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a b s t r a c t

In the present study the microstructural and high-temperature mechanical properties of 7010 Aluminum
Alloy (AA) resulting from friction stir processing (FSP) were analyzed and compared to unprocessed
material. The sheets were processed perpendicularly to the rolling direction that resulted into fine-
grained microstructure having the size of about 7 lm. The high-temperature deformation characteristics
and mechanical properties of the processed material were studied using hot tensile tests at temperatures
of 703, 723 and 753 K and at different strain rates in the range of 1 � 10�2–1 � 10�4 s�1. Correlation
between the flow stress r and strain rate _e and temperature, T gave an apparent stress exponent na of
5 and apparent activation energy Qa of 260 kJ/mol. The high value of Qa was attributed to the presence
of threshold stress under the present experimental conditions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction composite surface layer [8]. Several researches have succeeded in
Friction stir processing (FSP) is a new solid state technique
which uses the principles of friction stir welding (FSW) to produce
materials with fine-grained microstructures as produced by Cava-
liere et al. [1]. In FSP, a tool consisting of a shoulder and a concen-
tric pin, which is slightly shorter than the material thickness, is
forced into the material being processed until the shoulder comes
in contact with its surface. Once the pin has fully penetrated, the
tool is allowed to rotate whereas the material linearly moves past
the tool. This provides localized frictional heating and mechanical
mixing in the area covered by the tool. McNelley et al. [2] have con-
cluded that the severe plastic deformation achieved by the tool
stirring action results into large processing strain leading to dy-
namic recrystallization and consequently microstructural refine-
ment and homogenization. The FSP creates a region called the
‘‘stir zone’’ SZ or ‘‘nugget’’, where the microstructural refinement
occurs having an equiaxed-fine grains with high angle grain
boundaries. The characteristics of FSP have led to several applica-
tions for microstructural modification in metallic materials,
including the production of ultrafine-grained (UFG) microstruc-
tures amenable to low temperature-high strain rate superplasticity
[3–6], dispersing powders into Aluminum matrix to produce high
microhardness by the promotion of grain refinement within the
nano-scale [7]. Another application of FSP is incorporating nano-
sized alumina particles into Aluminum matrix to form particulate
ll rights reserved.
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refining the microstructure of cast Aluminum Alloy such that
achieved in the work published [9–11].

Cavalierea and Squillace [12] have studied the high-tempera-
ture deformation of FSP-ed 7075 AA using hot tensile tests at dif-
ferent temperatures and different strain rates. This was done in
order to analyze the mechanical properties of the recrystallized
material and to observe the differences from the parent material
as a function of the grain refinement due to the FSP. They found
that the strength and ductility of the material increased in the nug-
get zone with respect to the base material due to the uniform and
very fine structure resulting from FSP. In addition, the true stress–
true strain response has shown that the flow stress at high temper-
atures decreases with increasing temperature and also the strain to
fracture increases with increasing temperature. However, there is
no steady state exhibited by the curves for all the temperatures
and strain rates investigated which was in the range of 150–
500 �C and 10�2–10�4 s�1 respectively. It was also reported that
the strain rate sensitivity variation obtained at strain = 1 increases
upon increasing the strain rate from 10�4 to 10�3 and then de-
creases for higher strain rates indicating that FSP-ed material pos-
sesses superplastic properties.

The superplastic deformation of FSP-ed 7075 AA has been stud-
ied by Ma et al. [13]. In this work two grain size 3.8 and 7.5 lm
have been obtained by using different processing parameters. In
order to evaluate the microstructural stability the as-processed
Aluminum plates were heat treated at 490 �C for 1 h. This treat-
ment revealed that the fine-grained microstructure was stable dur-
ing hot tensile tests. Superplastic investigations in the temperature
range of 420–530 �C and strain rate of 1 � 10�3–1 � 10�4 s�1

demonstrated that a decrease in grain size from 7.5 to 3.8 lm
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Fig. 1. Experimental set-up for FSP [14].
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resulted in significantly enhanced superplasticity, flow stress,
reduced optimum temperature and a shift to a higher optimum
strain rate. The analysis of the superplastic data of the two FSP-
ed 7075 AA showed that a stress exponent of 2, an inverse grain
size dependence of 2 and an activation energy close to that for
grain boundary self diffusion. This indicated that grain boundary
sliding is the primary superplastic deformation mechanism for
FSP-ed 7075 AA.

