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Abstract—The main object of this study is to investigate the effect of friction stir processing (FSP) on the
microstructure and hardness of Al—Zn—Mg—Cu alloys that were produced via casting with the addition of
5wt % nickel. Furthermore, a single-pass FSP with a rotational speed of 1500 rpm and a traveling speed of
40 mm/min was performed on the alloys. The FSP-treated cast alloys were homogenized, aged at 120°C for
24 h, retrogressed at 180°C for 30 min, and then re-aged at 120°C for 24 h. Microstructural evaluations via
optical microscopy and scanning electron microscopy, as well as with energy dispersive X-ray spectroscopy
were conducted. In addition, X-ray diffraction analysis was performed to detect the intermetallics and phases
of the Al-Zn—Mg—Cu—Ni alloys. Before FSP, the microstructural observations indicated the presence of
coarse Ni dispersed particles with a precipitate phase within the matrix. After FSP treatment, the grain refine-
ment led to the uniform space distribution of Ni dispersed particles in the stir zone. The Vickers hardness val-
ues for the Al-Zn—Mg—Cu—Ni alloy increased after age tempering at T6 and retrogression and re-aging
(RRA) treatment because of the increased precipitation and particles dispersity. The hardness of the Al—Zn—
Mg—Cu—Ni alloy was enhanced after FSP and a series of heat treatments, especially the RRA process,
because of the stirring action of the FSP tool, the grain refinement, the appearance of additional precipitates,

and the refinement of dispersed Ni particles.
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1. INTRODUCTION

A 7000 Al alloy series has high strength, high elon-
gation, high wear resistance, high temperature perfor-
mance, and low density. This alloy never failed to cap-
ture the fascination of metallurgical and material sci-
entists and is widely used in the aviation and aerospace
industries. To date, the highest reported tensile
strength of the Al alloy is about 445 MPa to 500MPa
[1]. The shear elastic modulus of the Al alloy is about
26 GPa, and its maximum strength can theoretically
reach up to 870 MPa. The properties of the the Al alloy
can still be significantly improved. To strengthen the
Al alloy, several conventional and unconventional pro-
cessing techniques have been developed. The first cat-
egory of these techniques include precipitation [2],
dispersion strengthening [3], and chemical modifica-
tion, which are achieved by adding a small amount of
transition metals, such as Zr [4], Ti [5], and Ni, [6]
into the Al alloy, thereby enhancing the microstruc-
ture of the matrix. The second categories of these
techniques include equal channel angular extrusion
[7], accumulative roll bonding [8], and friction stir

! The article is published in the original.

processing (FSP) [9]. FSP is a novel solid-state pro-
cess of modifying the microstructure of the cast and
produced Al alloys. In FSP, a rotating tool with a pin
and shoulder is inserted into a piece of material and
traverses along the work piece. The thermal exposure
and intense plastic deformation of the material would
result in a significant evolution of the local micro-
structure. The details of the FSP principles are found
elsewhere [10, 11]. In the present study, Ni was added
into an Al-Zn—Mg—Cu alloy via a semi-chilled cast-
ing process followed by the application of FSP, which
significantly disrupts the coarse Ni particles and gener-
ates a homogeneous distribution of AI—Ni intermetallic
compounds. In addition, the effect of heat treatment
applied during FSP and its influence on the mechanical
properties of the Al alloy were investigated. Studies have
indicated that FSP results in a substantial grain refine-
ment of the Al-Zn—Mg—Cu alloy, thereby leading to
the improvement of its mechanical properties [12, 13].

Rayes et al. [ 14] have concluded that FSP enhances
the ductility and mechanical properties of the 7010 Al
alloy at high temperatures. Hu et al. [15] conducted a
study to refine the grain size of the Al—Zn alloy via
FSP. To date, no studies have been reported on the
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Table 1. Chemical compositions of the Al alloy (wt %)
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No. Si Fe Cu Mg

Cr Ni Zn Ti Al

Alloy 0.10 0.20 1.70 2.80

0.186 5.00 7.01 0.047 Balance

Table 2. Heat treatment steps for alloys being studied

No. Type

Details of treatment

1 Homogenizing

2 Aging (T6)

3 Retrogression & Reaging (RRA)

450°C for 2 h 4 470°C for 24 h + 480°C for 0.5 h

120°C for 24 h (peak ageing)

120°C for 24 h +180°C for 0.5 h (retrogression) + 120°C for 24 ( re-aging )

addition of Ni into the 7000 Al alloy series treated via
FSP. This study compares the microstructure and
hardness of Al—-Zn—Mg—Cu alloys with Ni before and
after application of FSP at different heat treatment
conditions.

