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Abstract Two models are presented for grain boundary

sliding (GBS) displacement during creep. GBS is consid-

ered as crucial for the formation of creep cavities. In the

first model, the shear sliding model, GBS is accommodated

by grains freely sliding along the boundaries in a power-

law creeping material. The GBS rate is proportional to the

grain size. In the second model, the shear crack model, the

sliding boundaries are represented by shear cracks. The

GBS rate is controlled by particles in the boundaries. In

both models, the GBS displacement rate is proportional to

the creep strain rate. Both models are consistent with

existing experimental observations for GBS during creep of

austenitic stainless steels. For cavity nucleation at particles,

Harris’ model (1965) for the relationship between GBS and

a critical particle size has been analysed and found to be in

agreement with observations.

Introduction

There is an urgent demand to increase the operating tem-

perature and stress in power plants [1] in order to reduce

the CO2 emission and other environment pollution, as well

as save costs. However, the life of components such as

boiler tubes, in high temperature and stress conditions is

limited by the properties of the materials, especially creep

strength and oxidation resistance. Austenitic stainless steels

are widely used for the high-temperature components of

power plants. Therefore, it is of utmost importance to

understand the life controlling rupture mechanisms in these

steels.

During creep deformation in metals, a relative move-

ment of grains along the grain boundaries takes place,

which is referred to as grain boundary sliding (GBS). The

sliding has two main effects. It increases the overall creep

rate and gives rise to nucleation of creep cavities. For a

homogeneous grain structure, Crossman and Ashby [2] and

Ghahremani [3] modelled the GBS accommodated by a

plastic flow field within the grains, which is generally

observed above 0.3 Tm (where Tm is the melting tempera-

ture). In their models, the grain boundary was assumed to

be a layer that slides in a Newtonian viscous way due to

shear stresses in its plane. They found that the fractional

contribution of GBS to the total displacement rate was only

dependent on the stress exponent. GBS is accommodated

by elastic, plastic and diffusive flow of matter [2, 4], and

can contribute significantly to the total creep strain. Up to

30 % increases in the creep rate was predicted [2, 3].

Riedel [5] suggested that the applied shear stress is partly

supported by grain boundary particles and triple grain

junctions in a polycrystal. He developed a model for GBS,

where the boundaries were represented by shear cracks.

The second effect of GBS is the formation of creep

cavities. Creep cavitation is one main reason for the failure

of materials at high temperatures. Creep rupture is often

caused by the formation, growth and coalescence of creep

cavities along grain boundaries. Creep cavities typically

nucleate at grain boundaries, which are associated with

GBS [6–9]. The cavity nucleation takes place at inclusions

or second-phase particles, as well as at ledges and other

irregularities, like grain boundary triple points or sub-

boundary/grain boundary intersections [10]. A large
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volume of research effort has been performed to explore

the mechanisms of cavity nucleation. Raj et al. [11, 12]

used classical nucleation theory to describe how cavities

could be formed at grain boundaries by clustering of

vacancies. This model results in a threshold stress [11]

below which the nucleation will never occur and an incu-

bation time [12] which indicates that the stress concentra-

tion must be maintained until the steady-state nucleation

rate has been reached. However, as demonstrated by Yoo

and Trinkaus [13], Dyson [14] and Riedel [5], the relax-

ation times of the stress concentrations are shorter than the

incubation times for cavity nucleation, and the stresses

required for cavity nucleation are orders of magnitude

higher than the applied stresses at which nucleation actu-

ally occurs.

Harris [15, 16] suggested that particles can act as cavity

nuclei if the GBS rate exceeds the longitudinal sintering

rate and if intersecting slip spreads the cavity laterally

faster than axial sintering. Harris [16] concluded that for

smaller particles to initiate cavities, a higher GBS dis-

placement rate is required. However, this theory has been

ignored because of the difficulty to calculate the GBS rate

[17]. For cavity nucleation at substructures, a model has

been proposed by Sandström et al. [10, 18] that cavities are

generated when the particles or subboundary corners on

one side of a sliding grain boundary meet the subbound-

aries on the other side of the sliding grain boundary.

