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Abstract: By using an instrumented impact pendulum, the force versus time curves of 7075-T651 aluminum welds were obtained
from standard Charpy-V samples. Considering the force—time curves and constant impact velocity, the fracture energies for different
zones were quantified. A fracture energy improvement for the HAZ (33.6 J) was observed in comparison with the weld metal (7.88 J),
and base metal (5.37 J and 7.37 J for longitudinal and transverse directions, respectively). This toughness increment was attributed to
the microstructural transformation caused by the thermodynamic instability of #' precipitates during the welding. Fracture energy for
weld metal was higher than that for base metal, probably due to pores created during solidification. Regarding the dynamic yielding
force obtained from the force—time curves, an approximation to the dynamic yield strength for weld, HAZ and base metal was
determined. Fracture surfaces revealed an intergranular failure for base metal in longitudinal direction, whereas a predominately
brittle failure (cleavage) with some insights of ductile characteristics was observed for the transverse direction. In contrast, a ductile
failure was observed for weld metal and HAZ.
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1 Introduction

The 7075-T651 is an Al-Zn—Mg alloy with a high
strength due to the temper treatment (artificial aging and
cold forming), which provides a minimal tensile strength
of 538 MPa [1]. The high strength in combination with
the low density of the 7075-T651 aluminum alloy
(2810 kg/m’) produces a good specific strength, that is
suitable for structures and components subjected to static
and dynamic loads. Frequently, this alloy is welded by
fusion processes. The thermal cycles imposed by the heat
source during the welding provide heterogeneous
mechanical properties in the joints [2—5]. For instance, a
microstructural transformation takes place in the heat
affected zone (HAZ), and tensile mechanical properties
of the welded joint decrease considerably. HWANG and
CHOU [6] studied the microstructural transformation
and tensile mechanical properties of the HAZ in welds of
a 7075-T651 aluminum alloy. They found that the

decrease of the yield strength in the HAZ was due to the
transformation of fine #' precipitates to coarse 7
precipitates, according to the following precipitation
sequence [7]: Supersaturated solid solution (og)—
Guinier—Preston  zones (GP)—#'—#, ALATORRE
et al [5] determined the tensile mechanical properties and
the fusion zone hardening in welds of a 7075-T651. They
found that the tensile strength in gas metal arc welding
(GMAW) decreased by more than 50% with respect to
the base material. Also, different zones in the welded
joints performed by GMAW and modified indirect
electric (MIEA) welding techniques were identified by
means of microhardness measurements (maps and
profiles). In both welding techniques, a soft zone
formation in the HAZ due to the microstructural
transformation of #' to  precipitates was identified. This
zone was symmetrically located at distances of 15 and
20 mm from the center of the welding bead for GMAW
and MIEA, respectively.

TAJALLY et al [8] realized a comparative analysis
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of the tensile and the impact-toughness behavior of a
7075 aluminum alloy with cold rolled samples and
different annealed temperatures. Impact toughness was
determined using classical Charpy V-notch sub-size tests
specimens. They found that cold working and annealing
temperatures have an important effect on the impact
toughness. For instance, the fracture energy of the
starting material (7075-T0) decreased from 19.7 J to
10.4 J for the same material with a cold working of 60%
and recrystallized at 350 °C.

The instrumented impact tester pendulum [9-11],
and three-point bending tests have been used to
determine the dynamic fracture behavior on aluminum
alloys. An experimental study on the dynamic fracture of
extruded 7xxx aluminum alloys was carried out by
CHEN at al [9]. They used an instrumented Charpy
pendulum to determine the total energy absorbed on
7003-T6 and 7108-T6 aluminum alloys.

This work reports the results obtained from
instrumented Charpy tests in welds of a 7075-T651
aluminum alloy. The impact behavior of the base metal
(longitudinal and transverse to rolling direction), HAZ
and weld metal was evaluated in terms of the force
versus time curves, the fracture energy and the fracture
surfaces. A brittle behavior was identified for the base
metal, while ductile characteristics were observed for the
HAZ and the weld metal.

2 Experimental

The base material used was a 7075-T651 aluminum
plate of 2400 mm x 1200 mm x 12.7 mm. The chemical
compositions of the base and weld metals are shown in
Table 1.

