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ARTICLE INTFO ABSTRACT
Article history: An investigation was conducted to study the effect of soft (220 Hv) and hard (750 Hv) steel
Received 12 May 2020 projectiles on an Al-Zn-Mg-Cu alloy processed by hot extrusion followed by heat treatment
Accepted 17 August 2020 (solid solution treatment at 743K/1.5h + ageing treatment at 388 K/24 h). The results show
Available online 2 September 2020 that the hardness of the projectile material can influence on the shape and size of the per-
foration channel formed after the penetration. The hard steel projectile has longer depth of
Keywords: penetration and the crater front diameter is narrower comparing with the Al alloy after
Al-Zn-Mg alloy penetration by the soft steel projectile. Adiabatic shear bands (ASBs) are formed in the
Perforation channel perforation channel after penetration with presence of recrystallized grains within these
Hard steel projectile bands. The ASBs are wider after the hard steel projectile penetration with presence of cracks
Soft steel projectile comparing with the ASBs formed after the soft steel projectile penetration. Precipitates are
Precipitates increased in size and overlapped in the perforation channel which are mainly of G.P. zone
ASBs and n’ precipitates. Hardness values of the Al alloy after penetration increase in the upper

side of the perforation channel over the middle and end regions of the channel.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aluminium (Al) alloys are extensively used in the automo-
bile, aircraft and army industries owed to the high strength
to weight ratio [1-6]. In addition, the need for lightweight
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fuel consumption [7]. For instance, Al-Zn-Mg-Cu alloys are
now being used in several weight-critical armour applications
[8-10]. The Al alloys are considered as a potential replace-
ment to the heavy weight alloys like steel [11-13]. This is
because Al-Zn-Mg-Cu alloys after heat treatments display a
good ballistic protection and short depth of penetrations [14].
The fine semi-coherent v’ precipitates can provide strength-
ening after the heat treatments [15,16]. Consequently, it is of
interest to characterize and understand the ballistic behaviour
of the Al-Zn-Mg-Cu alloys after the heat treatment to extend
the make use of the alloy in the armour industrial applica-
tions.

Numerous studies investigated the effect of the dynamic
impact in the microstructure of the Al alloys [9,17-20]. This
includes the evolution of ASBs, texture development, dis-
locations, and precipitation evolution [21-25]. For example,
ASBs were observed after steel and tungsten carbide pene-
trators in an Al-Mg-Si alloy [26]. The formation of ASBs was
resulted from the high strain rate testing and the increase
in temperature [21]. In a related study, Goss {011} <100>4;
and P {011}<122>,; textures were formed under compres-
sion at 3 x 10% s~! of an Al-Zn-Mg-Cu alloy suggesting the
formation of the ASBs [7]. In another study, the high dislo-
cation density distributed inside the grains were generated
by the significant plastic deformation during penetration by
armour-piercing bullets in an Al-Mg alloy [27]. Several inves-
tigations studied the precipitation behaviour of the Al alloy
during the projectile impact [28,29]. For example, it was
found in a recent study that coarse precipitates were het-
erogeneously distributed along the dislocations and the grain
boundaries after high strain rate compression at 1 x 103

Gun barrel

(a)

Target plate

s! [20]. Dynamic precipitation of very fine v’ and m dur-
ing high strain rate compression occurred where the volume
fraction of precipitates increased with increasing the strain
[20]. Another study found that dynamic compressive defor-
mation assists the precipitation process through precipitate
coalescence and by changing the precipitates orientation [18].
The need for lightweight structural applications is on high
demand to reduce the fuel consumption. Thus, more studies
are important for a complete understanding the influence of
projectile penetration on the microstructure of the Al-Zn-Mg-
Cu alloys.

A review shows that limited data are available to date
studying the microstructural response of Al-Zn-Mg-Cu alloys
after projectile penetration. Accordingly, the present investi-
gation was initiated to examine the microstructural evolution
of an Al-Zn-Mg-Cu alloys after penetration by a soft steel and
a hard steel projectile.

