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Abstract
The creep behaviors and microstructures of Al-0.7Fe and Al-0.7Fe-0.2Sc alloy are investigated through creep 

tests, optical microscope, electron probe micro-analyze and transmission electron microscope observations. It is found 
that the steady state creep rates of Al-0.7Fe-0.2Sc are smaller than that of Al-0.7Fe under different temperatures at 
70 Mpa. An overview of microstructure is given, the interactions between intermetallic phases and dislocations are 
investigated, with an emphasis on the Al3Sc precipitates. The mechanism controlling creep-resistance is explained 
by Orowan strengthening mechanism. The magnitude of Orσ∆  can afford dislocations to bypass Al3Sc precipitates 
in Al-0.7Fe-0.2Sc alloy. The counter flow of the vacancies and solute atoms are induced to expound the dislocation 
motion mechanism.
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Introduction
More recently, all aluminum alloy conductors (AAAC) have been 

widely used instead of steel-cored aluminum strand (ACSR) [1-3]. Such 
as AA8xxx aluminum alloy cables, which possess excellent mechanical 
properties, especially for its creep property [4]. Fe and Re are important 
alloying elements to 8xxx alloy cables, they can form the reinforced 
Al3Fe or Al3Re phase to enhance tensile strength and creep resistance 
of 8xxx alloy. Prospective applications of such alloy cables as structural 
materials imply a necessity to ameliorate their creep property, which 
can be obtained by several methods [5,6]. Without sacrificing the 
electrical conductivity excessively, an especially effective method is 
based on precipitation strengthening with the addition of mental 
elements with a low solubility in the matrix, such as Sc, Zr and Er [7-
10]. Therefore, the micro-alloying addition of Sc with a low solution 
(the maximum solubility of 0.23 at % Sc at the eutectic temperature) in 
Al-Fe alloy may be of the interest.

Sc is a promising rare-earth as a ternary alloying element to Al-Fe 
alloys. Al3Sc precipitates have a high creep resistance property, since its 
sluggish diffusivity, formation of fine and coherent Al3Sc precipitates 
with the L12 structure [11,12]. Researchers have reported that the 
additions of Sc and Zr can impede decomposition of supersaturated 
solid solutions and slow down precipitate phase coarsening. Marsha 
et al. [13] investigated the forming Al3 (Sc1-xTix) precipitates remain 
nanosize ~10 nm, when addition of 0.06% Sc into Al-Ti alloy. They 
found that precipitates provide outstanding creep resistance to Al-Sc-
Ti alloy in the temperature range of 300℃ to 425℃, the climb bypass by 
dislocations of the precipitates by creep stress from 17 Mpa to 7 Mpa. 
Some researchers have reported the formation of a core-shell structure 
precipitate with a core of Al3Er and the shell of Sc-enriched in Al-Sc-
Er, due to the more sluggish diffusivity of Sc than Er [10,11,14]. Dalen 
et al. [15] reported that diffusivities of Er and Yb elements at 300℃ are 
determined by calculating kinetics of precipitation, are fourfold and 
tenfold greater than Sc in Al substrate, respectively. Sc provides a more 
significant improvement in the creep resistance property, compared 
with Er and Yb.

The Al-based immiscible systems, such as Al-Fe, the main 
disadvantages of the as-cast Al-Fe alloys typically show the low 
mechanical strength. Cubero et al. [16] studied that the ultimate 
tensile strength of Al-2%Fe only reaches 120 Mpa. However, a dilute 
alloying element in the Al matrix cannot reduce significantly the 

electrical conductivity. Moreover, finely dispersed intermetallic phases 
may improve creep resistance, tensile strength and thermal stability 
[17]. However, Sc modifcation improvement of the deformation Al-
Fe binary alloy has not been discussed extensively. In this study, two 
alloys without and with Sc addition were compared in the present 
investigation. The aim of the present paper is to study the influence 
of the Sc addition on tension creep of deformation Al-0.7Fe alloys at 
experimental conditions 90℃ to 150℃, 70 Mpa.

