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Effect of Mg on the Microstructure and Mechanical
Properties of Al0.35¢0.15Zr-TiB, Composite
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Al-0.3S¢-0.15Zr-TiB, composites with varying additions of Mg were cast through a novel processing
technique using oil Quenched Investment Casting (QIC). Addition of Mg resulted in grain refinement of the
composite. Al;(Sc, Zr) primary particles and TiB, are responsible for grain refinement in these composites.
Presence of fine nanosized uniformly distributed precipitates of Al;(Sc, Zr) at the peak age condition
together with TiB, particles increase the strength and ductility of the composites. The presence of Sc and Zr
reduces the size of TiB, particles down to 10 nm. The optimum magnesium content in the composites

studied lies between 3.5 and 6%.

Keywords Al-Mg alloy, Al-Sc and Al-Zr, grain refinement, TiB,
particles

1. Introduction

Increased demand of materials with higher mechanical
properties in terms of higher strength to weight and cost ratio
have led to the development of several aluminum alloys and
composites based on these alloys. The reinforcement particles
produced by in situ synthesis have several advantages over ex
situ particulate reinforced metal matrix composites. The poor
wettability, inhomogeneous distribution, and reaction products
at the interface between matrix and particles are the main
drawbacks of ex situ composites. This has led to the
development of several in situ particles reinforced aluminum
matrix composites. Aluminum-based composites reinforced
with TiB, particles exhibits excellent mechanical and tribol-
ological properties due to high stiffness and hardness of sub-
micron size particles (Ref 1-3). Among the several techniques
for introducing TiB, particles in the matrix of aluminum, use of
alumino-thermic reduction of complex fluorides like K,TiFg
and KBF, is well established (Ref 4-6). The particles produced
by the reaction are rapidly dispersed in the liquid aluminum
alloy and refine the grain structure during solidification. A
uniform dispersion of reinforcement particle in the matrix in a
composite is one of the factors for getting improved mechanical
properties. Magnesium addition to the aluminum matrix
composite reduces the interfacial energy and help in dispersing
the particles uniformly in the matrix and accelerating the
nucleation rate of the TiB, particles during reaction (Ref 7, 8).
The structure refinement with TiB, particles depends on the
reaction time (Ref 9), the presence of free Ti in the melt
(Ref 10), solidification velocity (Ref 11), and mechanical
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agitation (Ref 12, 13). Particles settling and agglomeration at
the long holding time influence the grain refining performance
(Ref 14). In the presence of Zr poisoning of the grain refining
effect has been observed which is attributed to the reduction of
the effectiveness of TiB,. The mechanism of poisoning TiB, by
Zr is not very clear but partial substitution of Zr for Ti in Al;Ti
layer on the TiB, particle is the most accepted reason for the
destruction of the grain refining potency of TiB, (Ref 15).

Matrix of the composite material plays an important role for
the contribution to the strength properties. There have been
extensive investigations on the Sc-containing aluminum alloys
with regard to the grain refining performance (Ref 16) and
aging behavior (Ref 17-20). The grain structure modification is
much superior with the addition of Sc when compared to the
commercial Al-5Ti-1B alloy (Ref 21). Zr is added to these
alloys to reduce the Sc content to reduce the cost. Zr addition
significantly influences the aging response and results in the
improvement of mechanical properties through precipitation of
nanosized AlzSc/Al3(Sc, Zr) phase after aging. Mg addition to
the ternary Al-Sc-Zr alloy gives rise to a significant solid
solution strengthening (Ref 22).

Extensive research on the Sc-containing aluminum alloys
and TiB, reinforced aluminum alloy composites is reported
but very little information is available on the performance of
the Sc- and Zr-containing Al alloy reinforced with TiB,. The
focus of the present investigation is to study Al-Sc-Zr/TiB,
composite with different Mg contents. The other cast alloys
containing Cu and Si are avoided as in these alloys reduce the
available Sc for the nucleation of the nanosized coherent
precipitates of Al;Sc by the formation of W-phase (AlCuSc)
and V phase (AlSc,Si;) (Ref 22). Sc-containing aluminum
alloys, besides composition cooling rate is an important
parameter to control effectively the Sc available for precip-
itation strengthening. Increase in the cooling rate increases the
number of particles and increase in the number of potent
nucleation sites.