Table 1 Chemical compositions of materials used (mass
fraction, %)
Material Al Si Fe Cu Mn
7075-T651* 88.6 0.03 0.19 1.7 0.02

ER5356%* 95.04 - - - -
Material Mg Cr Zn Ti  Others
7075-T651* 2.7 0.18 64 002 0.16
ER5356%* 4.96 - - - -

* Optical emission spectrometry; ** Energy dispersive X-ray spectroscopy

A double-V joint preparation according to Fig. 1
was performed on plates of 300 mm X% 150 mm x 9.0 mm.
Welded joints were produced by gas metal arc welding
(GMAW) process, by applying a welding speed of
3.6 mm/s, direct current electrode positive (DCEP)
polarity, argon flow of 1.55 m’/h, stick-out of 10 mm,
voltage of 23 V, feeding speed of 110 mm/s, and current
of 142 A.
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Fig. 1 Double-V joint preparation for GMAW

From the welded plates, standard Charpy V-notch
samples were machined for the base metal (rolling and
transverse directions), the weld metal and the HAZ
according to the dimensions dictated in ASTM E23
standard. Four specimens tested for each
condition. Figure 2 shows the schematic representation
for the Charpy V-notch in different zones of the welded
joint.

The notch for the HAZ (soft zone) and weld metal
specimens was located according to the microhardness
profile shown in Fig. 3 [5].

were
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Fig. 2 Schematic representation of Charpy V-notch samples
taken from welded plate
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Fig. 3 Microhardness profile obtained for 7075-T651
aluminum alloy GMAW welds [5]



976 R. R. AMBRIZ, et al/Trans. Nonferrous Met. Soc. China 26(2016) 974—983

For the evaluation of the impact resistance, an
instrumented Charpy pendulum with capacity of 258 J,
and impact velocity of 5.24 m/s was used. Strain gages
connected to a full Wheatstone bridge were used at
striker as shown in Fig. 4.

The strain evolution of the striker was digitalized by
a data acquisition system at the frequency of 100 kHz as
recommended by the ASTM E2298 standard. Before the
impact tests, the striker was calibrated in static
conditions applying different forces with a hydraulic
machine to obtain the force—strain evolution in elastic
conditions (see Fig. 5).

The strain measurements were used to determine the
impact force according to the linear fitting equation
depicted from the data of Fig. 5. The time for the test
was obtained directly from the frequency of the data
adquisition system, and force—time curves were plotted
for each material.

The energy at different stages of the force—time
curves was determined by the following equation:

E n= Ein +Estable +E

al unstable =

tin tiu ta
vojo F(t)dt +v, j CF (D4, j CF(0de (1)

where E,; is the fracture energy, Ej, is the energy
required for the crack nucleation, Eype and Eyygaple are
the stable and unstable crack propagation energies,
respectively, vy is the initial impact velocity, and F(¢)d¢
is the force—time evolution during the impact.

Striker

Active gages: 1 and 3
Compensation gages: 2 and 4

' Ha
View of hammer
and striker

"X
mmer
"Pé

_gf

t
x b
H

o L Striker
Calibration applying
a range of forces

Fig. 4 Schematic diagram for instrumentation of striker

3 Results and discussion

3.1 Force—time evolution

Figure 6 shows the force—time behavior in Charpy
V-notch samples for the base metal (longitudinal and
transverse directions), weld metal and HAZ for the
7075-T651 aluminum alloy. In all materials, load
oscillations as a function of the time were observed.
These oscillations are considered a combination of a
quasi-static force corresponding to the bending specimen
(first mode), and a dynamic force related to the vibration
of the specimen around its equilibrium configuration [10].
The oscillations appear during the impact as a
combination of the first and second symmetric specimen
vibration modes with a predominance of the first
mode [12].