Material and Methods
Materials

The alloys studied in the work were prepared using commercial 
pure aluminum (99.7%), master alloys of Al-20%Fe and Al-5%Sc (mass 
fraction). They were used as a raw material to produce Al-0.7%Fe and 
Al-0.7%Fe to 0.2%Sc. Pure Al was melted in a furnace at 760°C, and 
then according to the elements of two alloys, Fe and Sc were added into 
the Al melts, respectively. After melting, two alloys were cast into ingots 

Figure 1: Specimen geometry and size (unit: mm).
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the average size of -Al grains is about 50 μm. Conversly, the 0.2wt% 
Sc addition resulted in the better modification effect in the Al-0.7Fe-
0.2Sc alloy, and the average size of -Al grains is only about 15 μm. 
It is visible that the as-cast microstructure was refined efficiently. Sc 
addition could make grain refinement due to the formation of fine and 
coherent Al3Sc precipitates, which act as nucleation core [18].

Figure 3a shows the element distribution of the as-cast Al-0.7Fe-
0.2Sc alloy. It can be clearly seen that Fe elements were uniformly 
distributed on the grain boundary, and there was a small amount of 
Sc elements distribution inside grain interiors. As compared with as-
cast state Figures 3a and 3b, revealed a narrow grain boundry and 
no significant growth of grains in the annealed state. A remarkable 
distinction in EMPA results Figure 3, it indicates that Fe elements are 
present as a stable compound, with no obvious change in distribution 
observed after homogenization annealed. This stable compound has 
good thermal stability at high temperature, and it was not found to 
dissolve in matrix. This is consistent with the previously reported 
studies for Al-1Fe alloy [4]. However, the diffusion of Sc elements is 
from grain boundry to the matrix, as it could be expected, Sc elements 
uniformly dispersed in the grain interiors after homogenization 
annealed.

Creep behaviors

As far as known, creeping test curves include three stages, the 
primary, the steady state and the accelerated creep stages, respectively. 
In the creeping tests, the steady state stage is the vital evaluation to 
creep property of materials. Figure 4 shows the creep curves of Al-
0.7Fe and Al-0.7Fe-0.2Sc under different temperature of 90℃, 120℃ 
and 150℃ at 70 Mpa. This curves indicated the relationship of creeping 
time and strain. Listed in Table 1 are the steady state creep rates of 
Al-0.7Fe-0.2Sc and Al-0.7Fe under different temperatures at 70 Mpa. 
It can be found in Table 1 the steady state creep rate of Al-0.7Fe-0.2Sc 
alloy was much lower than it in Al-0.7Fe alloy. One possible reason 
is that the Al3Sc precipitates in the alloy during creeping process 
obviously impede the dislocation motions.

The steady state creep rate increased with the increasing of 
temperature at the same applied stress, as shown in Figure 4. To 
characterize the deformation mechanism of steady state creep, the 
value of stress exponent is the important parameter describing the 
relation curve between steady state creep state and applied stress. The 
rate could be fitted by following equation [19]: 
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                                                                                 (1)

Where sε is the steady state creep rate, 0σ is the applied stress, 

(Ф50 mm × 200 mm) by iron mold. All samples were homogenized 
heat at 500°C for 12h in air furnace, then extrusted to wires of Ф10 mm. 

Creep tests

The geometry of creep testing sample is shown in Figure 1. The 
tension creep tests were carried out in a SUST-D5 creep testing 
machine with an assisting furnace. The accuracies of temperature and 
loading system in tension creep testing machine are 0.1°C and 0.01 
Mpa, respectively. In creep tests, the sample was performed in the 
furnace. The assisting furnace was divided into three thermocouples, 
which were tied in the top, middle and bottom specimen hot transfer 
rod. The displacement was measured with a linear variable differential 
transducer by attached an extensometer which was attached to 
the measure section of sample. The constant load creep tests were 
conducted for 100h, under the temperature of 90℃, 120℃ and 150℃ 
at 70 Mpa, respectively. After creep tests, the loading was released and 
the samples were cooled down to the room temperature. Additionally, 
tensile strength and yield strength were measured before and after 
creep tests at room temperature (5 mm/min strain rate).