Furthermore, Mishra and Charit [4] have reported that the com-
bined effect of deformation and temperature leads to very fine
grain sizes through the dynamic recrystallization (DRX) process.
The probable reason is that a low peak processing temperature
and a fast cooling rate kept the post-DRX growth of grains limited.
This, in turn, helped in the generation of the UFG microstructure.
Furthermore, it was found that with increasing temperature from
230 to 370 �C the flow stress failed down consistently until
410 �C, when an abrupt increase in the flow stress occurred due
to abnormal grain growth (AGG). This AGG is characterized by bi-
modal grain size distribution which is composed of few grains with
some form of growth within the fine-grained matrix.

The variation of flow stress as a function of initial strain rate at
different temperatures ranging between 220 and 230 �C (presented
on double logarithmic scale) has been studied [5]. The slopes of the
fitted straight lines corresponding to strain rate sensitivity (m)
were 0.33. This value indicates that the deformation model is re-
lated to the solute drag dislocation glide mechanism. The concept
of this model is that in a certain range of temperatures and applied
strain rate, solutes can diffuse to the dislocation cores, saturate
them and drag them during dislocation glide. Nevertheless, m val-
ues close to 0.5 indicates that grain boundary sliding (GBS) is the
dominant deformation mechanism.

The aim of the present work is to study the influence of FSP on
microstructural and ductility modifications and to analyze the
mechanical behavior of Aluminum Alloy 7010 at different temper-
atures and strain rates. Special attention will be also paid to eluci-
date the deformation mechanism of FSP 7010 within the
temperature range 703–753 K.
2. Experimental procedure

Commercial 7010 AA plates 3 mm thick, 100 mm wide and
300 mm long with a nominal composition in wt.% 5.7 Zn, 2.4 Mg,
1.84 Cu, 0.29 Si, 0.15 Fe, 0.05 S, 0.03 Mn and the balance is Alumi-
num were used. A single-pass FSP perpendicular to the direction of
elongated grains was carried out at a tool rotational speed of
430 rpm and a traverse speed of 36 mm/min. The tool was manu-
factured from heat-treated H13 steel with a flat shoulder of 15 mm
diameter, and a concentric cylindrical pin with a diameter of 5 mm,
and 2.7 mm long. Test set-up which has been used in earlier work
[14] is shown schematically in Fig. 1.

Water was used to cool the plate immediately after processing to
hinder the growth of the dynamically recrystallized grains. Micro-
structure characterization was performed using optical microscope
(OM). The FSPed specimen was prepared according to the standard
procedures for specimen preparation including grinding, polishing
and etching. Modified Keller’s reagent composed of 2 ml HF (48%),
3 ml HCl (conc.), 20 ml HNO3 (conc.) and 175 ml distilled water
was used to reveal the specimen’s microstructure by immersion
for 60 s. Grain size was measured by the linear intercept technique.
Microhardness measurements were taken on the specimen cross
section using Vickers hardness testing instrument at 200 g load
and at 0.5 mm distance between successive indentations.

In order to evaluate the mechanical behavior of FSP 7010 Al,
miniature tensile specimens (3.0 mm gage length, 2.4 mm gage
width and 2.2 mm gage thickness) were wire cut perpendicular
to the FSP direction, with the SZ being centered in the gage. These
samples were subsequently ground and polished to a final
thickness of 2.0 mm. Tensile tests were conducted using an Instron
machine model 3385 H, equipped with a computer and a high-
temperature split furnace containing three heating zones, at four
crosshead speeds corresponding to initial strain rate in the range
of 10�2–10�4 s�1. Tests were conducted at temperatures of 703,
723 and 753 K in air where the temperature was monitored using
a thermocouple connected to the middle of the specimen’s gauge
section. Load–elongation data were recorded using computer
software. Temperatures were monitored using a thermocouple
connected to the specimens. After testing, final length of failed
specimens was measured to determine ductility.