2. Experimental material and procedures

An Al-Zn-Mg-Cu alloy with a chemical composition (wt.%)
of Al-8.2 Zn-2.4 Cu-2.0 Mg-0.06 Fe-0.01 Si-0.12Zr was pre-
pared using spray forming technique [30]. The spray forming
Al alloy was prepared by Haoran Co. Ltd., Jiangsu, China.
The spray forming parameters are as follows: the molten
alloy was atomized by nitrogen (N;) at temperatures were
from 973K-1023K, spray pressure was from 0.6 to 1.0 MPa,
rotation speed was from 2—4mm min~! and the withdraw
speed was ~ 45-55rmin’!. Spray formed Al-alloy ingots were
then extruded at 703K and then quenched by water spray

(b)

200x100%50 mm

Target plate

7

Gun mount

Ballistic testing setup

(N3
Mass: 494 (2) | T Hard steel
core projectile
2750
R6L8
1
]
e Soft steel core
¢ id Mass: 4.84 (g) | e ¢ 6 projectile
28

Both steel core projectile dimensions

Velocity probes

Perforated channel (d) Pcrforated:channcl

Samples location for SEM,TEM,EBSD and OM

Fig. 1 - (a) schematic drawing of the ballistic testing setup, (b) target plate dimensions, (c) projectile shape with dimensions
and (d) SEM, TEM, EBSD and OM samples location from the perforated channel after projectile penetration.
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Fig. 2 - (a) EBSD micrograph showing the extrusion direction (ED) and (b) orientation histogram of the as-received Al alloy

after the T6 heat treatment.

{

¥

Soft
steel core
projectile

Hard
steel core
projectile

Fig. 3 - The target as-received Al alloy plate showing the perforated channel and the bullets after penetration by: (a) soft

steel projectile and (b) hard steel projectile.

at room temperature. Samples produced from spray form-
ing and extrusion are noted as the as-received Al alloy.
The as-received Al alloy was then solid solution treated at
743K/1.5h followed by the artificial ageing heat treatment (T6)
at 388K/24h.

The projectile penetration experiment was performed
according to the depth of penetration (DOP) test method [17].
The tests were carried out with a soft steel core (~ 220 Vick-

ers hardness) and a hard steel core projectile (~ 750 Vickers
hardness) with conical shape using a standard gun barrel.
The As-received Al alloy were cut to plates with size of 200 x
100 x 50mm? prior to the ballistic tests. The velocity of the
projectile was measured by an infrared light emitting diode
photovoltaic cells. The speed of the projectile before penetra-
tion was 830 m/s. Three ballistic tests were performed on each
target material. A schematic illustration showing the ballistic
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Table 1 - Crater front diameter and depth of penetration of the Al alloy after projectile penetration.

Soft steel projectile

Crater front diameter Depth of Penetration

Hard steel projectile

Crater front diameter Depth of Penetration

~ 29 mm ~ 11 mm ~ 17 mm ~ 31 mm
testing setup, target plates and both steel projectile dimen- - -
sions are displayed in Fig. 1. 3. Results and discussion
The microstructure of the Al alloy was investigated using . L
3.1.  Microstructure characterization before the

transmission electron microscopy (TEM), energy dispersive
X-ray microanalysis (EDX), electron backscatter diffraction
(EBSD), scanning electron microscopy (SEM) and optical
microscopy (OM) before and after the projectile penetration
experiments. TEM samples were cut near the middle region
of the perforation channel as shown in Fig. 1(d) to discs @
3mm x 0.3mm and then ground to 0.1 pum foil thickness.
Samples were then electro-polished to electron transparency
by a mixture of nitric acid and ethanol solution with lig-
uid nitrogen. TEM investigation was carried by Tecnai G* F20
TEM. Samples were ground, polished and etched by Keller’s
reagent for the EBSD, SEM and OM. SEM and EBSD were
carried out before and after the projectile penetration using
Hitachi S4800 SEM equipped with an HKL-EBSD. Low-angle
grains boundaries (LAGBs) were defined from 2 to 15° and
high angle grains boundaries (HAGBs) were defined larger than
15°. Micro-hardness test was performed using a LECO 700
AT following the ASTM E140 standard. Micro-hardness test
was conducted using Vickers hardness testing machine with
a 100 g load and time of 10s.