The evolution of the force—time curves for the base
metal in both directions exhibited brittle characteristics.
The maximum force reached was around 10 kN followed
by an abrupt fall in the force, i.e., evidence of unstable
crack growth was not observed. The time to fracture was
0.2 and 0.3 ms for longitudinal and transverse directions,
respectively. Instead, for the weld metal and the HAZ,
the fracture time tends to increase considerably and a
ductile behavior was observed. However, the maximum
force applied by the hammer to the Charpy V-notch
samples machined from the weld metal and the
HAZ (Fig. 2) was significantly lower than that of the

Gage 4 (+¢)
>, compensation

Gage resistance: 120 Q
Gage factor: 1.87
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Data acquisition system



R. R. AMBRIZ, et al/Trans. Nonferrous Met. Soc. China 26(2016) 974—983

30
25
= — Experimental data
20
Z
=
® 151 F=0.1231p£+0.1778
5 R?*=0.9996
=
10
5 -
0 50 100 150 200 250
une

Fig. 5 Force—strain evolution of striker

samples machined from the base metal (Fig. 2). The
maximum forces for the weld metal and the HAZ were 5
and 7.5 kN, which were roughly 50% and 25% lower
than the maximum force for the base metal, respectively.
According to the representation of the force—time
curve shown in Fig. 7, the yielding force F,, the force at
the initiation of the crack F3,, the maximum force Fy,, the
force at the beginning of the unstable crack growth Fj,
and the force at the end of unstable crack growth F, were
calculated for the base metal (L and T designations),
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weld metal (W) and HAZ (Table 2).

To determine the crack initiation point,
force—displacement curves for each material were plotted
(Fig. 8). These curves represent the average values of
four samples tested for each material (Fig. 6). The

displacement was obtained by the following

equation [13]:

s@=["|v 1 [ Foyar far )
) 0 m~<l

where s(f) is the striker displacement, v, is the initial
impact velocity, and m is the mass of the striker.

Subsequently, the compliance changing rate
principle (CCR) [14] was used to identify a sudden
transition point from the secant compliance gradient as
indicated in Ref. [11]. Due to brittle behavior detected
from the force—time curves in the base metal
(longitudinal and transverse to rolling direction), certain
values for F;, were not identified. In these cases, F;, were
taken equal to Fi, and F,.

Additionally, for each material and considering a
constant impact velocity, the crack initiation energy Ej,,
the stable crack growth energy Egy,pe, the unstable crack
growth energy Eynable, and the fracture energy E,, were
determined using Eq. (1). These results are summarized
in Table 3.
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Fig. 6 Force—time evolution obtained from instrumented Charpy impact test for 7075-T651 aluminum alloy: (a) Longitudinal
direction base metal; (b) Transverse direction base metal; (c) Weld metal; (d) Heat affected zone



R. R. AMBRIZ, et al/Trans. Nonferrous Met. Soc. China 26(2016) 974—983

978
Force

Fy

F, in

Fyy |

i
i Stable
1 crack
Crack 1 growth
initiation 1 energy

energy E

1

1

1

}

Unstable
crack growth
energy

F,

a

Collapse

1

Fig. 7 Schematic representation for different stages of load as a
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Table 2 Results obtained from impact test for base metal (L and

Time or displacement

T), weld metal (W) and heat affected zone (HAZ)
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Fig. 8 Mean force—displacement

Displacement/mm

curves

obtained for

7075-T651 aluminum alloy (transverse and longitudinal to

rolling direction), weld metal, and heat affected zone

Table 3 Energies at different stages during impact test

Specimen E/] Egante!]  Eunstable!d E/]
L1 4.11 - - 4.86
L2 3.91 - - 6.75
L3 347 - - 5.83
L4 2.89 - - 4.05

Mean 3.59 - - 5.37
S.D. 0.54 - - 1.17
T1 3.94 1.01 2.43 7.38
T2 4.47 3.18 1.98 9.63
T3 3.47 - - 5.98
T4 4.50 - - 7.37
Mean 4.09 2.09 2.20 7.59
S.D. 0.48 1.53 0.31 1.51
W1 2.88 2.47 4.70 10.05
w2 1.46 1.74 3.66 6.86
W3 2.50 2.16 2.10 6.76
w4 2.21 1.22 4.43 7.86
Mean 2.26 1.89 3.72 7.88
S.D. 0.60 0.54 1.16 1.52
HAZ1 13.13 9.33 12.24 34.70
HAZ2 9.95 11.00 13.65 34.60
HAZ3 12.64 9.55 12.17 34.36
HAZ4 10.65 9.76 10.36 30.77
Mean 11.59 9.91 12.10 33.60
S.D. 1.53 0.74 1.34 1.89

