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Friction stir processing of 7075 Al alloy and subsequent aging treatment
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Abstract: The effect of temperatures and time of post-process aging on the microstructure, mechanical properties and wear behavior
of friction stir processed 7075 Al alloy was investigated, using optical microscopy (OM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and Vickers microhardness tester. The results indicate that homogeneous, equiaxed and fine
recrystallized microstructure is obtained with the grain size of 4—5 pm. The hardness value increases up to 30% and 80% in the stir
zone and the base material, respectively. Based on the TEM observations, it is concluded that the improved properties following the
duplex friction stir—aging process can be attributed to the very fine precipitates. Comparing the single and double aging conditions,
the hardness of single aging sample is higher than that of double aging one which can be attributed to the high fraction of very fine
spheroidal precipitate in single aging sample. The wear rate is reduced by the aging of Al alloy and a more decrease is achieved after

the aging of FSPed sample.
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1 Introduction

Al alloys of series 7xxx that are made up of
Al-Zn—Mg—Cu are widely used as structural materials
due to their relative low density, high strength, ductility,
toughness, and fatigue resistance [1—-3]. Among these Al
series, the 7075 Al alloy is an important material in
aircraft structures due to the high specific strength [4].
The strong precipitation strengthening response in 7xxx
series alloys in most cases is associated with the nano
scale precipitation of metastable 7' phase and its
precursors [5,6]. By double aging of Al-5Zn—2Mg alloy
at high temperatures (at 80 °C for 16 h followed by at
150 °C for 24 h), a slightly coarser precipitate structure
is produced. The single stage aging of this alloy at 150
°C for 24 h produces a fine dispersion of intermediate n’
precipitates with wide precipitate-free zones [7].

Severe plastic deformation (SPD) techniques are
now widely applied for the production of ultrafine-
grained (UFG) microstructures or nanostructure in bulk
metals. Extensive studies have been carried out on the
effect of SPD processes on the microstructure and
especially their effect on the precipitation of
age-hardened Al [8—17]. Friction stir welding (FSW)
process has been successfully used to weld similar and

disimilar materials. Many researches were conducted on
the friction stir butt welds of engineering alloys to
establish process windows which have been applied in
the industrial application successfully [18,19].

It has been reported that in the heat affect zone of
FSW, this process has little effect on the size of subgrain
and leads to coarsening precipitate and increases
precipitate-free zone up to 5 times compared with non
FSWed sample [20]. In similar observations, SU et
al [21] also found the coarsening of precipitate and the
development of precipitate-free zone in 7075-T651 Al
alloy. The heat treatment after FSW process leads to a
significant restoration of the strength of the joints
produced under T651 condition and significantly
increases the joint performance [22]. Dynamic
recrystallization is another well recognized phenomenon
in the friction stir process (FSP) [23]. SU et al [24]
produced recrystallized grain in 7075 Al alloy with the
size of 100 nm by the fast cooling of friction stir
processed sample. Similar results were reported by other
researchers. They stated that this microstructure was
attributed to the continuous dynamic recrystallization in
FSP nugget [25].

Another important aspect of FSP is the fact that the
FSP affects the aging behavior of Al alloys which has
not been studied. The plastic deformation increases the
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precipitation kinetics in the temperature below 300 °C.
This can be attributed to both the increase of number of
nucleation sites and the increase of effective diffusion
coefficient. At high temperatures, the influence of
plasticity on the volume fraction of precipitates is
negligible. However, in the presence of deformation
during the heat treatment, the precipitate morphology is
profoundly modified. In spite that the plastic deformation
is carried out before or during the aging treatment, the
effect of plastic deformation is observed to be similar
[26]. Moreover, the fine grain due to the recrystallization
of microstructure can also affect the precipitation
kinetics because of high precipitation nucleation sites.

Friction stir processing, the new technique for
plastic deformation, has been developed
according to the basic concepts of friction stir welding.
Despite of the high response of 7075 Al alloy to age
hardening, because of the novelty of friction stir
processing, only a few studies have been carried out on
the effects of post aging treatment on the microstructure,
size, morphology and distribution of precipitate and
properties of age hardenable FSPed alloys. In the present
study, duplex FSP—aging process was performed to
examine the optimum heat treatment parameters and
response to the aging of 7075 Al alloy sheet under
various conditions for the possibility of practical use of
this alloy.

sE€vere

2 Experimental

2.1 Starting materials

A 7075 Al alloy sheet of 250 mm in length, 50 mm
in width and 10 mm in thickness with chemical
composition (mass fraction, %) of Al-5.28Zn—
2.65Mg—1.10Cu—0.61Si—-0.76Fe—0.38Mn was used as
the starting material. Some sheets of this alloy were
solution treated at (753+3) K for 4 h and then rapidly
quenched at room temperature to achieve a super-
saturated solid solution. The surfaces of samples were
cleaned by acetone. Then the friction stir process was
carried out at 1200 r/min and 50 mm/min traverse speed
of tool with deviation angle of 3°. H13 tool steel pin in a
conical geometry with concave shoulder was selected for
this study. The ratio of shoulder diameter to pin diameter
was considered to be 4. Figure 1 illustrates the shapes,
dimensions and details of tool design.