Characterization

The samples of two alloys were machined into cylinder samples Ф10 
mm × 10 mm, and the surfaces of the samples used for observation were 
polished and etched by Keller (95%wt H2O+2.5% wt HNO3+1.5% wt 
Hcl+1.0% wt HF) alcohol solution. The metallurgical microstructures 
of these samples were examined by a optical microscope (OM) and a 
electron probe micro-analyze (EPMA).

Transmission electron microscope (TEM) specimens were cut 
perpendicularly to the applied stress direction from the creep testing 
samples.1 mm thick disks of 5 mm in diameter were cut by wire 
cutting, and mechanically polished down to thick disks of about 70 
μm. The final thinning was prepared by twin-jet electro-polishing in a 
mixture solution of 25% nitric acid and 75% methanol (vol %) at about 
-25℃ and 15 V. Microstructures were characterized by operating a 
Tecnai G2 F20 transmission electron microscopy (TEM) at 200 kV. 
Additionally, TEM micrographs were used to mearsure the size of 
about 100 precipitates, and calculate the dislocation density of more 
than 20 areas in TEM under different creep tests.

Results and Discussion
Starting microstructures

The metallurgical microstructures of the Al-0.7Fe and Al-0.7Fe-
0.2Sc alloys in the as-cast state are shown in Figure 2. It can be clearly 
seen in Figure 2a that the as-cast Al-0.7Fe alloy existed with an irregular 
bulky shape and formed rough dendritic structure. There were a large 
number of intermetallic phases in the grain boundary regions, and 

Fig. 2. Optical micrographs of the as-cast state structure (a) Al-0.7Fe (b) Al-0.7Fe-0.2Sc.
Figure 2: Optical micrographs of the as-cast state structure (a) Al-0.7 Fe (b) Al-0.7 Fe-0.2 Sc.
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Figure 4: Al-0.7 Fe (a) and Al-0.7 Fe-0.2 Sc (b) creep curves under the temperature of 90°C, 120°C and 150°C at the stress of 70 MPa.

(a)

(b)

Figure 3: The EPMA elements distribution of Al-0.7 Fe-0.2 Sc alloy (a) as-cast state and (b) annealed state.

Temperature (°C)
Steady state creep rate (s-1)

Al-0.7 Fe Al-0.7 Fe - 0.2 Sc

90 2.751 × 10-7 1.203 × 10-8

120 9.856 × 10-7 8.674 × 10-8

150 2.027 × 10-6 7.346 × 10-7

Table 1: Steady state creep rates of the two alloys under various temperatures at 
70 MPa.

A is the constant of material characteristic and the T is absolute 
temperature. In this work, T varies from the experiments parameters, 
which are constant of 363 K, 393 K and 423 K, respectively.

The value of stress exponent could be calculated by Eq. (1), and 0σ
is the fixed value, as it can be seen in Figure 5, which presents the relation 
between temperature and stress exponent. It has been established that 
the value of stress exponent can be known the deformation mechanism 
of steady state creep [20]. With n=1, the creep deformation mechanism 
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is diffusion creep. With the range of value n=1-3, it is can be judged as 
the dislocation slipping mechanism. With the range of value n=3-8, 
the dominant creep deformation mechanism is dislocation climbing, 
due to grain recovery at high temperature. With the value of n>8, it 
can be indicated that the power-law creep constitutive equation is 
failure. According to the present value of two alloys, the main creep 
deformation mechanism of Al-0.7Fe is dislocation climbing, and that 
of Al-0.7Fe-0.2Sc is dislocation slipping. Xu et al. [19] have found the 
results in his study on creep behaviors of hot-rolled Al-Cu-Mg alloy; 
the main creep deformation mechanism is dislocation slipping at 
higher applied stress.

Microstructure after creep tests

In order to uncover the causes of the remarkably improvement on 
the creep-resistance property by minor Sc addtions, it is indispensable 
to present a detailed analysis on the microstructure for the two alloys 
after creeping tests.