Time to
Specimen Fo/ Fw/ Enl Fu/ FJ fracture/ J.r_ztf F(t)dt
kKN kN kN kN kN =0
ms
L1 8.86 9.30 9.30 930 - 0.20 0.93
L2 7.87 9.80 9.80 9.80 — 0.24 1.29
L3 8.30 10.30 10.30 10.30 — 0.16 1.11
L4 9.13 930 930 930 - 0.22 0.77
Mean 8.54 9.67 9.67 9.67 -— 0.20 1.02
S.D. 0.56 047 047 047 - 0.03 0.22
T1 9.21 936 9.83 9.83 3.00 0.32 1.41
T2 9.59 9.73 10.35 9.82 2.67 0.34 1.84
T3 8.37 10.08 10.08 10.08 2.50  0.26 1.14
T4 8.60 10.3110.31 10.31 2.45 0.28 1.41
Mean 894 9.87 10.1410.01 2.65 0.30 1.45
S.D. 0.55 041 0.23 023 024 0.03 0.28
Wi 376 450 5.05 4.41 1.09 0.82 1.92
W2 299 344 382 298 1.53 0.84 1.31
W3 324 351 3.81 3.09 1.03 0.82 1.29
W4 350 3.67 441 3.66 1.04 0.82 1.50
Mean 3.37 3.78 4.27 3.53 1.17 0.82 1.50
S.D. 033 048 0.58 0.65 0.23 0.01 0.29
HAZI 531 724 730 590 201 196  6.62
HAZ2 523 696 7.04 585 231 220  6.60
HAZ3 5.06 6.85 697 523 220 2.02 6.56
HAZ4 5.04 6.68 694 507 193 194 5.90
Mean 5.16 693 7.06 551 2.11 2.03 6.42
S.D. 0.13 023 0.16 042 0.17 0.11 0.34

From Table 3, it is observed that the crack initiation
energy for the base metal does not have an important
variation in terms of the rolling direction. However, the

fracture energy in transverse direction is 40% higher than
that in longitudinal direction. These results are in
agreement with those previously reported in Refs. [8,15].

Despite the decrement of the maximum force during
the impact test and the crack initiation energy for the
weld metal and HAZ, fracture energy shows an
increment with respect to the base metal. Regarding the
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weld metal, fracture energy shows a marginal increment.
However, for the HAZ, the time to fracture increases
with respect to the base and weld metals. This aspect is
attributed to the weld thermal cycle, which promotes an
over-aging of the material due to the microstructural
transformation of the fine hard and disperse #’
precipitates to coarse precipitates. It means that a
hardening decrement exists, because the microstructure
in the HAZ exihbits the incoherent # phase (MgZn,)
precipitated in the a-aluminum matrix. As a consequence,
the local ductility conditions of the soft zone in the HAZ
tend to increase and the fracture energy of the HAZ (soft
zone) increased in more than six times with respect to the
base metal in longitudinal direction. It is to say that local
mechanical properties play an important role in terms of
toughness.

An approximation to the dynamic yield strength oy4
for each condition of the material was determined by the
following equation [16]:

2.99F, W

_ = 3
O B —ag) @

where W and B are the width and thickness of the Charpy
V-notch specimen, respectively. The crack length a,, was
taken as the initial notch.

Table 4 shows the results obtained for the dynamic
yield strength and its respective comparison with those
obtained for tensile test conditions (oy). It has been
observed that oyq is lower than o, for all materials. This
aspect is more evident for the base metal, where the ratio
between oy4/oy is close to 0.72 and 0.78 for longitudinal
and transverse directions, respectively. However, in the
case of the weld metal and HAZ, this ratio tends to
increase (0.96 for the weld metal and 0.89 for the HAZ).
Although, the oy, determined by Eq. (3) is an
approximation, the strain rate reached during the impact
tends to decrease the yield strength in welds of a
7075-T651 aluminum alloy. This tendency is consistent
with that reported previously in welds of a 6061-T6
aluminum alloy tested at middle strain rate [17], however,
studies at different strain rates are needed to clarify this
behavior.