Impact direction

Adiabatic
shear band

projectile penetration

The microstructure of the Al-Zn-Mg-Cu alloy after the T6
heat treatment was examined and characterized in an ear-
lier report [2]. The precipitates are mainly of v’ and n phases
with average size of ~ 11 nm [2]. EBSD image of the as-received
Al alloy after the T6 heat treatment is displayed in Fig. 2(a)
where the grains are elongated in the extrusion direction (ED).
The average grain size after the T6 heat treatment was ~
25 pm. It is apparent from Fig. 2(b) that the as-received alloy
after the T6 heat treatment has ~ 56 % of high angle grain
boundaries (HAGB’s). The presence of HAGB can be owed to
dynamic recrystallization during hot extrusion of the Al alloy
[31,32].

3.2 General view after the projectile penetration

Fig. 3 shows general view of the perforated channel and the
bullets after penetration by soft and hard steel projectiles.

¥ Adiabatic
shear band

“““Adiabatic
shear band

Adiabatic
shear band

\ i V ¥

Fig. 4 - OM microstructure evolution of the Al alloy after penetration by a soft steel projectile: (a) side inlet view, (b) bottom

inlet view and (c) non-deformed region view.
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Fig. 5 - OM microstructure evolution of the Al alloy after penetration by a hard steel projectile: (a) side inlet view, (b) bottom

inlet view and (c) non-deformed region view.
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Fig. 6 — (a) EBSD micrograph of the ASB region and (b) orientation histogram of the as-received Al alloy after the T6 heat

treatment subjected to soft steel projectile penetration.

It is clearly visible that the projectile hardness can directly
affect the perforated channel shape and size after penetra-
tion [33-36]. The Al alloy subjected to the hard steel projectile
shows longer depth of penetration comparing with the Al alloy
subjected to the soft steel projectile. In addition, the crater
front diameter is narrower after the hard steel projectile pene-
tration comparing with the carter front diameter formed after
the soft steel projectile penetration. The depth of penetration
and crater front diameters are summarized in Table 1. The
Al alloy in front of the projectile is pushed out with presence
of circumferential and radial cracks causing a clear petalling
phenomena as observed in Fig. 3 [23]. Petalling phenomena
appears as a failure mode when a hemispherical or conical
projectile are applied to the material [37]. The impact veloc-

ity also plays important role in the formation of petalling
on the surface [38]. The projectile speed is high enough to
cause petalling and not too high to cause fragmentation in
the surface [38,39]. The soft steel projectile was deformed after
penetration while the hard steel projectile remained with no
deformation which can be resulted to the hardness of the pro-
jectile material.

3.3.  Microstructure characterization after projectile
penetration

Fig. 4 shows the OM images from inside the perforation chan-
nel after the soft projectile penetration. Grains are deformed
and aligned with the projectile direction towards the inlet side
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] As-received Al alloy after hard steel
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Fig. 7 — (a) EBSD micrograph of the ASB region and (b) orientation histogram of the as-received Al alloy after the T6 heat

treatment subjected to hard steel projectile penetration.
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Fig. 8 - Pole figure analysis of the Al alloy where: (a) before projectile penetration (b) after the soft steel projectile penetration

and (c) after the hard steel projectile penetration.