2.2 Post FSP age hardening

Following FSP, some of the samples were cut in
dimensions of 15 mm x 50 mm % 10 mm and then aged
in one-step (single aging) and two-step (double aging)
states. The details of aging regimes are presented in
Table 1.
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Fig. 1 Dimensions and details of tool design (unit: mm)

Table 1 Aging regime of FSPed samples in one-step and
two-step aging

No. Aging regime
1 One-step aging at 80 °C for 8-96 h
2 One-step aging at 120 °C for 8-72 h
3 One-step aging at 160 °C for 2—16 h

Two-step aging: first step at 80 °C for 8 h then
4 increasing the temperature at rate of 2 °C/min
and then second step at 140 °C for 4—8 h

2.3 Characterization techniques

The evolution of microstructure was investigated
using optical microscopy (OM), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The metallographic samples were prepared by
sectioning the samples using the cut-off wheel machine
so as to carry out metallography perpendicular to the FSP
direction. The metallographic specimens for the scanning
electron microscopy were prepared by mounting and
mechanical grinding followed by polishing using
alumina powder. Then the samples were etched by using
Keller reagent (1% HF + 1.5% HCI + 2.5% HNO; +
95% H,0, volume fraction). The TEM observations were
carried out at the voltage of 200 kV. The thin foil
specimens were prepared through mechanical polishing
down to approximately 70 pum in thickness, and then
electro-polishing in the solution of 30% HNO; and 70%
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CH;OH before the measurement.

The mechanical properties of specimens were
investigated by Vickers microhardness apparatus under a
load of 0.15 N on the cross-sections of nugget zone
(perpendicular to the FSP direction) at 1 mm distance
from the surface. About three measurements were
conducted for each hardness data (based on three lines at
different cross sections) and the standard deviation was
calculated to be approximately £3.7%.

Dry sliding wear experiments were performed using
a pin-on-disk apparatus to evaluate the wear behavior of
processed materials against an AISI/SAE 52100 steel
disk with a hardness of HRC 60. The heat treated
specimens were machined and the pins, 5 mm x 5 mm,
were prepared by polishing to 0.5 um. The wear tests
were conducted under nominal loads of 30 and 50 N at a
constant sliding speed of 1 m/s for a sliding distance of
1000 m and the relative humidity of the atmosphere was
hold at (29£2)%. The wear rate was calculated from the
mass difference, which was measured before and after
each test with a precision of 0.1 mg, divided by the
sliding distance. The friction coefficient is determined as
the ratio of friction force to normal force. An electrical
sensor was used for measuring the friction force.

3 Results and discussion

3.1 Microstructural observation

The microstructures of the base material and the
FSPed material of 7075 Al alloy are shown in Figs. 2(a)
and (b), respectively.

Fig. 2 OM image of raw material (a) and SEM image of FSPed
material (b)

The grain size of the samples was determined by the
reconstruction of SEM micrograph (Fig. 3(a)), and using
MIP software for analyzing the grain structure
corresponding to the SEM images (Fig. 3(b)). The grain
size of the FSPed sample was measured to be 500 nm
while the grain size of primary material is 50—60 pm.
Therefore, it is observed that following the FSP, the grain
size decreases by 10—12 times compared with the
primary microstructure. On the other hand, the
microstructure of FSPed specimen consists of equiaxed
grains that can be induced during the dynamic
recrystallization process. It leads to the refining of
microstructure and the induction of fine and equiaxed
microstructure with homogeneous distribution of grains.
This grain refinement also has been seen in other SPD
process reported in the previous study [12,13].

PN -
Fig. 3 Reconstructed SEM micrograph of nugget zone after
FSP (a) and illustration for analyzing of grain size by MIP

software (b)

Figures 4(a) and (b) show the SEM images of the
FSPed samples aged at 120 °C and 160 °C for 8 h,
respectively. In comparison with the micrograph of
FSPed sample (Fig. 2(b)), it can be clearly seen that
more and coarser precipitates are formed on the grain
boundary by aging treatment, which is responsible for
increasing the hardness of alloy. Furthermore, the SEM
image in high magnification (Fig. 5(b)) of the FSPed
sample aged at 80 °C for 16 h shows many round shaped
fine precipitates (white color) which distribute in the
matrix and are not seen in the FSPed sample (Fig. 5(a)).
It can be attributed to the fine grain due to the friction
stir process. Therefore, the friction stir process enhances
the grain boundary formation and increases
suitable sites for the precipitation of nucleation in aging
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Fig. 4 SEM images of FSPed samples aged at 120 °C (a) and
160 °C (b) for 8 h

Fig. 5 SEM images of FSPed sample (a) and FSPed sample
aged at 80 °C for 16 h (b)

treatment. Some other authors also reported the existence
of fine precipitates at the grain boundary of ultrafine
grained Al alloy [27-30]. As they reported, the
precipitates are distributed along grain boundary in
ultrafine grained structure.