In this paper, models for GBS will be presented and

compared to the experimental data. Then a relationship

between GBS and cavity nucleation will be introduced

which involves nucleation at particles. It provides further

possibilities of verifying the GBS models. In the forth-

coming paper [18], cavity nucleation at substructures that is

related to GBS will be presented.

Characterization of GBS

Shear sliding model

Although there are still many different views about the

mechanisms of cavity nucleation, it is well accepted that

GBS plays an important role for nucleation at particles or

subboundaries. It has been known for a long time that the

amount of GBS is closely related to the creep strain [19].

Crossman and Ashby [2] and Ghahremani [3] performed

FEM-analysis on a homogeneous set of hexagonal grains

exposed to power-law creep. From their work a quantita-

tive expression for the amount of GBS can be derived. This

derivation of GBS is referred to as the shear sliding model

here. The shear behaviour of grain boundaries was

described with the help of their intrinsic viscosity gint

gint ¼
kBT

8bDGB

; ð1Þ

where kB is Boltzmann’s constant, T the absolute temper-

ature, b Burgers’ vector and DGB the grain boundary dif-

fusion coefficient. The rate of GBS can be expressed as

vsd ¼
d
gint

s; ð2Þ

where d is the grain boundary width and s is the shear

stress. Equation (2) gives such high sliding rates in relation

to the deformation due to the power-law creep in the grain

interiors that the grain boundaries can be assumed to slide

freely. Thus, at normal creep rates, the resistance to

deformation of the grain boundaries is much lower com-

pared to that of the grains. Therefore, the grain boundaries

can be considered as flaws in the materials. In this case, the

influence of GBS on the total creep rate can be represented

by a stress enhancement factor f. Then, the overall creep

rate _e that takes the influence of GBS into account is [2, 3]

_e ¼ _e0 f
r
r0

� �n

; ð3Þ

where r is the applied stress, and _e0, n, r0 are constants in

the Norton equation. The fractional contribution U of GBS

displacement rate vsd to the total displacement rate vtot can

be expressed as

U ¼ vsd

vtot
: ð4Þ

The U value was found to be dependent only on the

stress exponent n. The value of U is in the range from 0.1 to

0.33 when the stress exponent n varies from 1 to infinity.

Values from [3] are used since tensile stresses were applied

in the modelling rather than the shear stresses in [2]. The

total displacement rate vtot can be obtained by relating it to

the creep rate:

vtot ¼
3

2

dgrain

n
_e; ð5Þ

where the factor 3/2 is a result of how the vtot is obtained in

the studied grain structure. In the characterization of the

percentage of the grain boundary sliding, a hexagonal grain

structure was used. A factor n is introduced in order to

relate the side of the hexagonal grains ahex to the measured

grain size dgrain. For the area equivalent grain size dgrain,

the value of n is 1.82 [20]. Combining Eqs. (4) and (5), one

can get the GBS rate vsd

vsd ¼ U
3

2

dgrain

n
_e ¼ CsðeÞ _e: ð6Þ

Equation (6) demonstrates that the GBS rate is propor-

tional to the creep rate and to the grain size of the material.
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As will be discussed in ‘‘Modelling results’’ section,

experimentally the amount of GBS is approximately pro-

portional to the creep strain. So the GBS rate can be related

to the creep rate by a parameter Cs(e), which is slightly

strain dependent. Using the information in [4], it is possible

to show that Eq. (6) is also valid when diffusion creep

controls the bulk deformation, provided the same type of

assumption about a homogenous grain structure is made.

For austenitic stainless steels, the typical creep exponent

n is in the range of 5–10, and the corresponding U value is

about 0.23 [3]. The modelling results will be shown and

compared to the experimental observations in ‘‘GBS dis-

placement’’ section.

Shear crack model

Riedel [5] developed a model where a sliding grain

boundary was described as a shear crack. In this shear

crack model, constraints on GBS were considered. The

model involved Newtonian viscous grain boundaries

between hexagonal, power-law creeping grains, which

showed agreement with finite element calculations.

