Surface Tension of Liquid Fe-Cr-O Alloys at 1823 K
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The surface tension of liquid Fe-Cr-O alloys has been determined by using the sessile drop method at
1823 K. It was found that the surface tension of liquid Fe-Cr-O alloy markedly decreases with oxygen
content at constant chromium content, and the surface tension at a given oxygen content remains almost
constant, regardless of the chromium content. When the surface tension of liquid Fe-Cr-O alloys is
plotted as a function of oxygen activity, with an increase in the chromium content, the surface tension
shows a much steeper decrease with respect to oxygen activity. The surface tension of liquid Fe-Cr-O
alloys at 1823 K is given as follows: o = 1842 — 279 In (1 + Koap). Here, assuming a Langmuir-
type adsorption isotherm, the adsorption coefficient of oxygen, Koge.cr), as a function of chromium
content, was shown to be Ko = 140 + 4.2 X [wt pct Cr] + 1.14 X [wt pct Cr]%.

I. INTRODUCTION

KNOWLEDGE of surface tension of liquid iron in the
presence of surface-active elements such as oxygen and sul-
fur is important to the understanding of the processing of
liquid steel, because the surface-active elements would pref-
erentially occupy the surface sites and considerably decrease
the surface tension.

For example, the nitrogen absorption (or desorption)!~!?!
kinetics is related to the surface tension of liquid steels.
When the interfacial chemical reaction in nitrogen absorption
is the rate-determining step, surface-active elements occupy
the reaction sites, so that the reaction only (or preferentially)
occurs on the vacant sites. If we consider a thermodynamic
equilibrium [1] among the surface-active element i in the
bulk, the sites occupied by i (i), and the vacant sites (_),
the equilibrium constant is given by Eq. [2].1'%!

1+ = () (1]

6,
. =K (2]
(1 = 6)a;
where 6, is the fraction of the surface sites occupied by the
surface-active element i, a; is the activity of i normalized
to 1 wt pct as the standard state, and K; is the adsorption
coefficient of i. The adsorption coefficient K; can be obtained
from the information of the change of the surface tension
with respect to a;.

The gas bubble behavior in front of an advancing solid-
liquid interface!'*! is another example. In front of an
advancing solid-liquid interface in the continuous casting
process, the behavior of gas bubbles is determined by the
surface tension gradient, which, in turn, is determined by
the concentration gradient of the surface-active element in
the boundary layer. Therefore, the surface tension of liquid
steels needs to be expressed as a function of the concentra-
tion (or activity) of the surface-active element.
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Belton expressed the surface tension, o, of a liquid metal
containing a surface-active element as a function of the activ-
ity of the surface-active element using Eq. [3].["*!

o=0¢ —RITIn(1+ Ka) (3]

where o is the surface tension of pure metal, R is the gas
constant, 7 is the temperature, and I is the surface adsorp-
tion of i at saturation. Hence, if we determine the values of
of, T1™, and K; for a given metal (or alloy) at a given tem-
perature, we may anticipate the interfacial behavior of lig-
uid steel (nitrogen adsorption, bubble behavior, efc.).

It is probable that knowledge of the surface tension of
liquid Fe-Cr-O alloy is necessary in order to better under-
stand the processing of stainless steels containing oxygen.
Numerous researchers have reported on the surface tension
of liquid Fe-Cr alloys,!"%2* but these results show consid-
erable discrepancies of more than 300 mN/m. There have
been a number of studies of the effect of oxygen on the sur-
face tension of pure liquid iron.**!! However, no research
had been published on the surface tension of liquid Fe-Cr-
O alloys, except that of Mukai et al.l'® on the surface ten-
sion of liquid Fe-16 wt pct Cr-O alloys. In the present work,
the surface tension of liquid Fe-10 and 30 wt pct Cr-O alloys
with varying oxygen concentration was measured at 1823
K by the sessile drop method, combined with modern image
processing techniques.