3.2 Precipitate size, shape and distribution
3.2.1 Single aging condition

The precipitate characteristics in the one-step aged
materials (No. 1 in Table 1) have been shown in the TEM
images in Fig. 6. It is observed that the precipitates in the
one-step aged specimen have a spherical shape and an
average size of 25 nm. Due to aging at low temperature
and long holding time, homogeneous nucleation sites are
activated in the grain boundary and consequently the
precipitate can be formed in the spherical shape within
the matrix with a uniform distribution. The presence of
spherical precipitate at the grain boundary also has been
reported by HU et al [27]. Some coarse precipitates are
shown in Fig. 6(b), which have not been dissolved during
the solution treatment, therefore the precipitate-free
regions are found in adjacent area.

o e

Fig. 6 TEM images of single aging FSPed specimen at 80 °C

for 16 h at two different areas

3.2.2 Double aging condition

The precipitates in double aging materials (No. 4 in
Table 1) are presented in the TEM images (Fig. 7)
presenting both spherical and needle shapes of the nano
sized precipitates. The fine needle shape precipitates with
an average thickness of 25 nm and an average length of
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Fig. 7 TEM images of two-step aged materials after FSP: (a) Spherical and needle shape precipitates; (b) Needle shape precipitates

along shear bands and spherical shape precipitates along grain boundaries; (¢) Low magnification of spherical shape precipitates

along grain boundaries; (d) High magnification of spherical shape precipitates along grain boundaries

200 nm are formed in the Al matrix (Fig. 7(a)). These
types of precipitates appear in two directions which are
perpendicular to each other, indicated by white bands.
The formation of parallel band configuration of
precipitate in the aged microstructure can be explained.
In the first step of aging, the solute atoms move to the
shear band which forms during the friction stir
processing so that can not act effectively due to low
aging temperature and short aging time. This process
produces more nucleate precipitate in the shear band. At
higher temperature and the second step of aging, the
precipitation occurs preferentially along the shear band
direction [31,32] and needle shape precipitates are
produced (Fig. 7(b)). There are also regions with a few
spheroidal precipitates between the shear bands
(Fig. 7(b)). During the nucleation of precipitates in the
first step, the solute atoms migrate to the shear band as
inhomogeneous sites and depleted zones are formed
between them. No needle shape precipitates appear in the
grain boundary, while spherical shape precipitates are
observed in the grain boundary (Figs. 7(c) and (d)).

3.3 Microhardness
3.3.1 Effect of FSP

The microhardness profile of the FSPed sample
is shown in Fig. 8. It indicates that FSP increases the
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Fig. 8 Microhardness evolution of as-received and FSPed
samples in cross-section surface

hardness especially in the stir zone, therefore the average
hardness value of HV 72 in the received material
increases to HV 95 in the FSPed material. By moving
across the nugget zone, the primary hardness values of
the FSPed sample are similar to those of the raw material
that proves similar characteristics of FSPed sample with
the base metal. This zone is unaffected by the friction stir
process. Then the hardness increases with sharp slope to
the maximum value. Respecting the tool shoulder
diameter equals to 20 mm, it is observed that a zone with
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almost the same maximum
microhardness values.

FSP is one of the SPD processes that produces
refined equiaxed grain in microstructure by dynamic
recrystallization. Since the mechanical properties such as
hardness and strength of materials are relate to the grain
size, according to Hull-Petch equation, the hardness in
FSP nugget zone increases remarkably compared with
that of raw material. SHAERI et al [30] also reported the
increase of hardness during the SPD process. It should be
noted that the enhancement of hardness in nugget zone
by FSP is attributed to the solution treated state instead
of the aged state. Otherwise, if processed in the
aged-state, the hardness would decrease significantly due
to the dissolution of precipitates [22].

3.3.2 Effect of single aging

The microhardness of the FSPed sample is
compared with that of the FSP—aged samples at different
temperatures for different time under single aging
condition for the 7075 Al alloy (Fig. 9). The results
indicate that the microhardness is enhanced in both zones

length possess the
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Fig. 9 Distribution of hardness values along FSP zone in
samples aged at different temperatures for 16 h (a) and at 80 °C
for different time (b)

of substrate and FSP nugget area by increasing the aging
time and temperature. It can be attributed to the shape,
size and distribution of precipitates. The increase of
hardness due to the fine precipitates also has been
reported by YAZDIAN et al [33].