A shear crack of length 2a (a is half the grain facet size)

was subjected to a remote stress system r1ij and to shear

tractions sb across the grain boundary. The average GBS

displacement rate vsd across the crack was found to be

vsd ¼
3p
4

1ffiffiffi
n

p
a

_ee
re

r112 � sb
� �

; ð7Þ

where r112 is the applied resolved shear stress on the

boundary, n is the creep exponent, _ee ¼ Brne is the creep

rate, re is the remotely applied equivalent tensile stress. For

a hexagonal array of grains under plane strain tension

r112=re ¼ 1=2.

Riedel modelled the power-law creep around particles in

the grain boundary. It was assumed that the particles were

flat and well separated with a diameter p. This gave the

GBS displacement rate vsd

vsd ¼
9

4

1ffiffiffiffiffiffiffiffiffiffi
1þ 3

n

q sb
re

k2

p
_ee ¼ Cs _ee; ð8Þ

where k is the particle spacing. The sliding rate by power-

law creep around particles must be equal to the sliding rate

calculated across the shear cracks. Thus, by assuming that

the sliding rates in Eqs. (7) and (8) are the same, one can

get the shear stress sb across the boundary.

sb
re

¼ 1=
3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 3=n
p k2

pdgrainp
ffiffiffi
n

p þ 1

 !
ð9Þ

Equation (9) is inserted into Eq. (8) to obtain the final

sliding rate. The results depend on the particle spacing and

particle diameter. For the calculation of the Cs value, the

particle dimensions will be obtained from both experi-

mental data and computations, see ‘‘Particle spacing and

dimensions’’ section.

Experimental measurements of GBS

The modelling results of the relationship between GBS

displacement and creep strain are compared with the

experimental results in ‘‘Modelling results’’ section. GBS

displacements can be measured in a number of different

ways, which has to be taken into account when comparing

with the model results. Figure 1 illustrates the common

way of defining the GBS displacement and its components

[21–24]. The GBS displacement of this bicrystal (grain 1

and grain 2) is

l ¼ x
tan h

þ m
tanu

; ð10Þ

where l is the component along the stress axis, x, the
transverse component, is the component perpendicular to

the stress axis and in the plane of the specimen surface. m,
the vertical component, is the component perpendicular to

the stress axis and the specimen surface. h is the angle

between the surface trace of the boundary and the stress

axis, and u is the angle between the boundary and the

surface on a longitudinal section cut perpendicular to the

surface. For the specimen interior, the two terms in

Eq. (10) can be taken as equal, while at surfaces, they

might be slightly different. As proved by Gates and Stevens

[23] the two angles are approximately equal,

h & u & 1.2 rad. x and m can be taken as equal in the

grains, so one can get a simplified result for GBS

displacement:

l ¼ 2x
tan h

¼ 2m
tanu

ð11Þ

In [22], the GBS displacement is taken as the square root

of quadratic sum of the components x and m,

l
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ m2

p
, which has been transferred to the compo-

nents along the stress axis. In the references considered for

Fig. 1 Components of grain boundary sliding vector, p during creep

(redrawn after [21–24])
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experimental data, different components have been used, as

listed in Table 1. In order to unify them, we transferred all

GBS data to the one along stress axis l with the aid of

Eq. (11).