as shown in Fig. 4(a-1). The formation of ASBs is observed
in Fig. 4(a-2) through the middle region of the perforation
channel. No shear cracks are found and the gain structure
surrounding the bands are like the nominal Al alloy grains.
Fig. 4(a-3) shows fine equiaxed grains in the end of the per-
foration channel which can be owed to the local dynamic
deformation and the temperature rise (623—723 K) during pen-
etration by the projectile [21]. Several micro-ASBs are observed
in the bottom side of the perforation channel as displayed in
Figs. 4(a 4-7). These bands are formed after high strain rate
deformation accompanied with thermal softening [40,41]. No
cracks are found in these micro bands with nominal elon-
gated grains surrounding these bands. Fig. 4(c) shows the
elongated grains of the non-deformed region. Fig. 5 displays
the OM images from inside the perforation channel after the
hard projectile penetration. Grains are aligned to the projec-
tile towards the inlet direction like the soft projectile inlet
deformed region as displayed in Fig. 5(a-1). The ASBs are
formed in the middle of the perforated channel in Fig. 5(a-2)
where the band is wider after the hard projectile penetra-
tion comparing with the shear bands width after the soft
projectile penetration. Cracks are observed in these bands.
Fig. 5(a-3) shows fine equiaxed grains as a result of severe
deformation. Several micro-ASBs are also found in the rare
end of the perforated channel and grains are distorted assisted
by severe deformation by the hard projectile penetration as
displayed in Fig. 5(b4-7). Fig. 5 (c) shows the nominal elon-
gated grains of the Al alloy in the non-deformed region. It
can be concluded that the as-received Al alloy after the T6

heat treatment will fracture after penetration by the hard steel
projectile.

Itis clearly visible the correlation between the fracture and
presence of the ASBs [42]. ASBs are relevant to the stress,
strain, strain rate and the temperature during deformation
[43,44]. According to Zener and Hollomon model the strain rate
can be neglected as it is caused by both strain hardening effect
and adiabatic softening effect simultaneously, so the complex
effect of strain rate could involve both the hardening and soft-
ening effects in target material [45]. The relating shear stress
and the strain:

T=(r,+ hy)e(’%(hﬁhy» (1)
The rise in temperature and strain:
11— el Bty
0= =(1— el 2 ¥t 2
o

The critical shear strain of the ASBs:

(55) -

a

(3)

Ye =

=

where 1, is the shear proportion limit (to=0,/2), h is the coeffi-
cient of the strain-strengthening (=4 GPa), « is the coefficient
of thermal softening (= 1/1273K), n is the coefficient of thermal
transition (=0.9), p is the density (=2840 kgm—3), c is the heat
capacity (=1005J(Kg°C)™. The corresponding shear stress to
form ASBs is 2145 MPa and temperature rise during ASB forma-
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Fig. 9 - The SEM images of the Al alloy after soft steel projectile penetration showing the fracture surface: (a, b) upper side
view, (c) middle side view and (d) bottom side view.

Fig. 10 - The SEM images of the Al alloy after hard steel projectile penetration showing the fracture surface: (a, b) upper side
view, (c, d) middle side view and (e, f) bottom side view.
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Fig. 11 - TEM micrographs of the Al alloy after the soft steel projectile penetration (a) low magnification, (b) high
magnification, (c) HRTEM of a selected precipitate and (d) FFT pattern of the selected precipitate.

tion is 673 K. The high shear in a small region and the rapidly
temperature increase leads to dynamic recrystallization and
the formation of shear bands [46]. The dynamic recrystalliza-
tion mechanism in the ASBs caused by projectile penetration
is different from the conventional thermoplastic deformation
recrystallization. The main difference is the recrystallization
process performed in a short period of time. The presence
of ASB and fine recrystallized grains in the rare end of the
perforation channel support the presence of recrystallization
process as depicted in Figs. 4 and 5. The presence of cracks
after penetration by hard steel projectile can be resulted from
the high shear of the projectile leading to surface tension in
the molten Al alloy in the narrow region [47].