II. EXPERIMENTAL

The sessile drop method was employed in the present
investigation.’*3l Experiments were carried out using a
SiC electric resistance furnace in purified argon gas (or that
with either a trace or 25 pct hydrogen gas for the alloys
with lower oxygen content less than 0.01 wt pct). Experi-
ments flowing 25 pct H,-Ar gas were performed, as the
chemical reaction at the metal surface is the rate-determining
step. Thus, the effect of oxygen was estimated from the
bulk composition obtained by the chemical analysis after
experiments. Details are presented in the Appendix. Cubes
of alloy samples weighing about 1 to 2 grams were pol-
ished with a grinder and washed in acetone by an ultrasonic
cleaner and dried before being placed on ceramic substrates.
(The Fe-Cr alloys were made by melting high-purity elec-
trolytic iron (>99.99 pct purity) and high-purity electrolytic
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chromium (>99.99 pct purity) in alumina crucibles using
an induction furnace, in gas mixtures of 10 pct H,-Ar at
1873 K. Some selected alloys were analyzed for chromium
and oxygen contents.) A high-purity alumina (99.6 pct
purity) plate was used as the substrate in this study. After
a sample was settled at the center of the furnace, the reac-
tion chamber was sealed and evacuated, and then purified
argon gas (or H,-Ar gas mixture) was introduced at a flow
rate of 200 mL/min STP. Then, the system was heated to
the experimental temperature (1823 K). When the sample
was melted, the shape of the sessile drop was monitored by
a digital video camera for 30 to 180 min. After experiments,
the sample was rapidly solidified in the furnace to protect
additional reactions with atmosphere. The sample drops
were analyzed after each experiment for chromium and
oxygen. Chromium and oxygen contents in the samples
were 10 and 30 wt pct and 0.003 to 0.055 wt pct,
respectively. Sulfur content in the samples was found to be
less than 10 ppmw from chemical analysis. The oxygen
activity of each sample was determined from the composi-
tions after experiments, which was considered as a value
at equilibrium, as descried previously.

The surface tension of the alloys was calculated by deter-
mining the curve of best fit between the numerical solution
of the Laplace equation and 41 points experimentally
measured from the image contour of a sessile drop. In this
calculation, the density of liquid Fe-Cr alloys was determined
from Eq. [4].

PFe-Cr (g/cm3) = 7.10 — 0.0033 X [wt pct Cr] [4]

where the values used of density of pure liquid iron (7.10 g/cm?)
and the concentration dependence (—0.0033) were those
obtained, respectively, by Jimbo and Cramb**! at 1823 K and
Mittag and Lange!"”! at 1883 K, assuming that the concentration
dependence would not be changed very much by the difference
in temperature of 60 K.

Cr,0; is formed by Reaction [5] if chromium content is
higher than 2.1 wt pct in the Fe-Cr-O system.!*”!

2Cr + 30 = Cr,0; (5) (5]
log K = —log ag, — log ag, = 36,200/T — 16.1  [6]

The activities of chromium and oxygen were calculated from
consideration of the activity coefficients of chromium (f,)
and oxygen (fp). For the calculation of the activity coeffi-
cients, the interaction coefficients of e&r(0), 9 (—0.200),
e5 (—0.033), and €2, (—0.119) were obtained from the lit-
erature.®>3¢ (Although References 35 and 37 considered the
second-order interaction coefficients, recent work after Itoh
et al.® showed that the activity of chromium and oxygen
in the liquid Fe-Cr-O system could be expressed without the
second or much higher order interaction coefficients.) The
oxygen contents in a liquid Fe-Cr-O alloy in equilibrium
with Cr,0; are 262 and 588 ppmw for the alloys containing
10 and 30 wt pct Cr, respectively. In the present work, exper-
iments were carried out in the region where no pure Cr,O3
is formed. Nevertheless, it should be noted that Al,O3-Cr,03
solid solution was formed at the interface between the alloy
and the substrate. It was found that the oxygen concentration
in the bulk metal was in equilibrium with the substrate.
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III. RESULTS AND DISCUSSION
A. Surface Tension of Liquid Fe-Cr Alloys