There are several advantages for producing component in
the well-known Investment casting process. In the Investment
casting process, more clustering of the particles at the grain
boundary because of particle pushing and a decrease in the
number of particles is expected due to the prevailing slow
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cooling rates. A higher cooling rate was achieved in this study
by quenching the investment shell in a preheated oil bath
immediately after pouring to avoid these difficulties. The
objective of this study is to study the influence of Mg on the
precipitation morphology and mechanical properties of TiB,
particle reinforced cast Al-0.3Sc-0.15Zr composite.

2. Experimental Procedure

In this study, Al-0.3Sc-0.15Zr alloy was prepared by
diluting Al-2Sc and Al-10Zr master alloys with commercial
purity aluminum (99.7%). TiB, was allowed to form by in situ
reaction of K, TiF4 and KBF, salt mixture at 800 °C for 60 min.
The composite melt was stirred for 2 min with a graphite blade
stirrer at an interval of 10 min. The masses for the salts were
calculated in the atomic ratio in accordance with Ti/2B for a
selected dispersion of 5 wt.% TiB,. A calculated amount of
magnesium (99.9%) ribbon considering loss of Mg (17%)
experimentally observed during melting was added 10 min
before pouring. The molten composite was poured into the
investment shell mold, which was quenched immediately after
pouring into an oil bath. This process is subsequently referred
as QIC (Ref 23). Shrinkage at the casting wall was observed at
the combination of low temperature of oil and molten metal. To
avoid casting defects the pouring temperature was maintained
about 700 °C and oil temperature of 100 °C. The cooling rate
achieved in this process was 5.93 °C/s. Quenching was done to
increase the solidification rate. Cylindrical samples of 220 mm
length and 25 mm diameter were produced by this process.

Microstructure of the samples collected from the casting was
examined with optical, scanning electron microscope (SEM),
and transmission electron microscope (TEM). Aging of the
as-cast samples were carried out at 300 and 400 °C for different
lengths of time. After aging, samples were quenched in water at
room temperature to prevent solid-state reaction. The samples
aged at 300 °C for 5h were tested for tensile strength.
Although the peak age hardness was reached in between 90 and
150 min, aging was carried for a longer period at the
temperature of 300 °C to allow the completion of solid-state
reaction. All the five sets of tensile tests of the composite
samples showed consistent result. Figure 1 shows the dimen-
sions of the tensile specimen. The tensile test was done in
TINIUS OLSEN make HK50-S UTM. The tensile tests were
performed at 1 mm/min crosshead speed.

The overall Mg, Fe, Zr, and Si contents were determined
with the aid of the optical emission spectroscopy (OES) in
SPECTRU MAT 750 from LECO. Sc content shown is
nominal. The values of Ti could not be quantified experimen-
tally with sufficient precision because of lacking standards. Mg
content was varied and the chemical composition of the
composites made is shown in Table 1. Local chemical analysis
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All dimension are in mm.

Fig. 1 Schematic diagram of the tensile specimen

1576—Volume 20(9) December 2011

was performed using scanning electron microscopy with energy
dispersive x-ray spectroscopy (SEM/EDX). Microstructure of
the samples was investigated using both optical (OM) and
scanning electron microscopy (SEM). Grain size was measured
by linear intercept method by QWin image processing and
analysis toolkit from LEICA. A special effort was made to
identify Al;Sc precipitates. For optical and electron micros-
copy, the samples were mechanically polished and final
polishing was done using Sadbhav metallurgical services make
INSIPOL 2000 portable electrolytic polisher. Etching treatment
with Keller’s reagent was not done as nitric acid was found to
attack Al;Sc phase chemically and to cause problems during
micro-chemical analysis via EDX. Attempt was made to
identify Sc precipitates in the as-cast microstructure of the
SEM samples. The microchemical analysis was carried out in
the SEM with EDX on the unetched samples. Transmission
electron microscopy (TEM) was performed using a JEM-2100
HRTEM, Japan with Energy Dispersive x-ray (EDX) Analyzer
(Make-Oxford Instruments, UK). To analyze the nanosized
precipitates in the as-cast sample, TEM samples were prepared
using the precision ion polishing system from Gatan. Ion beam
polishing was carried out so as to avoid electrochemical
polishing, which uses nitric acid and methanol mixture that
chemically attacked Al;Sc precipitates. Hardness measure-
ments were done using a Vickers hardness-testing machine with
applied load of 10 kg for 15 s. X-ray diffraction study was
carried out in XPERT-Pro diffractometer from PANalytical
B. V., Almelo, Netherland. A Cu-target x-ray source was used
in this study.