Table 4 Yield strengths obtained from tensile (o,) and Charpy
(0yq) tests

Material o,/MPa oyd/MPa
Base metal (longitudinal) 549 399
Base metal (transverse) 530 417
Weld metal 163 157
HAZ 270 241

The differences in the previously reported quantities
(fracture energy, force applied during the impact tests

and yield strength) among the base metal, weld metal
and HAZ could be explained in view of the
microstructural characteristics. The next section presents
a fracture analysis for each material analyzed in this
work.

3.2 Fracture characteristics

Figure 9 shows the fractured Charpy V-notch
specimens for the base metal, weld metal and HAZ. The
crack propagation for the base metal in longitudinal
direction (Fig. 9(a)) was aligned to the normal impact
force. However, in transverse direction, the crack
propagation describes a zigzag pattern (Fig. 9(b)). In
both cases, these characteristics were attributed to the
granular structure morphology. The elongated grains
produced by the high deformation of the material in
longitudinal direction (Fig. 10(b)) increase the strength
but decrease its ductility as previously been reported by
ALATORRE et al [5]. This aspect promotes the
propagation of the crack along grain boundaries
following a straight path (brittle fracture). On the other
hand, in transverse direction, the granular structure tends
to be less elongated (Fig. 10(c)), i.e., there are more
barriers to propagate the crack. This structure produces a
propagation of the crack as a function of the grain
morphology (intergranular propagation), and a certain

)
L=Longitudinal to rolling direction
Weld metal

(©)

i

HAZ (soft zone)

10 mm

Fig. 9 Crack propagation in Charpy V-notch specimens:
(a) Base metal in longitudinal direction; (b) Base metal in
transverse direction; (c) Weld metal; (d) Heat affected zone
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quantity of the impact energy is consumed during the
plastic deformation.

For the weld metal specimens (Fig. 9(c)), the
propagation of the crack presents a similar appearance to
that of the base metal in transverse direction. In this case,
the granular structure consists of dendrites with an
equiaxed morphology in the center of the weld metal
(Fig. 11). However, an interdendritic porosity produced
during the solidification process due to the high
solubility of the hydrogen in liquid aluminum was
observed. This porosity causes an irregular crack
propagation in the material, as well as low toughness
(Table 3).

In contrast, for the HAZ (Fig. 9(d)), the crack
describes a regular pattern, and a high level of
deformation was observed. These characteristics were

Impact force for <
L direction test

| —]
s e

b)) == —100um" | === 100um;
Longitudinal direction (L)

Transverse direction (T)

Fig. 10 Granular structures of 7075-T651 aluminum alloy (a),
and longitudinal (b) and transverse (c) to rolling direction

planes, respectively [5]

attributed to the fact that in the HAZ, the weld thermal
cycle produces an over-aging phenomenon due to the
transformation and coarsening of 7' to # precipitates as
reported in [6]. Thus, an important decrement of the
hardening in the material is produced (Fig. 3), however,
an increment in ductility is promoted due to the
incoherence of the # phase with the aluminum a matrix.

Figure 12 shows a general view of the fracture
appearance of the Charpy V-notch specimens for the base
metal, weld metal and HAZ. A brittle fracture was
observed for the base metal in both directions (Figs. 12(a)
and (b)), characterized by a flat surface without lateral
expansion. Though, for the fracture surfaces of the weld
metal (Fig. 12(c)) and HAZ (Fig. 12(d)), the lateral
expansion is more evident than that for the base metal.
As a consequence, the fracture energy for the weld metal
and HAZ is higher than that for the base metal (Table 3).

Figure 13 shows the fracture surfaces taken from a
scanning electron microscope. Several crack initiation
sites were observed for the longitudinal direction
(Fig. 13(a)). These cracks were propagated along grain
boundaries practically with no dimple formation, i.e.,
quasi-brittle fracture. However, for transverse direction
(Fig. 13(b)), brittle fracture characteristics prevail with
some ductile evidences reflected by fibrous zones, as
well as the presence of some dimples. These features
tend to slightly increase the ductility of the material, i.e.,
time to fracture increment shown in Fig. 6. As a
consequence, an increment in the fracture energy was
observed with respect to the base metal in longitudinal
direction (Table 3).

