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Abstract: Grain size dependence of creep is a complex ralati@an be increasing, decreasing or constarttifum accord-
ingly to current conditions and material. It is@sequence of complex nature of microscopic mesh@affecting creep.
Some of them are analyzed in current paper by meanailtiscale model, using simulation of damageeii@ment done
by cellular automata technique. It was shown thdarged sizes of grains, which promote developneénntergranular
microcracks, are compensated by reduced densitgidé forming vacancies. Obtained in simulatiorairysize dependency
follows experimentally observed dependency for sgralins in dislocation creep range.

1. INTRODUCTION
1.1. Grain size dependency of creep rate

The phenomenon of creep of polycrystalline matsrial
depends on number of parameters describing theiromi
structure. One of the most important is grain sifee de-
pendency of steady-state creep rate (or minimunepcre
rate) on grain size was already largely studiedwéier,
no unambiguous formula for this relation was olsdin
It appears that many factors like material struetuem-
perature, loading level and also environment infaee
this relation (Boettner and Robertson, 1961).

It is known that for dislocation creep of pure nietate
of secondary creep does not depend on grain sialrga-
ski, 1996), but the majority of alloys exhibits rmmum
for that relation (Wilshire and Palmer, 2002). hietmini-
mum creep rate is described by equation:

Emin = Ba”(ljp exr{_Qc), )
d RT

where o is applied stressT is temperatured is grain
diameter Q. is creep activation energB, n, p are material

The alloys exhibit also the dependency of creepmd
(Eq. (1)) on grain size: for larger grains the preate
dependency upon stress is stronger, and the vdlue o
is larger (Wilshire and Palmer, 2002). Accuratetstes
showed that similar dependency comes out alsodpper.
E.g. for dislocation creep at temperature aboub Oij
(melting temperature) and for stresses larger taMPa
the value of index is larger for larger grain sizes (see Tab.
1).

Tab. 1. Dependency of creep index n on grain size for eopp

grain size | temperature | creepindex reference
[um] (K] n .
30 723 417 Feltharrlggg Meakin,
0 448 | Baenbough, 2001
100 728 5.24 Evans iggswnshlre,
450 723 584 PahutO\llg%nd others,

These results cannot be used for setting the greela-
tion, as there are differences among laboratoneks tast

constantsR is gas constant, then the grain size dependency cqngitions, but the tendency is obvious. Additityiat can

is characterized by parametpr It is equal to about -2
for large grains, i.e. if the grain is larger thée creep rate

be noticed that the creep rate does not dependaim gjze
for the stress of about 50 MPa, whereas for smatiess

is larger, too. The grain boundaries form obstacles ihe smaller grain is the larger creep rate occurs.

for dislocation motion therefore large grains (léssders
less obstacles) allow for faster creep rate. Fallsgrains

p=1, so the dependency is reverse. The grain boigsdar

are sources of dislocations and vacancies. If trang
are smaller
dislocations. The dependency is strongex2) for diffu-
sional creep at small loading level (Wilshire analnker,
2002).

then there are more borders and more

1.2. Grain size dependency of time and strain to failure

There is much less experimental data for grain iz
tion of damage development in creep conditions, Bsihg
the Monkman-Grant relation in form (Evans, 1984):

g8t =C, 2)

min™ f
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wheret; is time to failure,8 and C are material constants,
the time to failure can be approximately evaluated.
The relation (2) is very well experimentally confied, e.g.
for copper in large temperature range (FelthamMedkin,
1959, Wilshire and Battenbough, 2007). The valueg of
is changing from 0,8 to 1, ar@from 0,003 to 0,6. On this
basis it can be assumed that the grain size depewnde
of time to failure is reverse to the grain size elegency

of creep rate.

More experimental data are available for the amslys
of the strain to failure value. It is influenced &ogreater
extent by mechanisms of tertiary creep. Accordméleck
and others (1970) a critical crack length (Griff@nowan)
in comparison to grain size is crucial in deterrtiora
of strain to failure for large grains. A crack ceasily de-
velop along one grain facet, but it is more diffidior this
crack to pass from one facet to another. Therefbgrain
size is larger than critical size of crack the Uedl starts
at the beginning of third period of creep and sttaifailure
is small. The mechanism of voids development isemor
important in determination of strain to failure fmall
grains (e.g. lesser than 106 in 700 K for copper, Fleck
and others, 1970). As the participation of graimrmtaries
in the whole volume is greater for smaller graimsl @s
grain boundaries are main sources of vacanciesdlene
fraction of voids is greater for them and thus #itr&in to
failure is smaller.