3. Results

3.1. Microstructural characteristics

Fig. 2a shows an optical microstructure of the base metal, which
has large elongated grains, typical to continuously-cast structure.
The microstructure of SZ, on the other hand, is characterized by
fine and equiaxed recrystallized grains, Fig. 2b. The average grain
size in the SZ, determined by the mean linear intercept technique,
was within 7–10 lm. The thermo-mechanical affected zone
(TMAZ), found in the close vicinity of SZ, is characterized by highly
deformed structure, Fig. 2c. In this zone the material experiences
lesser strains and strain rates as well as lower peak temperatures
compared to the SZ. The TMAZ is often characterized by grain dis-
tortion that suggests shearing and flow of material about the rotat-
ing tool as found by McNelley et al. [2]. The grain distortion may
lead to fragmentation of elongated grains and the formation of re-
fined, equiaxed grains near the interface between the TMAZ and
the SZ. The structure in Fig. 2c appears partially recrystallized
where some equiaxed grains started to form within the elongated
grains. This structure has been found in all the FSP literature re-
lated to Aluminum Alloys.

3.2. Hardness test

The microhardness distribution across the processed section is
shown in Fig. 3. The microhardness reaches a maximum value of
150 HV at the SZ. Going further from this zone in both the sides
at 3 mm far from the center, the hardness value starts to decrease
reaching a value around 130 HV at the TMAZ. At about 10 mm from
center, corresponding to the unaffected base material, the hardness
has stabilized to around 112 HV. The highest hardness at the SZ is



Fig. 2. Optical micrographs showing various zones found in FSP sample: (a) Unaffected base material. (b) Stir zone (nugget). (c) Thermo-mechanically affected zone (TMAZ).

Fig. 3. Microhardness distribution across the FSPed sample.
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due to the existence of fine-grained microstructure as well as this
zone have experienced severe plastic deformation and conse-
quently strain hardening. The TMAZ is slightly softer than the SZ
due to the partial recrystallization as shown in Fig. 2c.

3.3. Stress–strain response

The true stress vs. true plastic strain behavior of FSP specimens
for various strain rates at 703, 723 and 753 K are shown in Fig. 4a–c
respectively. In general, the flow curves exhibit strain hardening
regime, which gets longer when reducing strain rate. At high strain
rates; 1 � 10�2 and 2 � 10�3 s�1, the extent of strain beyond the
peak stress is relatively limited when compared to lower strain
rates; 5 � 10�4 and 1 � 10�4 s�1. The influence of varying the test-
ing temperature can be depicted from the same figure where the
flow stress is reduced with increasing temperature at a given strain
rate. It can be also noted, that with low strain rates, the flow stress
remains nearly constant during the deformation flow, followed by
a decrease in flow stress due to necking before failure. The opti-
mum temperature for maximum elongation was found to be
753 K which occurred at a strain rate 1 � 10�4 s�1. Increasing tem-
perature led to a shift of the peak stress to occur at higher strains.
Similar trends were found in earlier work [3,6,14].

3.4. Stress dependence of strain rate

The stress dependence of the strain rate under steady state con-
dition at constant temperature is determined by plotting the strain
rate, _e as a function of the steady state stress, r on a double loga-
rithmic scale. Fig. 5 shows this form of plot for three different tem-
peratures 703 K, 723 K and 753 K. Examination of the data of this
figure reveals that for the range of strain rates and temperatures
tested the data points fall on line segments with stress exponent
of 5 and that power law break down is not evident as the curves
are linear to high strain rates. The stress dependence of strain rate
can be represented by a power function of the form:

_e ¼ Br5 ð1Þ

where B is a function of temperature. This behavior could be related
to dislocation climb; however, it is necessary to determine the
apparent activation energy Qa to confirm the rate controlling mech-
anism. This is covered in the next section.

3.5. Apparent activation energy

The apparent activation energy Qa can be calculated at constant
strain rate as

Qa ¼ nR
@ ln r
@ð1=TÞ

� �
_e

ð2Þ



Fig. 4. True stress–true strain curves resulting from hot tensile test of FSPed specimens for various strain rates at different temperatures: (a) 703 K, (b) 723 K, (c) 753 K.
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Fig. 5. Double logarithmic scale of stress dependence of strain rate at different
temperatures.
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Fig. 6. Semi-logarithmic plot of stress vs. 1/T for calculating the apparent activation
energy Qa.
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Fig. 6 shows a plot of log r vs. (1/T). The data points at constant
strain rate fall on a segment of straight line whose slope is equal
to Qa