Figure 6 shows the TEM images of creep aged Al-0.7Fe alloy, for 
the purpose of comparing the creeping roles on the microstructure, 
three different creeping temperature specimens are also taken into 
consideration. As the applied stress was exerted during the creep tests, 
amounts of dislocations occurred near the grain boundary due to the 
creep strain at the stress of 70 Mpa. The bright field TEM micrographs 
were recorded near the [112]  incident beam and the corresponding 
selected area diffraction (SAD) patterns were recorded to [112] Al zone 
axes. As it can be seen from the SAD patterns, there were no detectable 
aging precipitates in the Al-0.7Fe alloy. The short-rod shaped phase 
was examined by EDX Figure 6d, it revealed a high amount of Fe in the 
phase and these phases were identified as Al3Fe phases [4]. It was found 
that the short-rod shaped of the Al3Fe phases are uniformly distributed 
along and across the grain boundaries, as a result of inhibiting the 
sliding the grain boundary, as shown in Figure 6a. Al3Fe phase is 
thermally stable intermetallic particle [5], and it can form from the 
as-cast state, and once there, does not dissolve in the matrix and re-
precipitate during the subsequent extrusion and heat treatments. The 
average size of Al3Fe phase is ~0.4 μm, obviously, it is noted that a large 
number of dislocations were found in the creep sample. However, it is 
remarkable that the density of dislocations decreased in the sub-grain 
interiors, at the elevated temperature.

These locations and grain boundaries are piled up and pinned by 
the Al3Fe phases, then form the wall of the dislocation. Obviously, the 
average size of Al3Fe phase is ~0.4 μm; there is no significant change 
in shape or size, under the temperature of 90℃, 120℃ and 150℃. 
Considering the initial dislocation in creep aged sample is obvious 
Figure 6a, these dislocations should have formed after the creep 
deformation at the primary stage [21]. As compared with the relative 
high temperature creeping samples Figures 6b and 6c, the grain 
boundary appears to be stable during creep tests due to the appearance 
of triangular grain boundary, in Figure 6a. It has been investigated [22] Figure 5: Relationship between temperature (1000/T) and stress exponent (n).

(a) (b)

(c)

(d)

Figure 6: Bright –field TEM micrographs of Al-0.7 Fe alloy after the creep condition of (a) 90°C, (b) 120°C, (c) 150°C for 70 MPa and (d) EDAX of a intermetallic phase 
(red arrowed).
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that alloys with thermally stable intermetallic phase have higher creep 
resistance than softening intermetallic phase.

Nano sized precipitates were detected in the TEM images, as shown 
in Figure 7d. Superstructure peaks typical for the L12 structure could 
be observed from the SAD patterns, in Figure 7a. This result indicate 
that the creep aged precipitates are Al3Sc which were formed along 
with the dislocation loops and lines in the Al-0.7Fe-0.2Sc alloy, these 
nanosized precipitates have been identified in many researches [23,24]. 
In the formation of fine and coherent Al3Sc precipitates with the L12 
structure, which remain high creep-resistance to ~300℃ [25,26], due to 
a slow-diffusion element of Sc. Yu et al. [27] has found that pure Al3Sc 
precipitates and misfit dislocations can be observed only when the size 
of precipitates is larger than 16 nm. Additionally, the trace diffusivity 
of Sc in Al-0.7Fe alloy, may further impede the dislocations and grain 
boundary motions, and provide higher creep-resistance property 
than Al-0.7Fe alloy, as shown in Table 1. As compared with Al-0.7Fe-
0.2Sc for 90℃, the even more numbers of Al3Sc phases (25 nm to 40 
nm) generated along the dislocations, due to the sinks of solute and 
vacancies resulting in the precipitates concentration, especially for 
150℃. 

Figure 7a shows that an apparent number of dislocations and 
precipitates have emerged in the aluminum matrix, compared with 
the relative high temperature creeping samples Figures 7b and 7c. 
Whilst it is significantly weaker of dislocations pinning by Al3Sc 
precipitates under the temperature of 120℃ and 150℃, especially for 
150℃. The possible reason for this phenomenon can be attributed 
to the decreasing number of vacancies by the high temperature [28]. 