2. EXPERIMENTAL PROCEDURES

To prepare the experimental alloy, the AA7075-O
Al alloy ingot was re-melted in a graphite crucible at
830°C by using an electrical resistance furnace. After-
ward, 5 wt % Ni (particle size (um) about D50 of 11,
rounded shape, purity (%) of 99.50: source Merck
KGaA) was then added. Table 1 presents the nominal
composition of the Al alloy being studied.

The alloys were produced via a semi-direct chill
(DC) casting process. The alloys were poured into a
pre-heated (250°C) rectangular mold with dimensions
of 160 mm x 22 mm x 17 mm at 830°C. The alloys
were inverted and re-melted three times to ensure
complete mixing. The first group of the Al alloy was
denoted as alloy A (as cast), and the second group was
denoted as alloy B (as plates). After machining, the
alloys were processed via single-passed FSP by using a
HD CNC milling machine. A stainless steel tool with a
flat shoulder and threaded tapered pin was used, as is
shown in Fig. 1 along with its dimensions. In all exper-
iments, the tool angle was fixed at 2.5°, and the tool
down force was kept constant about 7.5 KN. The direc-
tion of the tool rotation was counter-clockwise, and
the advancing and retreating sides were accordingly
marked.

The rotating speed (®) of the tool was 1500 rpm,
and the traverse speed of the pin (v) was 40 mm/min.
Quenching water was immediately poured on the alloy
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plate after FSP to prevent accumulative heating. To
understand the effect of heat treatment on the micro-
structure of the Al-Zn-Mg-Cu-Ni alloy, both alloy A
and FSP-processed alloy B were subjected to homog-
enization, artificial aging treatment and retrogression
and re-aging (RRA) according to the steps presented in
Table 2. Heat treatments are considered optimal for the
Al alloys in this study as have been reported [1-3, 6].
Each step of the treatment was followed by immediate
quenching with cold water as reported [2].

Alloy A (as-cast) and alloy B (FSP-processed)
samples were ground and polished with 0.5 um dia-
mond paste at the final stage. The samples were etched
using Keller’s reagent to reveal the microstructure.
The microstructural evaluation was performed via
optical microscopy (OM, Olympus PMG3) and scan-
ning electron microscopy (SEM) followed by coupled
energy dispersive X-ray spectroscopy (EDS, JEOL
JSM-6460LA) and X-ray diffraction analysis (XRD).
XRD measurements were conducted using a D2
PHASER diffractometer with Cu Ko radiation (A =
1.54184 A) at 30 kV and 10 mA. The XRD patterns
were recorded within the 2° range of 20° to 80° with a
step size of 0.02 and an effective total time of 651.2 s.
The grain size was evaluated via the mean linear inter-
cept method. The Vickers microhardness of the speci-
mens was determined with 30 N loads and a dwell time
of 10 s. Each reading was conducted for five times on
the average.

3. RESULTS AND DISCUSSION

Figure 2a shows the microstructure of (Al—Zn—
Mg—Cu—Ni) alloy A. The microstructure of the as-
cast alloy A mainly consisted of Ni flakes that were dis-
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8 Machine Table

Fig. 1. Schematic illustration of (a) FSP tool, (b) FSP machine, and (c) work piece samples.

tributed along the a.-Al dendrites. Figure 2a shows that
the distribution of the Ni flakes in the base alloy was
not homogeneous. The average grain size of as-
quenched alloy was about 25.40 pum.

Figure 2b shows the SEM images of the samples’
microstructures. The SEM images show that the Ni
particles were irregularly distributed and were dis-
persed in the Al-Zn—Mg—Cu matrix and almost
directly bonded without any cracks or voids between
them. The EDS spectra of these regions, shown in
Fig. 2c, indicate that the Ni content of the alloy was
15.34 at % which is the typical value for Al—Ni alloys,
as is subsequently shown.