In Figure 1, the surface tension value from the present
work for the alloy containing 10 wt pct Cr, 29 ppmw O, and
7 ppmw S (1853 mN/m) in Ar-25 pct H, gas atmosphere is
presented, together with the values reported by previous
investigators.'23 In the present work, we were unable to
decrease the oxygen content below 29 ppmw. Nevertheless,
the present result shows higher value than previous results.
The highest reported value of the surface tension of liquid
Fe-Cr alloy at 1823 K is 1754 mN/m for Fe-16 wt pct Cr
containing 30 to 40 ppmw O from Mukai et al."® This value
was obtained in an atmosphere of Ar-15 pct H, gas mixture.
Due to the strong affinity of oxygen to chromium (Cr,04
(s) + 3Fe (1) = 2Cr (1) + 3FeO (1), AG° = 44.139 kcal/mol,
at 1823 KB38¥), one may expect that the adsorption of oxygen
on the surface of liquid Fe-Cr alloys readily occurs. Probably,
the previous lower observations have been due to oxygen
(or sulfur) contamination. In order to reduce the effect of
oxygen, one may increase the experimental temperature,
because the chemisorption of gas species reduces with
increasing temperature. Hence, an experiment at a higher
temperature is more effective for the determination of accu-
rate surface tension values without the contamination of
surface-active elements.® However, at much higher tem-
peratures, the reactions between liquid alloys and solid sub-
strates may readily occur, with consequent contamination of
the liquid alloy. To avoid such contamination, Nogi et al.”*!
investigated the surface tension of liquid Fe-Cr alloys across
the concentration range from 0 to 100 wt pct Cr at 2023 K,
using the levitation method. In their experiment, it was found
that the surface tension of pure electrolytic chromium con-
taining 15 ppm oxygen and 180 ppm sulfur under Ar-H,
atmosphere was lower than that of Puratronic chromium
(<1 ppm oxygen and <1 ppm sulfur) by about 160 mN/m.
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Fig. 1—Surface tension of liquid Fe-Cr alloys at 1823 K.
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They also showed that sulfur in liquid Fe-Cr alloys is too
difficult to remove by flowing hydrogen gas, and the sur-
face tensions of liquid Fe-Cr alloys have almost the same
values across the composition range; i.e., there was no dif-
ference between the surface tension of pure liquid iron and
chromium at 2023 K. Recently, Lee et al.**! reported the
surface tension of pure iron at 1823 K as 1842mN/m, within
*2.4 pct experimental error, using the constrained drop
method, being very close to the present result for the liquid
Fe-10 wt pct Cr. The highest value of the surface tension
of Fe-30 wt pct Cr is 1707 mN/m, which contains 60 ppmw
O. As the chromium concentration increases, the surface
sites occupied by chromium having strong affinity to oxy-
gen increase. Thus, it is considered that, with the samples
of high chromium concentration, decrease in the surface ten-
sion by oxygen is inevitable. Accordingly, it is concluded
that the surface tension of liquid Fe-Cr alloys has no com-
position dependence, but the effect of oxygen on the sur-
face tension increases with increasing chromium content.

B. Surface Tension of Liquid Fe-Cr-O Alloys

The surface tension of liquid Fe-Cr-O alloys containing
10 and 30 wt pct Cr was measured with varying oxygen
content at 1823 K. The results are shown in Figure 2 as a
function of oxygen content. For comparison, the surface ten-
sion of liquid Fe-O from Jimbo and Cramb*” and Fe-16 pct
Cr-O from Mukai et al.'®! are also plotted. The surface
tension markedly decreased with oxygen content, but no
difference was found with chromium content. Specifically
from thermodynamic considerations, however, it should be
re-plotted as a function of oxygen activity. In Figure 3, the
surface tension is plotted as a function of oxygen activity in
the alloys. It is found that at the same oxygen activity the
surface tension of liquid Fe-Cr-O alloys decreases with
chromium content, which supports that oxygen shows
stronger affinity to chromium than iron.
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Fig. 2—Surface tension of liquid Fe-Cr-O alloys as a function of oxygen
content at 1823 K.
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Since oxygen is a surface-active element in liquid Fe-Cr
alloy,"'9! the surface tension of liquid Fe-Cr-O alloys may
be expressed in the form of the Belton Eq. [3] at a constant
Cr content:

o=0c" —RIT&In (1 + Kpae) (7]

Here, the surface tension of liquid Fe-Cr alloys was assumed
to be equal to that of pure iron, and I'3" and K, were deter-
mined as follows.