3. Results

3.1 As-Cast Microstructure

Microstructures of the samples cast in QIC are shown in
Fig. 2. Figure 2(a) shows the optical microstructure of the
sample without magnesium. It reveals the typical banded
structure with an average grain size of 135 um. With addition
of 1.5% Mg the banded structure disappeared and the grain size
is finer as seen in Fig. 2(b). With further increase in Mg grain
size increased. The average grain size, as measured by linear
intercept method, is 27, 40, 45 pm, respectively, for the
composites containing 1.5, 3.5, and 6 wt.% Mg. There was
marginal increase in grain size when the magnesium was
increased from 3.5 to 6% as seen from Fig. 2(d). TiB, particles
are normally seen at the grain boundaries. The decrease in grain
boundary area means there is an increase in particle density
with volume fraction of the reinforcement remaining same. The
change in contrast of the optical micrograph indicates the
increase in particle density, which is noticeable with increase in

Table 1 Chemical composition (in wt.%) of the alloys

Alloy Mg Sc (nominal) Fe Si Ti(@ Zr Al
0.0 Mg ... 0.3 020 0.26 0.14 Bal.
1.5 Mg 1.63 0.3 0.25 0.24 0.13 Bal.
3.5Mg  3.40 0.3 021 0.26 0.16 Bal.
6.0 Mg 6.08 0.3 0.22  0.26 0.15 Bal

(a) Lack in standard
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Fig. 2 Optical micrographs of as-cast samples etch with Keller’s reagent of (a) 0 (b) 1.5 (c¢) 3.5, and (d) 6% Mg composite

Mg beyond 1.5%. This is evident from the micrographs in
Fig. 2.

At the higher magnification SEM micrograph, the agglom-
eration of TiB, particles at the grain boundary and primary
Al;Sc particles were noticed in all the composites. Few
primary particles of 5 pm average size are shown in Fig. 3(a)
by arrow of the 3.5 Mg composite. At the center of few grains
the primary particles were also noticed. These particles might
be the nucleation site for a-Al. TiB, particles were observed in
varied size range and were distributed in two distinct regions.
At the grain boundary co-existence of larger and smaller
particles (Fig. 3b) in the form of aggregate is observed. In the
present reported composites, particles away from the grain
boundary are finer and uniformly distributed as shown in
Fig. 3(b) marked C (magnified from the marked region A of
Fig. 3a). The agglomeration of TiB, particle in varied size is
shown in Fig. 3(c) of the magnified region B of Fig. 3(b).
A Si particle is also seen in Fig. 3(c) beside the particles
aggregate. However, a coarse Al3(Sc, Zr) particle of different
sizes at the grain boundary were only detected in 6 Mg
composite shown in Fig. 3(d). SEM/EDX elemental analysis
using line scan along AA in Fig. 3(e) shows the composition
variation. EDX result shows an increase in Mg at the grain
boundary. At the grain boundary edge of the primary particles
Mg and Sc contents is significantly higher as compared to the
edge toward the grain. A small amount of Zr was detected
throughout the particle. From the literature, these particles can
be regarded as the combination of Al;Sc and Al;(Sc, Zr).
However, the precipitates nucleate from the solid solution on
aging are extensively studied and reported as Alz(Sc, Zr)
phase in the present studied composition (Ref 17, 20, 22).
These precipitates are of Al3(Sc,_,, Zr,) type as shown by
some investigators.
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3.2 Aging Behavior of the As-Cast Composite