2:3nR

� �
, which gives Qa a value of 267 kJ/mol, for the present test-

ing conditions. In calculating Qa, the value of n was taken as 5, as
inferred from Fig. 5. The value of Qa is much higher than that re-
ported for self diffusion of Aluminum (143 kJ/mol) [15] and Magne-
sium (130 kJ/mol) [15] alloys. Therefore, high temperature
dislocation climb can be ruled out as rate controlling mechanism.
This behavior is similar to that reported by Spigarelli et al. [16],
for hypereutectic Al–17Si Alloy; n � 5 and Qa = 210 kJ/mol. This
activation energy was substantially larger than that for climb con-
trolled creep.
3.6. Ductility

The variation of elongation; ductility, with initial strain rate at
different temperatures is illustrated in Fig. 7. Elongation showed
an appreciable dependence on strain rate and temperature espe-
cially at 723 and 753 K. At 703 K, however, the variation of elonga-
tion with strain rate was limited. A maximum ductility of 254%
was obtained at a strain rate of 1 � 10�4 s�1 and 753 K for FSP-ed
condition.

Comparing the data of the present work to what has been re-
ported for 7075 AA [13] it was found that strain rate sensitivity
m in this work (7010 AA) has a value of 0.2, whereas, with another
work applied on 7075 AA it gave a value of 0.5, which infers that
the deformation mechanism is mainly carried out by grain bound-
ary sliding. The low strain rate sensitivity obtained in this work has
led to lower ductility which could be attributed to the presence of



Fig. 7. Variation in elongation with strain rate at different temperatures.
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the threshold stress due to the presence of second phase particles
which might lead to cavitations thus limiting the total amount of
elongation achieved.

3.7. Comparison with the as-received materials at 723 K

As compared with the above-mentioned result, the ductility of
the same alloy in the as-received (unprocessed) condition at
723 K is quite low (78%) as reported in the work [17]. Fig. 8 shows
the elongations of the present alloy in both the FSP-ed and
as-received conditions as a function of strain rate at constant tem-
perature 723 K. Elongation of the as-received material was less
Fig. 8. Comparison between the effect of material conditions on elongation at
different strain rates at 723 K.
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exponent for FSP-ed (5) and as-received (8.5) conditions [17].
than 80% and did not exhibit any appreciable dependence on strain
rate. On the other hand, FSP-ed AA7010 exhibited a maximum
elongation of 217% and demonstrated strain rate and temperature
sensitivity with optimum test parameters at 723 K at an initial
strain rate of 2 � 10�3 s�1. Fig. 9 shows the stress dependence of
strain rate for the two testing condition at 723 K.
4. Discussion

4.1. Threshold stress

The threshold-stress behavior, observed in particle strength-
ened alloys, can be characterized by two points [15,18]: (i) a high
value of stress exponent, n that continuously increases with
decreasing stress and (ii) a high value of activation energy above
that reported for self diffusion. While the second point is clearly
obvious in the results of the present investigation, however, the
first point is not. Fig. 5 shows that the value of n is independent
of stress and temperature and has a constant value of �5. This
lack of agreement with point one may be attributed to the limited
range of strain rate applied in the present investigation. Under
these two conditions, the deformation process is not driven by
the applied stress but rather by an effective stress re (=r � ro).
Hypereutectic Al–17Si was investigated [16], and found a stress
exponent close to 4–5. Although the magnitude of the stress expo-
nent observed was equivalent to that observed in pure Aluminum,
the apparent activation energy for creep was higher (Qa = 210 kJ/
mol) than the activation energy for self-diffusion in Al
(Qd = 143 kJ/mol) as reported in previous work [19]. This observa-
tion indicated that creep response should be addressed by taking
into account more articulated models, they rationalized both the
magnitude of the stress exponent and the apparent activation en-
ergy for creep, based on threshold-stress concept which arises due
to the interaction between fine particles and dislocation. They cal-
culated the true activation energy, taking into account the thresh-
old stress value, to be 160 kJ/mol, which is comparable for that of
pure Aluminum. The possibility for the existence of threshold for
the present alloy is explored by plotting _e1=n vs. r, where n was ta-
ken 3, using a double linear scale as shown in Fig. 10.