Generally, in order to express the surface tension of lig-
uid Fe-Cr-O alloys by Eq. [7], the term RTT&" is determined
graphically from the relation of Eq. [8] where the surface

is saturated with oxygen.

do
RTTE = — 8
© (d In aO)T 18]

However, in a system readily creating oxides in low oxygen
partial pressure, the term RTT'g" is too difficult to determine
experimentally.*”! Bernard and Lupis™*!! have reported that
surface-active elements such as oxygen and sulfur may exist
in an ionic state at the surface of a metal, and the molar excess
of surface-active elements at saturation is close to the value
calculated assuming these surface-active elements are close
packed as in a solid compound. Since the ionic sizes of these
elements (R(O*7) = 1.40, R(S*7) = 1.84"%)) are much larger
than those of metallic ions (R(Fe?*) = 0.74, R(Cr*") =
0.63%?1), the molar excess of oxygen at saturation in the sur-
face of liquid Fe-Cr-O alloys may be a constant, independent
of chromium content, and the term RTGJ" can be considered
as the same value as in pure liquid iron. In the present work,
the recommended value (279) from Jimbo er al.™! was used.

In order to determine the adsorption coefficient, Eq. [7]

is rewritten by Eq. [9].
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Fig. 3—Surface tension of liquid Fe-Cr-O alloys as a function of oxygen
activity at 1823 K.
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If we plot the left side of Eq. [9] at constant chromium con-
tent as a function of a,, then we can obtain the oxygen
adsorption coefficient K, from the slope of the linear rela-
tionship. Figure 4 shows the left-hand side of Eq. [9] for
liquid Fe-Cr-O alloys containing 0, 10, 16, and 30 wt pct
Cr as a function of the oxygen activity, a,. The oxygen
adsorption coefficients were obtained by the linear fit of
Eq. [9] to experimental results. In Figure 5, the adsorption
coefficient is shown with respect to chromium content. As the
chromium content increases, the adsorption coefficient dras-
tically increases due to its strong affinity to oxygen. From
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Fig. 4—Graphical determination of the oxygen adsorption coefficient for
liquid Fe-Cr-O alloys ([wt pct Cr] = 0, 10, 16, and 30) at 1823 K.
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Fig. 5—The oxygen adsorption coefficient K, at 1823 K as a function of
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the best fit to a polynomial equation, the oxygen adsorption
coefficient can be expressed as a function of chromium
content.

Ko = 140 + 4.2 X [wt pct Cr] + 1.14 X [wt pet Cr]*
[10]

Based on the results described previously, the surface ten-
sion of liquid Fe-Cr-O alloy at 1823 K can be expressed as
a function of oxygen activity in the alloy as

o=1842 — 279 In (1 + Ko ap) [11]

In Figure 3, the calculated surface tension for each alloy is
given by dashed lines, which show reasonable accordance
with the measurements.

C. Comparison of the Adsorption Coefficient with Data
for Kinetics of Nitrogen Dissociation on Liquid Fe-Cr-O
Alloys

The adsorption coefficient can also be obtained from the
kinetic study on interfacial reactions. The interfacial reac-
tion rates of nitrogen absorption into liquid iron or iron-
based alloys can be written as!!*#!

N, (g) = 2N (wt pct) [12]
v = kPy, [13]

where k (mol/cm? s atm) is the rate constant of the interfacial
reaction. By using the *N->N isotope exchange technique,
Ono et al.'”! and Lee and Morita™!! showed that the disso-
ciation of adsorbed N, is the rate-determining step of
the interfacial reaction. Accordingly, the rate constant could
be expressed as Eq. [14] assuming Langmuir-type ideal
adsorption.

kO

k=k( =00 =—"—7
00 Kao?