The average values of microhardness of nugget
zone in different aging conditions are summarized in
Fig. 10. It demonstrates that by increasing the
temperature, the hardness increases initially and then
decreases due to overaging. Similarly, for conger aging
time due to the coarsening of precipitates by early
overaging, a plateau in the hardness curve is observed,
which indicates the lower hardness values.
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Fig. 10 Variation of average values of hardness in nugget zone

90

versus aging temperatures for 8 h

3.3.3 Effect of double aging

The hardness values of samples with double aging
process are given in Fig. 11. It can be observed that the
hardness increases initially and then decreases by
increasing the holding time in the second step under
double aging condition. For the aging time of 4 h, the
precipitation is not completed and then the hardness
is low, whereas for longer aging time, the metastable 7'
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Fig. 11 Distribution of hardness values for samples aged for 4,
6 and 8 h in duplex aging and heating rate after first stage
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Table 2 Variation of hardness, wear rate and wear coefficient under different conditions

Sample F=30N F=50N
Al SA DA FSP FSP-SA FSP-DA Al SA DA FSP FSP-SA FSP-D
Hardness (HV) 72 91 89 94 128 110 72 91 8 94 128 110
Wear rate/(mm’*N 'm™")  1.67  1.46 1.40 1.32 1.10 121 296 235 225 210 170 1.90
Wear coefficient 401 443 415 414 469 444 426 428 401 395 435 418

phase provides suitable condition of strengthening.
Increasing the holding time further, the hardness
decreases due to the formation of incoherent precipitate.

The TEM images of single and double aged
specimens are shown in Figs. 6 and 7, respectively. The
hardness of single aged sample is higher than that of
double aged one that can be attributed to high volume
fraction of GP-zones and spheroid shape #' precipitates
in single aged sample (Fig. 6), whereas the precipitates in
double aged sample are coarse plate-like.

3.4 Wear resistance
The variations of wear rate for the samples treated
under different conditions are demonstrated in Fig. 12.

=30N
_ 50N
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E
g
o
g
g
=
Al SA DA FSP FSP+ FSP+
SA DA

Sample condition

Fig. 12 Variation of wear rate (SA: single aging at 120 °C for
8 h; DA: double aging at 80 °C for 8 h and then at 140 °C for
8h

The wear rate decreases by artificial aging of Al
alloy and it decreases again and again by aging following
the FSP process. This behavior can be explained by the
grain refinement and the formation of precipitate
(Fig. 12). Higher hardness of FSP-aged alloys in
comparison with that of raw material (Table 2) may
reduce the real contact area, thus reducing the fracture
and deformation of the surface asperities.

The wear rate increases by increasing the applied
load. Furthermore, the modified alloys by FSP exhibit
less wear rate than the un-FSPed alloy. At higher applied
load, the increase of temperature due to the frictional
heat induces the softening of material, leading to higher
wear rate [34].

According to the well-known linear wear law of
Archard, the wear rate is inversely proportional to the
hardness and directly proportional to the applied
load [35]:

O=KWIH )]

where Q is the worn volume per unit sliding distance
(mm’/(N'm)), K is the wear coefficient, ¥ is the applied
load (N) and H is the Vickers hardness number of the
sample. It can be seen that the variation tendency of the
wear rate is in accordance with Archard’s wear equation
and the wear coefficient is calculated to be 4.26.

4 Conclusions

1) The FSP leads to homogeneous microstructure
along with equiaxed and fine recrystallized grains which
can affect the precipitation phenomenon.

2) The aging induces the hardness to increase by
about 30% in stir zone with respect to the as-FSPed
material, whereas, the FSP combined with aging
treatment results in about 80% improvement in the
hardness of base material.

3) The wear rate is reduced by artificial aging of Al
alloy, which continues to decrease again and again by
aging following the FSP process.

4) Based on the TEM observations, the properties
are improved following the duplex FSP—aging process
that can be attributed to the precipitation of very fine
particles.

5) Comparing the single and double aging
conditions, the hardness of single aging sample is higher
than that of double aging one that can be attributed to
very fine spheroidal precipitate in single aging sample.
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B B R BT S R R A AR I R ST S Ak BN 2R AT I TR 5 450 L 7075
AR TR BEVERI S . SRARN], SRRSO TR SR ST AR /NS TS R Al
21, RIS 4~5 pume FEBEREDISONIBEMA P O BE REAE 20500380 T 30% A1 80%. FE T 5 A BEMLSE,  HEMT 1 BE
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(Edited by Mu-lan QIN)

2855



