
The intermetallic particles appear to have dissolved inside the
transformed bands during ballistic impact. The microstructure
of the transformed ASBs could not be resolved under the
SEM except the presence of fine round particles Fig. 5(d). It
indicates the dissolution of the intermetallic particles along
with the remaining un-dissolved particles.

It is interesting to notice the bifurcation of ASBs in the
impacted microstructure of PA and OA specimens (Fig. 5e).
The presence of shearable precipitates promotes co-planar
slip in PA and OA condition. In such conditions, limited slip
systems are active. This may restrict the shear band formation
to one or two slip planes and create bifurcation in the slip
bands followed by cracking. In UA condition, the slip is more
homogeneous, and the shear band may follow the direction of
the maximum shear stress and not influenced by the orientation
of the slip planes. This may be the reason for no bifurcation.
The bifurcation of ASBs has also been observed in AA
7075 alloy®. The cracks are seen originating from the ASBs
(Fig. 5(b,f)). The initiation of cracks can be explained from
the difference in visco-plasticity between the soft ASB region
and the rigid adjacent material. The tensile stresses caused due
to the difference between two regions lead to the initiation of
cracks inside ASBs.

In an attempt to correlate the ballistic behaviour of
materials in a quantitative manner, Srivathsa, et al. have
developed an empirical model that defines a parameter called
“ballistic performance index (BPI)”?. The BPI is useful in
comparing the relative ballistic performance of materials with
reasonably good accuracy. In the present study, the BPI values
of UA, PA and OA plates are calculated using the data shown
in Table 5. It is observed that the BPI value of the PA plates
display the highest followed by UA and OA plates (Table 5).

To compare ballistic performance of AA-7017 with other
materials used for ballistic applications, the BPI of a wide

range of metallic materials e.g. mild steel, rolled homogeneous
2.4

2.2 +
Ti- 6Al- 4V

aa701771e W
2.0 + AATO75TS W

AAz2024Te W
[

1.8 4

1.6

BPI

AA 6081 T6
- RHA Steel
14 |

Mild Steel
[}
1.2 4

1.0 H

0.8

Material
Figure 6. Ballistic Performance Index (BPI) of different
materials.

armour (RHA) steel, AA-6061, AA-2024, AA-7075 and Ti-
6AI-4V have been calculated. The experimental data required
for the calculation of BPI of these materials have been taken
from the previous studies?®?* and are given in Table 6. For
aluminium alloys, the peak-aged condition (T6) is considered
for the calculations as it gives the maximum hardness. In all
the cases, projectile striking velocity is considered as 820 m/s.
From comparative BPI values presented in Fig. 6, it is observed
that ballistic performance of AA-7017 alloy is superior to steels
and other aluminium alloys. This makes AA-7017 alloy a very
attractive and promising material for ballistic applications.

5. CONCLUSIONS

»  Ballistic performance of aged AA-7017 plates against
7.62 mm steel projectiles is consistent with their hardness
and strength values

*  The ballistic behaviour of AA-7017 aged plates follow
corresponding BPI values.
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