Relation between GBS and cavity nucleation
at particles

Critical particle radius

For cavity nucleation at particles, a critical radius seems to

exist [6–9, 21]. The particles must have a minimum size to

induce cavity nucleation. Harris [15, 16] suggested a model

which relates the critical particle size to the GBS dis-

placement rate. This model provides an additional possi-

bility for comparing the GBS models with experimental

data. Harris assumed that particles will not be able to

prevent GBS if stress-induced self-diffusion is fast enough

to relax the stress concentrations. Under the same condi-

tions cavity nucleation will not be initiated. In his model, a

cubic particle with side l appears in a sliding grain

boundary with a stress differential across the particle equal

to the macroscopic shear stress rs. The stress-induced flux

of matrix atoms from the compressed faces across the

particle surface is 2rsdDGBX=ðkBTÞ, where d is the

thickness of the grain boundary and X is the atomic vol-

ume. Then the relative sliding rate of grains due to vacancy

transport is 2rsdDGBX=ðkBTÞ=l2. The condition for stress

concentration at particle is

vsdc [
2dDGBX
l2kBT

; ð12Þ

where vsdc is the critical GBS velocity. If the condition in

Eq. (12) is satisfied, the particle can act as an obstacle to

GBS and initiate cavity nucleation. By considering the

equilibrium concentration of vacancies in a grain boundary

and near the cavity surface, the final critical condition for

cavity formation is

vsdc ¼
dDGB

r2p ln
k
2rp

exp
2csX
kBTrp

� 1

� �
; ð13Þ

where cs is the free surface energy and rp is the particle

radius. The radius of the diffusion field of atoms to the

cavity is taken as half the interparticle spacing k/2. For
particles smaller than rp, a higher GBS velocity vsdc is

required. The critical particle radius can be obtained if the

GBS rate is known from the models described above. The

critical radius from Harris’ model will be compared with

experimental observations in ‘‘Modelling results’’ section.

Particle spacing and dimensions

In Riedel’s model for GBS, Eq. (8) and Harris’ model for

the critical particle radius, Eq. (13), the average particle

size and inter particle spacing are needed. In some cases

experimental information is available. However, in other

cases, particle parameters have to be estimated. This can be

done with commercial software that provides thermody-

namic modelling of particle nucleation and growth. In our

case, MatCalc has been used [27].

For calculation of the formation of particles with Mat-

Calc, the setup of the calculation system is described as

follows:

(1) The databases mc_fe_v2009.tdb (phase chemistry)

and mc_fe_v2.001.ddb (diffusion coefficients) were

used. The chemical composition was taken from the

different references in order to compare the results

with the experimental ones. The austenitic stainless

steels that were analysed are listed in Table 2.

(2) M23C6 was considered as the main particle con-

tributing to the cavity nucleation due to GBS, since it

is the main particle observed in the references. The

nucleation sites for M23C6 were taken as the grain

boundaries in agreement with observations [30].

(3) The precipitation kinetics were calculated at the

temperatures in the experiments, which was in the

range of 550–812 �C. The isothermal simulation

time was set to the testing times as listed in Table 2.

Table 1 Materials for measurement of GBS

Materials Temperature (�C) Stress (MPa) Strain range (%) Given GBS components Unify method Reference

TP347XX 750 78 4–12 Transverse component x Eq. (11) [21]

TP321 650 157–196 0.16–6.19
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ m2

p
Eq. (11) [22]

TP316 800 36 2–2.12 Component along stress axis l l directly [23]

20Cr–25Ni 750 62 5–30 Vertical component m Eq. (11) [25]

TP316 625 220 34–68 Component along stress axis l l directly [26]
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The MatCalc calculations gave the number of particles

and their corresponding radii. However, in some cases, the

MatCalc results showed particle radii in a narrow range.

Then a reference state of particles with an average radius r

and number of particles N0
part was obtained first. Then, the

number of precipitates with radius rp was determined [31]:

Npart ¼ N0
parte

�ðkrrp�dcÞ; ð14Þ

where kr ¼ 1=r, and r is the average particle radius with a

corresponding number of precipitates N0
part. For dc = 1,

Npart is the number of particles with radius rp; for dc = 0,

Npart is the number of particles with radius larger than the

critical particle radius rp. The particle spacing k can be

obtained in the following way:

k ¼ 1ffiffiffiffiffiffiffiffiffi
Npart

p ð15Þ

In the MatCalc calculations, five reference state points

were used to calculate the average values.

Modelling results

Constants used in the model

The constants used in the computations are shown in

Table 3.

Results of precipitation calculation

Particle spacing and number density were calculated with

MatCalc for the conditions in Table 2. The particle radii

along grain boundaries were in the range of 0.2–1 lm from

the experimental observations. The particle spacing

obtained from MatCalc are compared with the experi-

mental observations [7, 21] in Fig. 2. The MatCalc calcu-

lations show an order of magnitude agreement with the

experimental values. The average value of the ratio k/rp
obtained from MatCalc is about 7, Fig. 2. MatCalc pre-

dictions for precipitation in austenitic stainless steels have

also been verified elsewhere, see for example [37, 38].