Figure 3a shows the OM of an Al-Zn—Mg—Cu—
Ni alloy sample after homogenization and age temper-
ing at T6. The average grain size of the alloy was about
28.3 um. Conventionally, the volume fraction of the
dendritic network structure progressively decreases
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and the residual phases become small and sparse
because of the heat treatment effects.

The SEM images in Fig. 3b show the flake shape of
the intermetallic structure of the Al—Ni alloy, which
was homogeneous and had excellent interface bonding
within the Al matrix. The results of the EDS scan anal-
ysis shown in Fig. 3c reveal that the Ni content
decreased because it reacted with Al. Figure 4a shows
the OM of alloy A after RRA. The SEM image in
Fig. 4b illustrates the bright areas, which denote the
newly formed phases in addition to the dispersed parti-
cles. Figure 4c¢ shows the stoichiometric content of the
Al matrix after Ni addition, as was determined via EDS.

The alloy microstructure after FSP could be classi-
fied into three major regions, namely, SZ, thermo-
mechanically affected zone, and heat-affected zone
[16]. Fig. 5 a shows that these regions in the FSP-pro-
cessed alloy B were affected by a threaded taper pin
tool. The microstructure of SZ was evidently different

No. 10 2015



1038

L/
4¢ Cracks

HAIDER T. NAEEM et al.

(c)
ZAF Method Standardless Quantitative Analysis
2700 F Fitting Coefficient: 0.5249
Element  (keV) mass % Error % At %
2400 £ | Mg K 1.253 2.34 099 3.11
AlK 1.486 67.08 0.96 80.22
2100 F Ni K 7471 2792 4.44 1534
CuK 8.040 0.84 591 043
1800 Zn K 8.630 1.83 7.82 0.90
» Ni Total 100.00 100.00
[
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1500 8 CZn *
Ol
1200 2
Ni
900
d ‘ CuZn
600 Ni
Cu Zn
300 F ‘ | | |
! y T n !

Fig. 2. (a) OM of Al-Zn-Mg-Cu-Ni alloy (as-quenched); (b) SEM of microstructure; (c) energy dispersive X-ray spectroscopy

analysis.

from the base material (BM) (alloy A). The average
grain size in the SZ was approximately 14.3 um. The
intense plastic deformation and frictional heating dur-
ing FSP generated a recrystallized and fine-grained
microstructure within SZ. This phenomenon is known
as dynamic recrystallization [17—20]. The SEM
micrographs of alloy B shown in Fig. 5b shows the par-
ticle distribution in the SZ. Figure 5c shows the EDS
spectrum obtained for the particle-rich region, which
confirmed the presence of Ni dispersoids. During FSP,
a higher heat input associated with an increase in the
rotational speed or decrease in traveling speed facili-
tates grain growth and consequently coarsens the
recrystallized grains [21]. In addition, the reinforcing
Ni particles could function as barriers against grain
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boundaries and impede grain growth by limiting their
movement.

This event is known as the pinning effect [18, 22].
According to Barmouz et al. [23], a significant number
of nucleating sites are produced during plastic defor-
mation. Concurrently, during dynamic recrystalliza-
tion, the nucleation of new grains at preferential sites
occurs. Moreover, the reinforcement particles
increase the nucleation sites for recrystallization. As
the number of the primary recrystallized grains
increases, the final microstructure becomes finer.

When the FSP-processed alloy B microstructure
was subjected to T6 treatment, distributed equiaxed
particles were obtained, as is shown in Fig. 6a. The
average grain size of the FSP-processed alloy B slightly
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(c)

ZAF Method Standardless Quantitative Analysis
900 Fitting Coefficient: 0.5566
Element (keV) mass % Error % At %
A
300 - Mg K 1253 287 113 3.4l
Al K 1.486 85.01 1.20 90.91
700 F Ni K 7471 628 7.7 3.09
Ni CuK 8.040 098 9.67 0.45
600 - Z1| ZnK 8.630 4.86 12.50 2.14
2]
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Fig. 3. (a) OM; (b) and (c) SEM micrograph and EDS scan analysis results of alloy A microstructure showing intermetallic prop-

erties after homogenization and age tempering at T6.

increased at about 16.5 pm, (for the center of the SZ)
as a result of the homogenization and heat treatment
[21]. The SEM micrograph shown in Fig. 6b reveals
that the volume fraction of the Ni-rich particles was
high in the Al matrix. The EDS microanalysis results
shown in Fig. 6¢ proved the increasing Ni content
within the matrix.