3.5 Mg composite sample cast by quenching of investment
mold was chosen for the TEM study for detailed analysis as this
sample exhibited best combination of properties. Sub-micron
size hexagonal particles containing higher Ti and lower Sc
shown in Table 2 of the point marked B and distributed
uniformly in the matrix are observed as shown in the bright-
field TEM image (Fig. 4a). These particles are TiB, particles as
seen from EDX analysis. Moreover, precipitates of AlzSc
probably nucleated during solidification marked by arrow in the
microstructure in Fig. 4(a). Although as-cast TEM study was
not carried out, the shape of the precipitates indicated the
precipitation during solidification as evidence from the litera-
ture of fine nanosized round Als(Sc, Zr) precipitation after
aging at 300 °C temperature. EDX analysis of one of the
precipitates marked C is shown in Table 2 identified as Sc-rich
precipitate. A considerable amount of Ti in this point indicated
the TiB, adjacent to it. These nanosized TiB, particles are being
reported possibly for the first time in Al-Sc-Zr alloy. The dark-
field image of the Fig. 4(b) is shown in Fig. 4(c) also reveals
the presence of nanosized AlzSc and Alz(Sc, Zr) precipitates.
Precipitate size is below 12 nm as estimated from the
micrograph.

Addition of 1.5% Mg to the composite improved as-cast
hardness significantly (Fig. 5a) but with further increase in Mg
there is only a small change in the as-cast hardness. The
samples were aged isothermally at 300 °C up to 24 h. The
change in hardness with time on isothermal aging treatment is
shown in Fig. 5(a). The hardness variation of the samples
studied at an overaging temperature of 400 °C for the duration
of 5 h is shown in Fig. 5(b). The results show that the aging
response changes with Mg addition. Mg slows down the aging
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Fig. 3 SEM micrograph of 3.5% Mg as-cast without etch composite samples at (a) low magnification, (b) magnified from the region A of (a),
(c) magnified from the region B of (b), (d) 6% Mg composite, and (¢) EDAX pattern of the line marked AA on the particles of (d)

Table 2 EDX micro-chemical analysis (in wt.%)
of the corresponding point in Fig. 4(a)

Alloy Mg Sc Fe Si Ti Zr Al

B 099+ 0.66£0.05 . 8296140 ... 1540%0.53
0.03

C ... 537£008 ... ... 64.60£1.33 30.03+1.04

response in the beginning. However, the time to reach peak
hardness is in between 90 and 150 min at 300 °C and remains
unaltered by the change in Mg content. A significant increase in

1578—Volume 20(9) December 2011

peak hardness was observed at 3.5 Mg content composite
(Fig. 5a). All the alloys showed a good response to the
aging but the as-cast hardness of magnesium free composite
was the lowest of all the composites studied. The phenom-
enon of overaging is clearly seen at the temperature of
400 °C (Fig. 5b). Figure 5(b) shows that there is a sharp
drop of hardness around 100 min and thereafter the hard-
ness value remains practically constant. The retained hard-
ness is higher, higher the magnesium content as shown in
Fig. 5(c).

Tensile properties of the composites are shown in Table 3.
A substantial increase in strength with relatively low loss in
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Fig. 4 Bright-field image TEM micrograph of the composite with 3.5% Mg composite showing (a) a cell structure precipitation of TiB,, (b) the
dense and uniform distribution of the TiB, particles, and (c) the fine precipitates of Al3Sc, Al;(Sc, Zr) in the corresponding dark-field image of

(b) aged at 300 °C for 5 h

ductility with addition of 1.5% Mg is noticed in the as-cast
material. With further increase of magnesium to 3.5% the
strength increased further with loss in ductility. The strength
and ductility decreased with increase of magnesium level to
6%. Aging of the samples resulted in a drop in ductility is
shown in Table 3. However, the drop in ductility is less
pronounced in case of magnesium free composite. For the
magnesium-containing composites, the drop in ductility was
more pronounced. In the composite with 6% Mg, the improve-
ment of strength is not much and there is a drastic reduction in
ductility. Yield strength of all the composite is improved with
the addition of Sc.