GBS displacement

Figure 3 shows the comparison of the shear sliding model,

Eq. (6), and experimental GBS displacement as a function

of creep strain. The grain size in Eq. (6) was taken directly

from the experimental sources. For most cases, the mod-

elling results is within a factor of two from the experi-

mental data. One exception is the case for TP316 [26] with

large strains and grain size (450 lm). This deviation will

be analysed in the discussion.

In Fig. 4, the average experimental and model values are

compared. The average Cs value of the shear sliding model

(11 lm) was calculated based on the experimental grain

size from [21, 22, 25] (without the case [26] with large

grain size). In the other model, the shear crack model,

Eq. (8), Cs is related to the particle spacing and diameter.

Since the detailed particle distributions cannot be assessed

from the experimental sources, a precise comparison can-

not be made. Instead, the expected particle distributions

have been computed with the help of the MatCalc results.

From both experimental observations [7, 21] and modelling

results for particles radius and spacing, the value of sb/
re & 0.45 can be determined from Eq. (9). Finally the Cs

value can be obtained from Eq. (8). The average value is

Table 2 Experimental

conditions for comparison to

MatCalc calculations

Materials Temperature (�C) Stress (MPa) Test time (hour) Grain size (lm) Reference

TP304 727 100 250 90 [6]

18Cr–9Ni 700, 800 65–130 600 22 [7]

TP347XX 750 78 460–5100 65 [8, 21]

TP321 812 49.6 66 30 [28]

TP347 550, 650 123–338 2170 12 [29]

Table 3 Constants for

austenitic stainless steels used in

the computations

Parameter description Parameter Value Reference

Grain boundary diffusion coefficient dDGB 10�9:87e
�2:187e5
RgasT m3 s-1 [32]

Atomic volume X 1.21 9 10-29 m3 [33]

Boltzmann constant kB 1.381 9 10-23 J K-1

Creep exponent n 5 [34]

Burgers vector b 2.58 9 10-10 m

Surface free energy per unit area cs 2.8 J m-2 [35]

Poisson’s ratio m 0.3 [36]
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4.3 lm based on the modelling results with particle radii in

the range of 0.2–1 lm.

The two models (shear sliding and shear crack models)

are compared with the experimental GBS displacement in

Fig. 4. The experimental data are from [21–23, 25, 26] for

different types of austenitic stainless steels, see Table 2.

The grain size is not given in [23]. For this reason this

reference was not included in Fig. 3. In Fig. 4, Exp. Ave.

1., is the experimental average value of Cs, which is

obtained by regressing all experimental data. Exp. Ave. 2.

is the experimental average value without considering the

case [26] with very large creep strain and grain size. From

Fig. 4, it can be readily seen that, the averages of the shear

sliding model and the experiments are within a factor of

two (Cs = 11 and 7.5 lm respectively). The shear crack

model gives a lower value for Cs (4.3 lm). Since the shear

crack model is only weakly grain size dependent there is no

longer any reason to exclude Ref. [26] and then the

experimental average is 4.8 lm.

Cavity nucleation at particles

For creep cavity nucleation at particles, Eq. (13) gives a

critical particle radius (particles larger than this would

nucleate cavities), which can be related to the GBS

velocity. The critical particle radius can be obtained by

combining Eq. (13) with the GBS models, Eq. (6). In

Eq. (13) the average value of the ratio k/rp is about 7 as

obtained from Fig. 2. The modelling critical particle radius

for cavity nucleation is compared with the experimental

observations in Fig. 5. The GBS velocity is plotted as a

function of the critical particle radius at different temper-

atures for different types of austenitic stainless steels [6–8,

21, 28]. The experimental conditions are listed in Table 2.

In Eq. (6), the grain size and creep rate are taken from the

experimental references. The experimental critical particle

radius is taken as the minimum particles that nucleated
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cavities. The modelling results are consistent with the

experimental ones.

After determining the critical particle radius, the number

of precipitates can be obtained from MatCalc calculations.

It is assumed that particles that are larger than the critical

size will nucleate cavities. The resulting estimated number

of cavities is compared with the observed ones in Fig. 6.