Figure 7a shows the alloy B microstructure sample
analyzed after FSP and RRA. Two distinct regions
were marked, including the thermo-mechanically
affected zone and SZ. The heat-affected zone was not
identified in the BM in the alloy B microstructure.

The microstructures of alloys A and B were com-
pared to determine the effect of RRA. The BM micro-
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structure of alloy A (Fig. 4a) primarily consisted of
a-Al and AI—-Ni eutectic structure with an average
grain size of 29 um. The alloy B microstructure
(Fig. 7a) consisted of a SZ with homogeneously dis-
persed Ni particles in the o-Al matrix. The average
grain size was about 18 pm (in the SZ) for the alloy B
microstructures. Figure 7b shows that SZ had finer
reinforcement particles, which were more evenly dis-
tributed throughout the matrix. This phenomenon was
primarily caused by heat generated during the stirring
action [24, 25].

Furthermore, at a high D/d ratio (D: shoulder
diameter of 21 mm, d: pin diameter of 7 mm), excess
amount of heat is generated, which resulted in a turbu-
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ZAF Method Standardless Quantitative Analysis
2700 Fitting Coefficient: 0.5753
AlElement (keV) mass % Error % At %
2400 - Mg K* 1253 3.13 118 3.69
Al K* 1.486 86.28 1.27 91.54
2100 Ni K* 7471 212 7.65 1.04
Cu K* 8.040 2.00 10.41 0.90
1800 - Zn K* 8.630 6.46 1338 283
Total Y 100.00 100.00
Cu Zn
Ni Nj cu zn
U
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Fig. 4. (a) OM; (b) SEM image; and (c) EDS micro analysis results of alloy A microstructure after RRA.

lent type of material flow that leads to consolidation
within the FSP-processed region as previously
reported [26]. Fine precipitates were formed within
the matrix because of the RRA effect. EDS scan anal-
ysis results shown in Fig. 7c show the Ni-rich dis-
persed particles in the matrix.

XRD analysis was performed to verify the presence
of the intermetallic phases and phase transformation
in the alloys after heat treatment. Figure 8c shows the
XRD patterns of alloy A after quenching in cool water.
The primary eutectic system mainly consisted of the
a-Al peak in addition to the Al4Ni; and MgZn, phases
detected through a small peak. Figure 8b shows the
XRD analysis of alloy A after age tempering at T6. The
figure shows that the product was composed of o-Al

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 116

and MgZn, as the major phases and a small amount of
Al;CuyNiand Al4Nijs as the residual phases. MgZn,, as
a major phase, was present because of the subsequent
homogenization in the aging treatment at T6, as was
previously reported [3, 6]. Figure 8a shows the XRD
patterns of alloy A after RRA. The figure reveals that
the principal peaks of a-Al and the Mg,Zn,, originate
from MgZn, and Al,Ni; phases. In RRA, most of the
MgZn, phase was transformed into other forms, such
as Mg,7Zn,, [2, 3].

Figure 9¢ shows the XRD patterns for alloy B after
FSP. The figure shows the main peaks of the Al and Al-
Ni phases and a small peak for Al;Ni, in addition to a
minute Al,Cu,Ni phase. The significantly increasing
reaction between the Ni-rich particles and Al matrix
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Fig. 5. (a) OM of FSP-processed (Al-Zn-Mg-Cu-Ni) alloy B presenting different regions; (FSP parameter: 1500 rpm,
40 mm/min); (b) to (c) SEM micrograph and EDS spectrum of the microstructure of dispersed particles in the stir zone (SZ).

evidently led to the appearance of numerous Al-Ni
phases. This phenomenon is caused by the high tem-
perature generated during FSP, as was previously
reported [27, 28], in addition to a high D/d ratio of the
FSP tool in this study. The temperature of the SZ
ranged from 400°C to 500°C during the FSP of the Al-
Zn—Mg—Cu alloy [29]. Figure 9b shows the XRD pat-
terns of alloy B after age tempering at T6, which
reveals the presence of a-Al, Al-Ni, and Al;Ni, as the
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main phases. Figure 9a shows the XRD patterns of
alloy B after RRA. The figure shows that the major
phases were Al and Al-Ni, in addition to the numerous
Al,CuyNi, Al,Ni;, MgZn,, and Mg,Zn,, phases. In
summary, several intermetallic phases of Al-Ni were
generated within a range of temperature, based on the
Al-Ni phase diagram [30].