Interestingly, dislocation loops are pinned by the Al3Sc phases in the 
creep aged sample, as shown in Figure 7c. However, dislocation loops 
cannot found in the Al-0.7Fe alloy Figure 6. In addition to retard of the 
grain boundary motions by Al3Fe phases, the Al3Sc precipitates play an 
important role in interacting with dislocations. The dislocation loops 
have two strengthening mechanisms: the dislocation proliferation 
of Frank-Read and the second phase strengthening. Thus, the steady 
state creep rates of Al-0.7Fe-0.2Sc was smaller than that of Al-0.7Fe, 
this phenomenon can be attributed to the increasing numbers of 
dislocations and Al3Sc precipitates strengthening.

Creep mechanism of dislocation
Creep strain is usually controlled by dislocations motions, 

solute matrix interaction and precipitates [29]. Moreover, formation 
of dislocations has three main factors: crystal growth, vacancies 
accumulation and stress concentration. In this work, a large quantity 
of vacancies formed during the homogenized treatment and hot-
extrusion. Then the supersaturated vacancies accumulate after 
quenching and crumble to form dislocations. These dislocations are 
pinned by forming precipitates during the creep test. The dislocations 
have been proliferated due to the applied stress of crystal. The 
dislocation density and microhardness are showed in Table 2. As 
for the interaction of dislocations with thermally stable intermetallic 
particles, the microhardness have been improved, the microhardness 
for Al-0.7Fe is 38.7 HV, and that of Al-0.7Fe-0.2Sc is 45.0 HV, under the 
temperature of 90℃ at 70 Mpa. Furthermore, the formed dislocation 
loops Figure 7 can be due to the vacancies condensation and sink. This 
suggests that this phenomenon can be explained by Orowan looping 
mechanism (precipitate shearing or bypass). According to the theories 
of dislocations, in order to force the dislocations line to bend, the 
required shear stress, given as follows [30]:

c
Gb
l

τ =                                                                                                       (2)

Where τc is shear stress, G, b and l represent shear modulus for 
aluminum, magnitude of Burgers vector and spacing between the 

(a) (b)

(c) (d)

Figure 7: Bright – field TEM micrographs of Al-0.7 Fe-0.2 Sc alloy after the creep condition of (a) 90°C, (b) 120°C,  (c) 150°C for 70 MPa and (d) a dark -field 
micrograph of creep sample.

Temperature 
(°C)

Dislocation density (m-2) Micro-hardness (HV)
Al-0.7 Fe Al-0.7 Fe - 0.2 Sc Al-0.7 Fe - 0.2 Sc Al-0.7 Fe - 0.2 Sc

90 1.1 × 1013 1.203 × 1014 38.7 45.0
120 9.0 × 1011 7.0 × 1012 37.0 42.5
150 2.3 × 1011 4.2 × 1012 32.0 39.8

Table 2: Dislocation density and micro-hardness of the two alloys after different 
creep test conditions.
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particles, respectively. Obviously, it can be seen from the equation, the 
smaller distance, the larger shear stress. In Figures 6 and 7, it can be 
seen that the spacing of Al3Fe particles are larger than that of Al3Sc, and 
dislocation loops formed during the creep test Figure 7a. Therefore, 
these particles interact with dislocations which produce more shear 
stress for Al3Sc.

To further explore the dislocation operating mechanism, previous 
studies considered that the coherent precipitates based on Al-Sc-based 
alloys, the mechanism controlling creep-resistance of Al-Sc-based 
alloys is dislocation bypass of precipitates [31,32]. This mechanism 
applies to the increment of Orowan stress with dislocation loops, and 
the Orowan stress increment is approximately equal to the measured 
yield stress increment. The Orowan stress increment, Orσ∆ [33], can 
be expressed as

0.4 (2 / )
1

Or
Gb In R bM

v
σ

πλ
∆ =

−
                                                                  (3)

Where M is orientation factor for aluminum matrix [34], G is for its 
shear modulus [35], v is Poisson’s ratio, b is the value of Burgers vector 
[35], R  is intermetallic inter-particle spacing and R = /4Rπ < >  
is the average planar particle radius [36]. In order to compare the 
different alloy system of Al-0.7Fe and Al-0.7Fe-0.2Sc under the 
temperature of 90℃ at 70 Mpa, the values of Orσ∆  are calculated: the 