The experimental data is from [7, 8, 21, 28, 29] for dif-

ferent types of austenitic stainless steels, the conditions of

which are listed in Table 2. The experimental number of

cavities is in general in a range. For TP347XX [8, 21], the

experimental number of cavities is in a range from 0.002 to

0.14 lm-2. The modelled number of cavities is of the same

order with the experimental ones. The results indicate that

the critical particle model can give an order of magnitude

estimate of the number of cavities.

Discussion

The accuracy of the GBS models

The validity of the shear sliding model has been demon-

strated above for austenitic stainless steels. In a separate

publication this has also been shown for copper [39].

The shear sliding and the shear crack models presented

in ‘‘Shear sliding model’’ and ‘‘Shear crack model’’ sec-

tions give an amount of GBS that is proportional to the

creep strain. As shown in Fig. 4, this is in general in good

accordance with the experiments. However, the GBS dis-

placement is not always fully linear with the creep strain.

As observed by Gittins [25], there can be an initial stage

where the GBS displacement rate is larger than that in the

following stage. Similar observations have been made by

Kishimoto et al. [22] for smaller strains (\10 %). As can

be seen there is a gradual decrease in the slope of the

curves with increasing strain. However, as shown in Fig. 7,

the average value of Cs that relates GBS to the creep rate,

can fit the experimental data in a reasonable way. So the

deviation from the linear behaviour will not affect the
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general relationship between GBS rate and creep rate sig-

nificantly, which can also be seen in Fig. 4 with combi-

nations of all experimental data. A significant strain

dependence of Cs has also been observed for Cu [39].

In the shear sliding model, the displacement is propor-

tional to the grain size, Eq. (6). Most experiments follow

this behaviour as is indirectly evident from Fig. 4. There is

one noticeable exception. Morris found that GBS for

TP316 was virtually independent of grain size for large

grain sizes [26]. A large grain size can make GBS difficult

because the large grains can lock each other, in particular if

the grain structure is inhomogeneous. It should be recalled

that the FEM models are using homogenous distributions

consisting of grains of only one size. That the shear sliding

model tends to exaggerate GBS for large grain sizes has

also been observed for Cu [39].

The shear sliding model is based on the general plastic

deformation of the grain structure during creep. For the shear

crack model, the starting point is the distribution of precip-

itates in the grain boundaries. According to the model, fine

particles should give a low displacement rate and vice versa.

A fine particle distribution would reduce the GBS rate.

However, there is not sufficient data to directly confirm that

by the experiments, except possibly for large grain sizes.

Cavity nucleation at particles

Harris [16] suggested that a critical particle radius exists

for cavity nucleation at particles. The critical particle

radius is related to the GBS velocity. With the help of the

GBS models it is possible to test Harris’ approach. The

GBS rate is dependent on the grain size and the creep rate,

Eq. (6). A higher GBS velocity is required for smaller

particle radii to nucleate cavities. For a given GBS rate,

only particles with a radius larger than the critical particle

radius can nucleate cavities. The model predictions lie in

the centre of the experimental data for the number of

cavities, Fig. 6. These results clearly support Harris’ model

for nucleation around particles.

Conclusions

1. Two models for grain boundary sliding (GBS) during

creep are presented. The first model, the shear sliding

model, is based on previously performed FEM com-

putations of a creeping solid with freely sliding grain

boundaries. In the second model, the sliding grain

boundaries are considered as shearing cracks. This

model referred to as the shear crack model, was orig-

inally proposed by Riedel.

2. Both the shear sliding and the shear crack models give

a GBS rate that is proportional to the creep rate. The

proportionality constant Cs in the two models is at least

in qualitative accordance with the experimental data.

3. Harris developed models for cavity nucleation at

particles. A critical particle radius must be exceeded

for nucleation to take place and this model is related to

the GBS velocity. With models available for GBS, it

has been possible to compare Harris’ model with

experiments. The modelling results for the critical

particle radius are in agreement with the experimental

observations. The number of particles that can initiate

cavities is of the same order as the experimental

number of cavities.
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