[14]
where k° is the rate constant on the pure liquid iron surface
(or iron-based alloy free of oxygen). Equation [14] can be
rewritten as Eq. [15]:

L_ 1, Ko
1 _ Ko
Vi Ve Ve’

If the value of 1/k'”? is plotted as a function of ag, then from
the intercept with a vertical axis and the slope of a regression
line, the values of k° and K can be obtained.

Choh et al."™'! and Yamamoto'®! measured the rate of
nitrogen desorption from Fe-20 wt pct Cr-O alloys at 1873 K
using the sampling technique under reduced pressure. From
their results, we can compute the rate constant of nitrogen
absorption using the equilibrium constant of Reaction [12]*!
and the activity coefficient of nitrogen ( f4*""). In Figure 6,
1/k"* for Fe-20 wt pct Cr is plotted against oxygen activ-
ity. From the intercept and the slope of the straight line
described in Figure 6, the values for k° and K are deter-
mined as 4.96 X 107> (mol/cm? s atm) and 513, respectively.
The value for Ky is slightly lower than that (677) obtained
from Eq. [10]. As described earlier, oxygen adsorption
decreases with increasing temperature, so that the slight
decrease in the adsorption coefficient with increasing
temperature by 50 K is considered reasonable. (Following

[15]
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Fig. 6—Graphical determination of the oxygen adsorption coefficient for
liquid Fe-20 wt pct Cr-O alloys at 1873 K.

Ono et al.*®, the adsorption coefficient at 1973 K was eval-
uated as 100 for the liquid Fe-20 wt pct Cr alloys.)

IV. CONCLUSIONS

In order to understand the processing of stainless steels
containing oxygen, the surface tension of liquid Fe-Cr-O
alloy was investigated using the sessile drop method, yield-
ing the following results.

1. The surface tension of liquid Fe-Cr-O alloys ([wt pct Cr] <
30) at 1823 K is given as follows: o = 1842 — 279 In
(1 + Kopap), where Ko = 140 + 4.2 X [wt pct Cr] +
1.14 X [wt pct Cr]>.

2. The rate constant of nitrogen dissociation on the liquid
Fe-20 wt pct Cr-O alloys can be predicted reasonably
well using the oxygen adsorption coefficient obtained in
the present work.

APPENDIX

Some measurements of the surface tension of liquid
Fe-Cr-O alloys have been made in a dynamic reactive sys-
tem by flowing 25 pct H,-Ar gas mixture. Thus, oxygen in
alloys was removed by hydrogen during the experiments. In
order to determine the oxygen activity at the surface, the
kinetic of Reaction [A1] has been studied:

From the changes in the oxygen concentration of alloys
before and after experiments, we can roughly estimate the
total reaction rates. For example, oxygen concentration of
Fe-10 wt pct Cr-O alloy decreased from 54 to 41 ppmw after
77 minutes by hydrogen deoxidation, suggesting that about
200 minutes would be required for its reduction to half.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Three possible rate-determining steps are possible in hydro-
gen deoxidation:

(1) mass transfer of hydrogen gas to the surface of liquid alloys,

(2) chemical reaction between hydrogen gas and oxygen at
the surface of liquid alloys, and

(3) mass transfer of oxygen in the liquid alloys.

If one of the reaction steps is determined, we may con-
sider that other steps are almost in equilibrium state. Here-
after, the rate for each step will be evaluated and compared
with the overall reaction rate.