2. MULTISCALE MODEL OF DAMAGE
IN CREEP CONDITIONS

Analysis of grain size dependency of time to falur
should include a number of mechanisms occurring
in microstructure of material and influencing creape and
damage development. Taking into account even thst mo
important of these like dislocation climbing, piles, anni-
hilations, grain boundary sliding, nucleation andvgh
of cavities, crack development leads to very comptedel
and the analysis of it can be very cumbersome. \Ever
mechanism has its own scale relevant to its subjeue
size of single dislocation is about fam, void is about
10°m, grain - 10 m, and the size of crack can be compa-
rable to size of construction. The proper analggigrain
size dependency requires multiscale modeling: octiore
of smaller models appropriate for particular scgl@stoja-
Starzewski, 2007). An example of such proceduAEE
model of creep damage presented by Chrzanowski
and Nowak (2009), Nowak (2011) and used in thidyasiga
This model consists of deformation model in macatesc
defined by Finite Element (FE) method, and damagdah
in microscale built using Cellular Automata (CA)xhei-
que.

2.1. Microstructure of material

Microscopic processes are modeled within Representa
tive Volume Element (RVE). It is very difficult tdefine
RVE for damage process. According to Lemaitre and D
failly (1987) it should be from 50 to 5Q0n for metals and
it is connected with sizes of defects. On the offiée it is
connected with material structure (e.g. RVE sizegsal to
6-7 grains diameters after Hayhurst, 2005). The ehod
analyzing different grain sizes should keep corissize
of RVE with varying number of grains.

The polycrystalline structure of material is built CA
mesh using discrete Voronoi tessellation. Firsg g
number of seed points is randomly distributed dw¥®E.
Every seed point has its own state value alloworgdfffer-
entiate the grains. Next, the grains growing proced
is applied until whole RVE is covered by cells bgjng to
particular grains. If the linear size of planar R&H\, then
mean grain diameter is:

d = NO/V nseed' (3)

Important state of cell to be distinguished by CA
is damage Damaged cellcan move freely like vacancies
or can aggregate into voids. Initial nhumber ddmaged
cellsis specified in relation to whole volume by par&ene
fo. At the beginning thedamaged cellsare distributed
randomly over all RVE.

2.2. Damage model

Two main mechanisms of voids growth are imple-
mented: diffusion of vacancies and deformation aterial
surrounding voids. Diffusional motion of vacanciesnod-
eled by free moves aflamaged cellslt is implemented
In block neighborhood. All cells are divided intax22
blocks anddamaged cellan change its position inside
block randomly. In consecutive CA iteration the ifos
of blocks is shifted so thdamaged cellgan move in any
direction. If adamaged celfeaches anothatamaged cell
especially at grain border they may coalescenae \intd.
The process is controlled by surface energy coiteri
The diffusion movement is possible only when it sloet
contribute to the growth of the value hfdefined as:

=Wy oo * Wcrgl 9-9’

(4)

wherelg.m, lg.q are lengths of borders betwegamagedand
undamagedcells, and between two neighboring grains,
respectively; ws.m Wg.q are weight coefficients for these
kinds of borders. To promote stability of the methihe
lengths are calculating in blocks enlarged by cglkin all

Damage development process is the only one modeled directions (4x4). The diffusion rate is changed Ty,

here in microscale. As damage is discontinuous;retie
Cellular Automata are chosen as an appropriateféodhis
process (Chrzanowski and Nowak, 2010). They allow
for simulation in discrete manner of many procegses
gressing in material structure.
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parameter. It is time period (in seconds) equivaienone
diffusion iteration.

The size of RVE is changed according to applied de-
formation. At beginning of every CA iteration thésternal
deformation is compared with current size of RVEdé-
formation exceeds the current size then dimenémfdVE
measured in cells are changed accordingly. Theraafo



tion is stretched over cells according to proceguoposed
by Matic and Geltmacher (2001) adapted to grainctire
(Chrzanowski and Nowak, 2007). The grain boundaries
are considered as weaker than grain interior sttmg
development of intergranular cracks. Another meidmn
connected with deformation is introduced by control
of voids volume fraction. Precise density measurgme
show that itis decreasing with increasing creepirss
(Boettner and Robertson, 1961). It is due to deuakent

of oids and changes of void volume fraction carcakeu-
lated from relative density changes. The straineddpncy

of void volume fraction (Eq. 5) proposed by Bellcanid
others (1977) is used in current model to contnel hum-
ber ofdamaged cellsluring deformation of RVE:

p = p,[L-He?), 5)

where p, ;p are mass density and initial mass density,
gis strain,H and y are material parameters. The number
of damaged cellgelated to deformation is very important
for damage development process. When there aréttleo
damaged cellsthen the effect of inhibited void growth
is reached, but when there are lots ddmaged cells
the void growth is enhanced by deformation. In tivaly

it simulates the real material behavior.

The aim of CA model is to determine the value aheda
age parameter ) as homogenized value for RVE.
It is calculated as the maximum ratio of linearesi con-
nected path oflamaged celldo current size of RVE. The
RVE is consider as fully damaged when damage paeame
is equal to 1 and path damaged cell§oins two opposite
sides of RVE.