Figs. 6 and 7 show the EBSD analysis of the ASB in the
middle of the perforation channel after projectile penetra-
tion. The elongated grains are fragmented after penetration
as displayed in Figs. 6(a) and 7(a). The average grain size
in the ASB region after the soft and the hard steel projec-
tile penetration are ~ 11pm and ~ 7 um, respectively. The
presence of fine grains after the hard projectile penetration
can be resulted from the high shear as verified by Fig. 5.
The percentage of LAGBs decreases from 73 % after penetra-
tion by the soft steel projectile to 67 % after penetration by
hard steel projectile, respectively as shown in Figs. 6(b) and
7(b). The fraction of the LAGBs decreases assisted by dynamic

recrystallization rate which increased with the high shear
[48].

Fig. 8 (a) shows the texture of the Al alloy before the projec-
tile penetration consisting of {110} < 111 > 4} shear texture and
{110} < 113 > »; and {110} < 110 > ; fiber texture. The texture
after the projectiles penetration is mainly of brass and cube
texture supporting the presence of dynamic recrystalization
[49].

Typical SEM micrographs of the Al alloy after projectiles
penetration are displayed in Figs. 9 and 10 showing the
hole morphologies after the penetration. Fracture dimples are
observed in Fig. 9(a) indicating a ductile fracture mechanism
dominate the fracture surface after the soft projectile pene-
tration [50]. Fig. 9(b) shows the dimples in high magnification.
Several secondary cracks are found throughout the fracture
surface in the middle of the perforated channel as displayed
in Fig. 9(c). Cracks are also found in Fig. 9(d) at the end of the
perforated channel but with smaller width comparing with the
cracks in the middle of the perforated channel. Large area of
dimples and surface fragmentation is observed after penetra-
tion by the hard projectile as depicted in Fig. 10 (a, b). Fig. 10(b)
shows surface fragmentation in high magnification. Several
material lacerations, melting and micro cracks are observed
in Fig. 10(c), melting and lacerations in higher magnification
are in Fig. 10(d) through the middle of the perforated channel.
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Fig. 12 - EDX mapping of the Al alloy after the soft steel projectile penetration.

Melting surface and solidified region is presented in Fig. 10(e)
which owed to the high friction between the projectile and the
material surface [26]. Several dimples in the solidified area is
displayed in Fig. 10(f).

High number of homogeneously distributed precipitates
are observed after the heat treatment of the as-received Al
alloy mainly of n’ and v precipitates with average size of ~
11nm [2]. Fig. 11 shows typical TEM micrographs of the Al
alloy after penetration by the soft steel projectile penetration.
The microstructure in Fig. 11 (a) displays coarse grains with
dislocation tangles within the grains. Grain boundary precipi-
tates are observed in Fig. 11 (b) which are coarse in size having
platelet, spherical and overlapped morphologies while fine
spherical and platelet precipitates are homogeneously dis-
tributed within the grains. The average size of the precipitates
in the Al matrix is ~ 25nm. The precipitates are mainly of
G.P. zones and v’ precipitates as observed through the SAED
pattern along {110}, in Fig. 11 (b). A selected m’ precipitate
along the Al matrix as verified through the FFT pattern are
coherence with the Al matrix as displayed through the HRTEM
in Figs. 11 (c, d). Fig. 12 shows an EDX map of the precipi-
tates along the grain boundary after penetration by the soft
steel projectile. These precipitates contain percentage of Mg
and Zn as displayed in the EDX map with low percentage of
Cu. The ratio of Zn: Mg found by EDX was ~ 2:1 which is in
agreement with the composition of the phase MgZn; and the
Al-Zn-Mg-Cu phase diagram [51]. Fig. 13 shows typical TEM
micrographs of the Al alloy after penetration by the hard steel
projectile. Sub-grains are observed with high dislocation tan-
gles within the original coarse grains as displayed in Fig. 13
(a). Platelet coarse precipitates are observed along dislocations