The quenched alloy A samples were alloys A-T6
and A-RRA. The Vickers hardness values were deter-
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ZAF Method Standardless Quantitative Analysis
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Fig. 6. (a) OM; (b) SEM micrograph; and (c) EDS scan analysis results of FSP-processed alloy B microstructure (at SZ) after

age tempering at T6.

mined for as-quenched alloy A to be 135 HV. The
results show that the hardness value significantly
increases after applying a series of heat treatments to
achieve 200 and 208 HV values for the alloy after age
tempering at T6 and RRA, respectively. This result
can be attributed to the precipitation hardening of
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the alloy element, as was previously reported [1, 2].
In addition, the interfacial bonding between the Al
matrix and Ni compounds was substantial (Figs. 3
and 4b). By contrast, the dislocation by-passing of
the dispersed particles of the Ni compounds was
based on the Orowan mechanism, which was also
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Fig. 7. (a) OM of FSP-processed alloy B showing parent metal and regions of FSP; (b) SEM and (c) EDS spectrum of FSP-pro-

cessed alloy microstructure at SZ after RRA.

responsible for the increased strength, as was previ-
ously reported [31]. After FSP, age tempering at T6
and RRA heat treatments on the AlI-Zn—Mg—Cu—
Ni (alloy A) alloy, maximum gains of about 50, 45,
and 54 HV, respectively, were achieved for the Vick-
ers hardness of all alloy B samples in the center of SZ.
This enhancement may be explained by several rea-
sons. First, the material flows that were imposed dur-
ing FSP promote grain redistribution because of the
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presence of the threaded taper pin tool structure.
This action increased the plastic deformation in the
Al matrix through substantial grain refinement.
According to the Hall-Petch relationship [32], H =
H, +kyd="?, where H is the final hardness, H;and k
are constants, and d is the grain size, a decrease in the
grain size increases the hardness. Second, a high
density of the dislocations pinned by the fine dis-
persed Ni particles was observed (Fig. 5b). In addi-
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Fig. 9. XRD patterns for alloy B after FSP, age tempering at T6, and RRA.

tion, at a high tool rotation rate (1500 rpm), more
precipitates dissolved into the Al matrix because of
the high temperature, which would re-precipitate as
fine particles in FSP. Furthermore, the alloy B sam-
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ples that were age-tempered at T6 and underwent
RRA were harder compared with the FSP-processed
sample. This phenomenon was caused by the addi-
tional precipitation hardening of the alloy samples.
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Fig. 10. Comparison of the Vickers hardness values of alloys A and B after FSP and heat treatment.

4. CONCLUSIONS

(1) Microstructural analysis of the Al-Zn—Mg—Cu
alloys with Ni particles had revealed coarse dispersed
Ni particles with an average grain size of approxi-
mately 25.40 um. The evaluation of the Al-Zn—Mg—
Cu—Ni alloy microstructure after FSP with a threaded
tapered pin tool reveals that the SZ consisted of fine,
homogeneous, and dispersed Ni particles, which had
excellent interfacial bonding with the Al matrix. The
grain size was about 18 pm (in the SZ).

(2) The XRD patterns of the Al—Zn—Mg—Cu—Ni
alloy before FSP show that the a-Al and MgZn, were
the major phases and that residual Al,Cu,Ni and
Al4Ni; phases were present in the alloy matrix after a
series of heat treatments. After FSP, the evaluations of
the alloy B microstructure show that a-Al, AI-Ni, and
Al;Ni, were the main phases because of the high tem-
perature generated with stirring and the shape of the
FSP tool. Moreover, numerous Al,Cu,Ni, Al;Ni;,
MgZn,, and Mg,Zn,, phases were formed after a series
of heat treatments.

(3) The Vickers hardness value for alloy A
increased after age tempering at T6 and RRA due to
the precipitation and dispersion strengthening.
Alloy B (after FSP) became harder than alloy A
because of the stirring action of the FSP tool, grain

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 116

refinement, additional precipitates, and dispersed
Ni particles.
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