A. Mass Transfer of Hydrogen Gas

If the gas-phase mass transfer is the rate-determining step,
the pressure of hydrogen at the gas-metal interface is
essentially zero. Thus, the rate of H, transfer in the gas phase
is given by

H§ - H) [A2]
J ke A3
Hz RT sz [ ]

where HS and Hj are the H, in the gas phase and at the
gas-metal interface, respectively, and Jy, is the flux of hydro-
gen in the gas phase (= —J, = —Jyu,0), and k, is the gas-
phase mass-transfer coefficient. The Ranz Marshall equation

can be used to estimate the value of k,:1*%!
kod

Sh = = 2.0 + 0.6Re"?sc'? [A4]

D H,Ar

where d is the diameter of the reaction chamber, Sh is
the Sherwood number, Re is the Reynolds number
(= poud/ g, = 1.708 at 1823 K, where p, is the density
of the gas phase, u is the gas velocity, and puy,, is the vis-
cosity of the gas mixture), and Sc is the Schmidt number
(= mm,ad/Du,ap, = = 0.2321 at 1823 K). If we assume that
the gas phase behaves ideally, the relative diffusivity, Dypa,,
can be estimated by

VIi(My, + Mar)

PO H2ArQD,H2Ar

Diar = 0.00186

[AS][49]

where p is the total pressure (= 1 atm); My, and My, are
the molar weights of H, and Ar, respectively; OH,Ar is the
collision diameter (3.167 A*)); and Q1 4, is a dimen-
sionless function of the temperature and of the intermolecular
potential field for one molecule of H, and one of Ar (0. 6371
at 1823 K. The value of Dy 4, at 1823 K is 16.34 cm?
s, and the corresponding gas mass-transfer coefficient is
10. 14 cm/s. The rate equation is given by

d[ wt pct O] A

k
= 1600 A6
dt preciV RpPh 1AS)

where [wt pct O] is the oxygen concentration in the liquid
alloys. If we simply assume that the metal drop is a hemi-
sphere, then the ratio between the surface area (A) and the
volume (V) is given by 3/r, where r is the radius of the metal
drop. The oxygen concentration, then, is given as a function
of time (¢, seconds).

[wtpct O](f = 0) — [wtpet O](t = 1) ~ 0.0232t [A7]
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For a sample containing 200 ppmw O initially, it will take
only 0.43 seconds to reduce oxygen content to 100 ppmw.
This indicates that the mass transfer of hydrogen gas is very
fast. Accordingly, it cannot be a rate-determining step.

B. Mass Transfer of Oxygen in the Alloys

The flux of oxygen in the liquid alloys (J,) would be the
rate of Reaction [A1] if this were the slow step:

_ km PFe-Cr

J =
© Mo100

[wt pct O] [A8]
where M, is the molar weight of oxygen. If we simply
assume that the metal drop is a hemisphere, the rate for

liquid-phase mass-transfer control is given by

d[wt pct O] 3
— = ——k,[wtpct O

[A9]
The hydrodynamics of a sessile drop are such that Re and
Sc are very small and Sh can be assumed to be 2. Then,
the mass-transfer coefficient of oxygen in the metal is

[A10]

Since the relative diffusivity of oxygen in liquid Fe-Cr alloys
is not reported, we use the value for pure liquid iron (Dg =
1.4 X 107* cm? s~ 5% The oxygen concentration is given by

[wtpct O] = £) = [wtpet O](z = 0) X 107" [A11]

From Eq. [A11], it takes about 3 minutes to reach half
of the initial concentration. Hence, we may consider that the
mass transfer in the alloys would not be a rate-determining
step, and the oxygen concentration in the metal is uniform.
This was also confirmed by the chemical equilibria between
alloy samples and substrates. Electron probe microanalysis
(EPMA) of an Al,05-Cr,05 solid solution at the interface
proved the Cr,05 content was almost identical to that esti-
mated from the alloy composition using the literature value!>"!
in the derivation of the activity of Cr,Os. For example, the
mole fraction of Cr,0; at the interface was found to be 0.03
by EPMA for the sample containing 10 wt pct Cr and
47 ppmw O, which is very close to the value obtained from
the chemical equilibrium of Reaction [5], 0.02. Since the
oxygen concentration in the bulk alloy was in equilibrium
with the substrate, the mass transfer of oxygen in the alloy
is not considered to be a rate-determining step.

The chemical reaction rate is unknown. However, based
on the results described previously, the chemical reaction
between hydrogen gas and oxygen at the surface of liquid
alloys is considered as a possible rate-determining step.
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