4, Discussion

The dispersion of the TiB, particle is enhanced by the
surface tension of the liquid aluminum alloy and the consequent
reduction the interfacial energy between particle and matrix.
Mg is the preferred addition to aluminum alloys to reduce this
interfacial energy between TiB, and liquid aluminum. Further,
the solute Mg atoms accelerate the nucleation rate of TiB,
particles during the salt reaction by lowering the interfacial
energy and the prevalent low growth rates at lower interfacial
energy prevent the clustering of the reinforcing particles
(Ref 7). The TiB, particles formed promote grain refinement
of aluminum alloy. Refinement of grains structure is also

Journal of Materials Engineering and Performance

observed when Sc is added beyond the eutectic (0.55 wt.% Sc)
composition in binary Al-Sc alloys and ternary Al-0.5Sc-
0.15Zr alloy (Ref 24). In these alloys the primary Al;Sc/Alz(Sc,
Zr) precipitation promotes the formation of o-Al nuclei (Ref
25). The presence of TiB,, Sc, and Zr are the cause of equiaxed
grain structure in magnesium free composites studied, as
ternary Al-0.3Sc-0.15Zr alloy reveals coarse grain structure
(Ref 23). Addition of 1.5% Mg reduced the grain size to much
lower levels. However, increase in Mg content further increased
the grain size as well as segregation of TiB, particles on the
grain boundaries. Earlier studies indicate that the maximum Mg
that can produce structure free from primary Al;Sc/Aly(Sc, Zr)
particles is 4.11% (Ref 20) with similar concentration of Sc and
Zr as used in this study. A minor joint addition of Sc and Zr
reported to refine the grain structure or diminishing dendritic
structure in AI-Mg alloy. Singh et al. reported that the grain size
remains unchanged up to 4 wt.% Mg. Increase in Mg content to
8 wt.%, primary particles are nucleated and reported to reduce
grain size drastically (Ref 20). In this investigation even with
Mg-free composite the Al;Sc/Alz(Sc, Zr) particles was noticed.
The presence of the primary particles indicates that the Sc and
Ti have a significant mutual solubility. Reported literature
points the simultaneous presence of Sc and Mg in aluminum
mutually reduces their solubility during solidification (Ref 22).
The drop in the solubility was confirmed by the presence of
coarse primary particles in the present investigation of the
highest composition of Mg composite. In Fig. 3(d), coarse
precipitates of Al;Sc/Alz(Se, Zr) attributed low solubility of Sc
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Fig. 5 Hardness variation during isothermal aging at the temperature of (a) 300 °C, (b) 400 °C and the addition of different concentrations of

Mg in (c) as cast, peak age, and retained hardness at 400 °C

Table 3 Strength properties of the composites

Casting UTS, YS, Hardness, Elongation,

process Condition MPa MPa VHN %

0.0 Mg As cast 138 115 62 14.54
Peak age 161 143 79 10.14

1.5 Mg As cast 257 226 81 13.26
Peak age 284 242 100 07.21

3.5 Mg As cast 262 245 84 11.41
Peak age 301 277 114 07.01

6 Mg As cast 224 157 88 10.70
Peak age 258 185 110 05.68

in this composition. Coarse primary particles at the grain
boundaries 6 Mg composite and fine primary particles in the
rest of the present studied composite inside the grain were
observed. The fine primary particles are probably responsible
for nucleation of the grain. Coarse particles at the grain
boundary were pushed into the Sc-rich interdendritic liquid
during solidification. Sc-rich melt in the interdendritic space
help the growth of the primary particles leading to the coarse
particles at the grain boundary.