2.3. Deformation model

Macroscopic strains are sum of instantaneous strain
and creep strains. Creep strains are obtained meatigr
by FE method for constitutive equation (Nowak KQ12):

& =B E_z(a-cl'_a%))jnl,
c 1*c 1-w

(6)

whereeg. is creep straingis stressBy, hy, wg are parameters

of deformation model. Damage paramet®ris obtained
from CA model running in every Gauss point of FEsme
Strains calculated according to Eq. (6) are used to
determine current size of RVE in CA model. Paransde,

n, are fitted to primary period of creep curve, where
damage can be neglected for real material. Paramgte

in Eq. (6) compensates non-zero initial value ofmdge

for CA model. It was necessary because non-zetalini
value of f, parameter and large instantaneous (plastic)
strain produce significant value of damage paramete
already in early stages of simulation. The finailufa

is assumed when damage parameter reaches 1 inaarsg G
point.

3. RESULTS

Analysis of grain size dependency has been peridrme
using model described above. The model parametars h

acta mechanica et automatica, vol.5 no.4 (2011)

been suited to the results of creep experimentcémper
in 823 K for grain size of 3(m (Feltham and Meakin,
1959). The deformation model parameters were dsvisi
B,=7.57E-24 (MPd)s®, n,;=9.76, w,=0.15. They were
calculated from values of parameter of primary strain
equation reported by Feltham and Meakin (1959):

e =B, )

wheret is time.

The model uses structure describedNgy641,nse#10.
According to Eqg. (3) it gives mean grain diameter
d=202.7 cells. By comparison to experimental graire s
(30 um) the size of single cell can be estimated as M5
and RVE size as nearly 1@@n. The size of single cell can
be regarded as size of smallest recognized void.rbdel
of intergranular failure is implemented and voidanc
develop only along grain boundariesiy.,=0, Wgg=1.
Parameters of Eq. (5) were setHg1.17 andy=2.3. They
were obtained by regression analysis of data fqpep
in temperatures 673 K - 823 K and stress range Ra M
34 MPa (Boettner and Robertson, 1961). Remaining
parameters of damage model were suited to secondary
creep data: f=0.006, Ts=0.25s (see Fig. 1).
The agreement of times to failure and strains ilaria with
experimental data was obtained.
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Fig. 1. Dependency of stationary creep rate on parameigr-
simulation results in comparison with experimengsiults
(Cu at 823 K 3@um mean grain size,
Feltham and Meakin, 1959)

50 60

Next, the influence of parametet..q was examined.
The simulations were performed foge..#6, 10 and 12,
keeping other parameters constant (see Fig. 1).
It corresponds to grain sizes: 39, 30,u27. The creep rates
are decreasing for decreasing grain sizes and tbepc
indexesn (Eqg. 1) calculated as tangent of regression line
at Fig. 1 are increasing (3.89, 5.49, 6.45, acooty).

Results for time to failure are compatible with esip
mental relation (2). Times to failure are larger $onaller
grains and the difference is greater for smallersses. This
behavior is typical for large grain sizes as damaggow-
ing faster for larger grains. The diffusion mecisami
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of void growth is prevailing for small stresses andnber

of damaged cellsin relation to lengths of all borders
in RVE becomes deciding parameters in damage
development simulation.
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Fig. 2. Dependency of time to failure on parametgr—
simulation results in comparison with experimenésiults
(Cu at 823 K 3@um mean grain size,
Feltham and Meakin, 1959)
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Fig. 3. Dependency of stationary creep rate on parameigrs
andf,q — simulation results

In real materials number of vacancies is connewiitt
surfaces of grain boundaries as grain boundariesdasal
sources of vacancies (Evans, 1984). Therefore, lemal
grains have increased number of vacancies. Toctetfhés
effect the initial density ofdamaged celld,q has to be
corrected. For 3D model of constant RVE size, nhumbe
of grains is changing like &3, surface of single grain
boundaries is like &% so surface of all grains in RVE
is~d*. Similarly for 2D model: number of grains
is changing like & length of single grain boundaries
is like ~d, so length of all grains borders in RVE id
In all cases, to keep the value f§ proportional to the
length (or surface) of grain boundaries it shooéd~d ™.
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The value of parametétl (Eg. 5) is changed in the same
proportion, too.

Results of simulations with corrected values fof
are presented on Figs 3 and 4. Obtained creepaaitesde
very well, showing that there is no dependencyreép rate
on grain size. The larger value ff fully compensates the
smaller size of grains. This is consistent with eyah
relation for metals in dislocation creep range. Tésults
for time to failure exhibit more scatter, but thdsealso
no apparent dependency on grain size. The results
of simulation comply with the Monkman-Grant rulg.(2
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Fig. 4. Dependency of time to failure on parametggsy
andf,o — simulation results

4. CONCLUSIONS

The simulations of damage development in creepieond
tions by means of Cellular Automata show that tinepke
enlargement of grains is not sufficient to explabserved
experimentally dependency on grain size. Besidesngr
size also initial density ofdamaged cellsis important
to properly simulate this dependency. But comparisith
the experiments for copper (see Tab. 1) showsrtbagll
mechanisms connected with grain size are taken dnto
count and thus further investigation has to bequaréd.
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