In contrast, an evident ductile fracture was observed
for the weld metal and HAZ (Figs. 13(c) and (d),
respectively). These fracture surfaces are characterized
by the nucleation, growth and coalescence of microvoids
produced by the deformation process during the impact.
For weld metal, the fracture surface (Fig. 13(c)) presents
a high degree of porosity, which is produced by the high
solubility of the hydrogen in liquid aluminum during the
solidification process [18]. This aspect decreases the
impact force and ductility of the material (Fig. 6(c)),
however, the fracture energy tends to be higher than that
of the base metal but lower than that of the HAZ (Table
3). For the HAZ, a fracture surface with a high level of
ductility (dimples) in comparison with base metal was
observed. The fracture energy for the HAZ increased in
more than four times with respect to the base metal in
transverse direction.

Further details of the fracture surfaces are presented
in Fig. 14 at higher magnifications. An intergranular
fracture was observed for the base metal in longitudinal
direction (Fig. 14(a)). In metals, this fracture mechanism
is typically related to intergranular corrosion, however,
the precipitation of hard and brittle phases such as
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2 mm

Fig. 12 General characteristics of fracture surfaces for base metal in longitudinal direction (a), base metal in transverse direction (b),
weld metal (c) and heat affected zone (d)

Fig. 13 Fracture surfaces for base metal in longitudinal direction (a), base metal in transverse direction (b), weld metal showing
porosity formation (c) and heat affected zone (d)
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Fig. 14 Fracture surfaces details according to rectangles shown in Fig. 13

MgZn, on the grain boundary can produce an
intergranular fracture [19]. In this case, the brittle phase
is provided by the presence of #’ precipitates (artificial
aging T6) that increased the hardening of the material,
but decreased the ductility. On the other hand, for the
base metal in transverse direction, several cracked
particles were observed and some micro-voids were
nucleated, i.e., ductile failure. However, the high degree
of deformation (cold rolling) in the alloy does not allow
to continue with the ductile mechanism, instead the
failure tends to follow a transgranular path, which is
denoted by parallel cleavage planes (Fig. 14(b)).

On the contrary, the fracture surface for the weld
metal (Fig. 14(c)) shows a mix of small ductile dimples
between 5 and 10 um in diameter. The fracture suggests
that the crack nucleation is due to the presence of small
empty holes (porosity) which leads to a loss of the
impact-toughness and as a consequence the yield
strength of the material.

On the other hand, the failure mechanism for the
HAZ is attributed to the coarsening of the #' precipitates,
which acts as points for the crack nucleation and
coalescence of the microvoids, as can be seen in
Fig. 14(d).

4 Conclusions

1) According to the force versus time curves, the

base metal exhibited a brittle behavior in the longitudinal
and transverse directions, while the weld metal and the
HAZ presented a ductile behavior.

2) The maximum forces applied during the impact
tests were 4.27 and 6.93 kN for the weld metal and the
HAZ, respectively. These values were lower than the
corresponding ones for the base metal in the longitudinal
and transverse to rolling direction (9.67 and 10.31 kN).
Regarding the time required to fracture the Charpy V-
notch specimens, the lower values were for the base
metal (0.2 ms for the longitudinal direction and 0.3 ms
for the transverse direction). Meanwhile, the time
increased considerably for the weld metal (0.82 ms) and
the HAZ (2.03 ms).

3) The fracture energy was 33.6 J for the HAZ,
7.88 T for the weld metal, 5.37 J for the base metal in the
longitudinal direction and 7.37 J for the transverse
direction. The microstructural transformation from fine
and hard #' precipitates to coarse # precipitates promoted
the toughness in the HAZ. This microstructural
transformation caused a considerably increase of the
fracture energy for the HAZ with respect to the base
metal value. The fracture energy for the weld metal was
higher than that for the base metal because of the pore
formation during solidification.

4) The fracture surfaces revealed that the base metal
in longitudinal direction presented an intergranular
failure, whereas, for the transverse direction, the failure
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was predominately brittle (cleaveage) with some insights
of ductile characteristics (dimples). Finally, a ductile
failure was observed for the weld metal and the HAZ due
to the nucleation, growth and coalescence of microvoids
during the impact test.

5) The results of this research suggest that the
microstructural evolution produced by the welding
procedure could be tailored by means of artificial cooling,
in order to achieve a better compromise of properties
(ductile—brittle behavior).
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