Higher values of n = 5 and 8 were not used because the ob-
served apparent value of n was �5. This analysis is in good agree-
ment with that reported in the earlier work [16].

The data points for each temperature fall on a segment of
straight line with an average correlation factor of 0.99 and the
extrapolation of these lines to zero strain rate gives the value of
ro at each temperature. The values of ro are 10, 7.7 and 5.5 MPa
at 703, 723 and 753 K, respectively. The present results along with
previous studies [15,20–22] suggest that ro is a function of tem-
perature and it decreases with increasing temperature. When the
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Fig. 10. Double linear plot for _e1=3 vs. stress at different temperatures.
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strain rates are plotted as a function of the effective stress (r � ro),
the data points fall on line segments with an average correlation
factor of 0.97 and the stress exponent n inferred is 3 as shown in
Fig. 11.
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Fig. 13. The constitutive equation expressed in terms of normalized strain rate vs.
normalized effective stress.
4.2. True activation energy

Under the presence of threshold stress, the Dorn equation can
be modified such that the applied stress is replaced by an effective
stress. This equation is given by:

_ekT
DGb

¼ Ao
r� ro

G

� �n
ð3aÞ

with

D ¼ Do exp
�Q
RT

� 	
ð3bÞ

where k is Boltzmann’s constant, b is the magnitude of Burgers vec-
tor, Ao is a dimensionless constant, Q is the true activation energy
for the diffusion process that controls the deformation mechanism
and Do is a frequency factor. Eqs. (3a) and (3b), at constant strain
rate, can be rearranged in the form

exp
Q
RT

� 	
¼ C

G
T

� 	
r� ro

G

� �n
ð4Þ

where C is a constant. Taking the natural logarithm of Eq. (4) and
differentiating with respect to 1/T, the value of Q can be written as

Q ¼ R
@ ln G

T
r�ro

G

� �n
h i
@ 1=Tð Þ ð5Þ

Eq. (5) is used to calculate the true activation energy by plotting

log G
T

r�ro
G

� �3
h i

vs. 1/T as shown in Fig. 12. The value of the shear

modulus, G (N/m2) for the alloy as a function of temperature is ta-
ken as reported by Iwasaki et al. [23]:

G ¼ 4:7859� 1010 � 1:3571� 108T þ 2:6402� 105T2 � 190:84T3

The value of Q was determined at three various strain rates in the
temperature range of 703–753 K. As shown in the figure data points
fall on segments of parallel straight lines giving Q a constant value
independent of strain rate. The average value of Q was calculated to
be 120 kJ/mol. This value is very close to that reported for diffusion
of Mg in Aluminum (115–130 kJ/mol) as concluded in the work
[24,25].
4.3. Constitutive relation

Using the true activation energy, the normalized creep rate
ð _ekT=DGbÞ is plotted vs. the normalized effective stress (r � ro)/G
in Fig. 13. As shown in the figure, the data points coalesce on one
segment of straight line with a slope of �3. A constitutive equation
representing the flow characteristics under the present experimen-
tal conditions is presented as:

_ekT
DGb

¼ 3:86� 10�2 r� ro

G

� �2:8
ð6Þ

This constitutive equation can be used in the finite element
analysis of metalworking processes and for evaluating the mecha-
nism of hot deformation either conventionally by using kinetic
analysis or more recently by developing processing maps.

5. Conclusions

The main conclusions of this study can be summarized as
follows:

(1) Compared to the unprocessed condition of AA 7010, FSP is
an effective means for significant ductility enhancement
which was obtained when varying the strain rate and
temperature.

(2) The deformation behavior of the FSP-AA 7010 Al alloy was
examined at temperatures ranging from 703 to 753 K in
the strain rate range from 10�4 to 10�2 s�1. The value of n
and Qa were �5 and 267 kJ/mol, respectively.
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(3) The calculated true activation energy was independent to
strain rate and had a value of 120 kJ/mol, which is close to
that reported for diffusion of Mg in Al.

(4) The threshold stress ro is a function of temperature where it
decreases with increasing temperature, whereas, when plot-
ting the strain rates vs. the effective stress ( r � ro), the
stress exponent n was 3.

(5) By incorporating the threshold stress into the analysis, a plot
of the normalized strain rate, _ekT=DGb vs. normalized effec-
tive stress yielded a stress exponent, n of 2.8.
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