A significant mutual solubility between Zr, Ti, and Sc
reduces the eutectic composition from the binary Al-Al;Sc (Ref
25). Excess Ti is not expected as it is exhausted by the
formation of TiB,, or aluminide layer on the TiB, particles as
reported in the literature (Ref 2). X ray diffraction result shows
the presence of TiB, (Fig. 6) particles. TiB, particles were
mostly of hexagonal structure as indicated by the XRD peaks
and in Fig. 3(c). In the XRD study, Mgz;Al, and ZrB, phases
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Fig. 6 X-ray diffraction taken from the as-cast samples

were also identified through their weak peaks as shown in
Fig. 6. It is reported that Zr is a strong boride former and
promotes the formation of (Ti, Zr)B, (Ref 13) by replacing Ti in
Al;Ti layer on the boride particle (Ref 15). An appreciable
substitution of Ti by Sc in the Al3(Sc, Ti) phase might take
place giving rise to an increase in the number of nucleation sites
for TiB, leading to the production of nanosized precipitates as
is evident from the TEM study (Fig. 4a). Mg and Zr as solute
atoms in aluminum reduce the average size of the TiB, particles
(Ref 13) thus producing larger number of these particles.
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Similarly, presence of Sc and Zr reduces the size of these
reinforcement particles further. The mechanism of formation of
such nanosized TiB, in this complex alloy composition needs a
detailed investigation.

As-cast hardness result of the entire composite showed a
significant improvement except the absence of Mg. In addition
to that, solid solution hardening effect on increasing in Mg has
been observed. The reduction in hardness in the 6 Mg content
composite could be the precipitation of MgsAlg type phase,
which is known to soften Al-Mg alloy and the increase in grain
size. Result of the peak hardness indicated that minimum
amount of Mg is required for combine effect of solid solution of
Mg and fine nanosized Al3(Sc, Zr) or Al;Sc precipitates. At the
temperature of 400 °C hardness reduction up to 1.5 h was not
observed. Rapid loss in the hardness value indicated beyond
1.5 h. At high temperature, more Mg is in solid solution might
increase in the hardness at the beginning and loss in the
hardness at longer time period was probably the annihilation of
the dislocations as the coarsening of the nanosized precipitates
at 5 h was not detected in the TEM study.

Addition of Mg promotes the formation of TiB, and reduces
the size of the particles in these composites. Dispersion of the
particles uniformly in presence of Mg improves the strength
properties without loss of ductility. Increase in strength with
increase in Mg could be explained as the solid solution affect as
the ductility of the material reduced. A minor amount of Mg
resulted in dispersion of particles uniformly. For obtaining the
optimum mechanical properties, the combined effect of solid
solution strengthens with the addition of Mg; age hardening
with Sc and Zr and TiB, particles needs to be examined.
Experimental investigation of the present report showed that the
Mg content should be less than 6 and more or equivalent to
3.5 wt.% of Mg with Al0.3Sc0.15Zr alloy. Consistent tensile
properties of the each tested sample is attributed to the
formation of nanosized TiB, and Al;Sc/Al(Sc, Zr) in these
composite material.

5. Conclusion

1. Grain size of the TiB, reinforced Al-Sc-Zr composite
mainly due to the combine effect of TiB, particles and a
minor addition of Sc and Zr. A minor addition of Mg re-
duces grain size drastically. Further increase in Mg con-
tent, the grain size increases by increasing Sc
precipitation during solidification and push the TiB, and
coarse Al;Sc/Al;(Sc, Zr) particles to the grain boundary.

2. The aging response is unchanged with the variation in
Mg at the lower level of Mg addition, at the beginning
poor response in aging of the composition of 6% Mg.
Time to reach peak age hardness is also unaffected. Thus,
Mg addition does not alter the precipitation process dur-
ing aging of the composites. The 6% Mg containing
composite soften by the precipitation of MgsAlg type
phase couple with the reduction of mutual solubility of
Mg and Sc reduces the aging response at the beginning
and peak age condition.

3. A minor addition of Mg, distribution of particles is
more or less uniform and cluster of particles with
increase in Mg content. The strength of the material ini-
tially increases with the increase in Mg and decrease
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substantially at 6% Mg. The optimum strength lies in be-
tween 3.5 and 6.5% Mg as 3.5% Mg-containing compos-
ite is having better ductility and strength. In the presence
of the nanosized Al3Sc/Al;(Sc, Zr) and TiB,, strength
and ductility of the composites is increased.
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