Orσ∆ for Al-0.7Fe is 30.1 Mpa and Al-0.7Fe-0.2Sc is 98.5 Mpa. The 
yield stress increment of the Al-0.7Fe is 52.7 Mpa, and that of Al-0.7Fe-
0.2Sc is 62.0 Mpa by measurement of experiment. This is in accordance 
with Orowan strengthening mechanism that Orowan stress increment 
is somewhat larger than yield stress increment for Al-0.7Fe-0.2Sc. 
Obviously, the stress increment cannot afford dislocations to bypass 
the intermetallic phases, so the dislocation loops are not seen in the 
Figures 6b and 6c. The trend of decreasing magnitude with increasing 
λ  and λ  suggested that density of precipitates is a dominant factor in 
Orowan strengthening mechanism, in agreement with previous studies 
on Al-Sc-Yb [37] and Al-Sc-Zr [24] alloy. Marsha et al. [13] also have 
found the differences in volume fraction and element diffusion distance 
that affect the creep mechanism between alloys.

In general, the elevated temperatures strongly accelerate the 
diffusivity of vacancies and solute atoms. In terms of Al3Fe phases, 
they were pinned along the grain boundary, and the Fe elements were 
uniformly distributed on the grain boundary instead of grain interior, 

in Figure 3. So in the present study we are focused on Al and Sc atoms 
which are dominantly disscused. The thermal diffision coefficients are 
2.22 × 10-5/K [38] and 1.6 × 10-5/K [39] for Al and Sc atom, respectively. 
Obvisouly, the applied stress creates point defects-vacancies, moving 
to grain boundaries which are good sinks for vacancies and interstitial. 
Moreover, under vacancy existence conditions there is a competition 
between Al and Sc atoms for vacancies and since Al atom is fasterer 
than Sc atom, resulting in coupling of Al atoms to vacancies. It can 
be explained by the following schematic of dislocation motion in 
Figure 8. As it can be seen, a counter flux [27] of Sc solute atoms 
have opposite direction to vacancies, and the density of dislocations 
decreased as it can be seen in Figures 3 and  7. These vacancies increase 
at grain boundary, and a counter Sc flux increases at grain interior, 
as it is at elevated temperature, still to a equilibrium state. It can be 
asssured that vacancies do not completely annihilate at grain boundary, 
depending on the width of grain boundary and the presence Al3Fe 
phases. This decreasing number of vacancies results in the observed a 
small amount of dislocations, in Figures 6 and 7. As mentioned above, 
grain boundaries and dislocations can interact distinctly with particles 
(Al3Fe and Al3Sc). The pinning dislocations ability and creep-resistance 
property of Al-0.7Fe-0.2Sc are better than those of in Al-0.7Fe alloy, 
due to the value of steady state creep rate and the TEM micrographs 
observed. 

Conclusions
The creep behaviors, microstructures and creep mechanism on Al-

0.7Fe and Al-0.7Fe-0.2Sc alloys under the temperature of 90℃ at 70 
Mpa are investigated. The following conclusions can be summarized 
as follows:

(1) The trace additions of Sc have a significant effect in 
improving the creep-resistance property of Al-Fe alloy under the 
temperature of 90℃, 120℃ and 150℃ at 70 Mpa. However, the main 
creep deformation mechanism of Al-0.7Fe is dislocation climbing, and 
that of Al-0.7Fe-0.2Sc is dislocation slipping.

(2) The improvement in creep-resistance alloy is related to 
proliferating dislocations from the applied stress during the creep. The 
intermetallic phase Al3Fe and Al3Sc can inhibit the dislocation motions, 
especially for Al3Sc precipitates, dislocation loops have emerged in 
aluminum matrix. It can be calculated by the Orowan stress increment, 
the Orσ∆  value of Al-0.7Fe-0.2Sc is somewhat larger than yield stress 
increment; however, the Al-0.7Fe is not. It can be concluded that 
Orowan strengthening mechanism is the dominant strengthening 
mechanism in Al-Fe-Sc alloy.

(3) A counter flux solute atoms have opposite direction to 
vacancies, resulting in the decreasing density of dislocations. It is 
significantly weaken dislocations pinning by Al3Sc precipitates at 
elevated temperature. This is the main reason for the low creep-
resistance property of Al-0.7Fe alloy.
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