and grain boundaries with presence of fine precipitates within
the grains having average size ~ 35nm, mainly of G.P. zones
and v’ precipitates as shown in Fig.13 (b). Fig. 13 (c, d) presents
three fine precipitates where first precipitate is for n’ phase
and the other precipitates are a G.P. zone and v’ phase as ver-
ified by the FFT patterns. There is no mismatch of the lattice
planes between the GP zone and the Al matrix in region 1,
supporting the coherency between these phases while there
is mismatch between the G.P. zone and the v’ precipitate as
presented in region 2 in Fig. 13 (c, d). The presence of two pre-
cipitates incoherent to each other can be resulted from the
overlapping of precipitates where the G.P. zone nucleated close
to the v/’ precipitate and with growing got overlapped [2,52].
Selected precipitates in Fig. 14 along the grain boundaries
after penetration by the hard steel projectile showing similar
observations as after penetration by the soft steel projectile
penetration where the ratio of Zn: Mg ~ 2:1 with presence of
low percentage of Cu. The increase in the size of precipitates
in the perforation channel region after penetration by the hard
steel projectile can be resulted from the high shear in the area
[18,53]. The precipitates increase in size after penetration by
the hard projectile because of the high shear as verified in
Fig. 13.

3.4. Hardness (Hy) after projectiles penetration

The average hardness values of the Al alloy before the pro-
jectile penetration is ~ 240HV taken from 10mm distance
from the projectile penetration point. The hardness variation
from the impact surface towards outside after the projec-
tile penetration by the soft and the hard steel projectiles is
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Fig. 13 - TEM micrographs of the Al alloy after hard steel projectile penetration: (a) low magnification, (b) high
magnification, (c¢) HRTEM of two selected precipitates and (d) FFT pattern of the selected precipitates.
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Fig. 14 - EDX mapping of the Al alloy after the hard steel projectile penetration.
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Fig. 15 - The hardness of Al alloy after penetration by: (a) soft steel projectile and (b) hard steel projectile.

shown in Fig. 15. Hardness values in Fig. 15(a and b) show
that the upper side of the perforation channel have higher
values than the middle and the end regions of the channel.
The rise in the hardness values in the upper area owes to
the local deformation in the area while the drop in the bot-
tom region areas can be owed to the crack formation after the
soft projectile penetration and melting after the hard projec-
tile penetration. The local deformation leads to the increase
in the dislocation tangles and the number of precipitates as
verified in Figs. 11 and 13. The hardness values in the perfo-
ration channel after the hard projectile penetration is higher
comparing with the hardness values in the channel after the
soft projectile penetration. The rise in hardness owes to the
large number of precipitates mainly of G.P. zones and v’ pre-
cipitates as presented in Fig. 13. The decrease in hardness with
increasing the distance from the perforation channel resulted
from the decrease of the dislocation density to the nominal Al
alloy [2].

4. Summary and conclusions

1 An Al-Zn-Mg-Cu alloy processed by spray forming and
extrusion followed by T6 artificial ageing heat treatment
was subjected to soft and hard steel core projectiles leading

to the formation of a perforation channel. The high shear
provided by the hard steel projectile increases the width of
the ASBs and leading to the presence of micro-cracks. The
high shear and the rise in temperature in a narrow region
lead to recrystallization and grain refinement.

2 The high shear provided by the steel projectile penetration
assists the precipitation process through dynamic pre-
cipitation. No change in the precipitate’s composition or
orientation in the perforation region after projectile pen-
etration.

3 Hardness values are high in the upper side of the perforation
channel after projectiles penetration due to the presence
of high dislocations and large number of precipitates. The
crack formation after the soft projectile and melting after
the hard projectile penetration lead to the drop in the
hardness values in the middle and end regions of the chan-
nel. The hardness values in the perforation channel after
the hard projectile penetration is higher comparing with
the hardness values after the soft projectile penetration
because of the large number of precipitates.
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