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A modelisproposed thatallowsonetodescribeachangein thenonequilibrium state and diffusion properties ofgrainboundaries
during low-temperature annealing of submicrocrystalline materials containing in the initial state a system of grain-boundary
nano-cavities. It is shown that the dissolution of grain-boundary cavities during annealing leads to the emission of vacancies
from the cavities into the grain boundaries and to an increase in the nonequilibrium free volume of the grain boundaries. Asa
result, the coeflicient of grain-boundary diffusion, which is exponentially dependent on the value of the free volume of grain
boundaries, also changes. The influence of the initial value of the volume fraction of grain-boundary cavities and the initial
value of the nonequilibrium free volume of grain boundaries on the kinetics of cavity dissolution and the dependence of the
grain-boundary diffusion coeflicient on the annealing time is analyzed. It is established that this dependence has three stages.
The first stage is characterized by a slow increase in the coefficient of grain-boundary diffusion due to the
fact that the process of vacancies emission into the grain boundaries associated with the dissolution of
cavities is equalized by the outflux of nonequilibrium vacancies from the boundaries into the grain volume.
The short-term second stage is characterized by a sharp increase in the coefficient of grain-boundary diffusion and is associated
with the rapid collapse of the cavities when they reach a critical radius. At this stage, the coefficient of grain-boundary diffusion
may exceed by 1-2 orders of magnitude its value for the equilibrium grain boundaries. The third stage is characterized by a
slow decrease of the diffusion coefficient and is associated with the outflux of nonequilibrium vacancies into the grain volume.
Thus, contrary to the prevailing ideas that annealing is always accompanied by the transition of grain boundaries into a more
equilibrium state, it has been shown that in the case of low-temperature annealing of submicrocrystalline materials containing
in the initial state grain boundary cavities, the reverse process can occur, i. e. an increase in the nonequilibrium state of grain
boundaries caused by a change of its nonequilibrium free volume during the dissolution of cavities. It is shown that the
nonequilibrium state of grain boundaries can be maintained for a long time of annealing.
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[IpennoxxeHa MOZe/b, NO3BOJIAIONIAs OINCATD V3MEHEHVEe HePaBHOBECHOTO COCTOSHMA U AU(Qy3MOHHBIX CBOVICTB I'PaHNUI]
3€peH B Ipoljecce HU3KOTEMIIePaTyPHOTO OTXKNUTa CyOMIKPOKPUCTAI/IMIECKUX MaTePUaoB, COlePKAIUX B UCXOHOM CO-
CTOAHUY CUCTEMY 3ePHOIPaHMYHBIX HaHONOP. [Toka3aHO, 4TO pacTBOpEHME 3epPHOTPAHNYHBIX IIOP IIPU OTXKUTe IIPUBOINT
K SMIICCUV BaKaHCHIT U3 TIOp B TPAHUIILI 3€PeH ¥ YBeIMYeHII0 HepaBHOBECHOTO CBOOOTHOTO 06 béMa rpaHuI 3épeH. Kak crep-
CTBUeE, M3MeHsAeTCA M KO3 PUIMEHT 3epHOrpaHNYHON AU Y31, SKCIOHEHIMATBHO 3aBUCAIINIL OT BeIMYMHBI CBOOOTHOTO
00DbéMa rpanu 3épeH. [IpoaHamsypoBaHo BIMAHIE VICXOJHOTO 3HaYeHsI 00'beMHOII O/ 3¢PHOIPAaHNYHBIX IIOP 11 Ha4a/Ib-
HOTO 3Ha4eHNA HePaBHOBECHOT'O CBOOOIHOr0 00'béMa IpaHull 3épeH Ha KMHETHKY PacTBOPEeHNA IOP U 3aBUCUMOCTb K0addu-
I[VIeHTa 3epHOIPaHNYHOI fudysuUM OT BpeMeHM OT>KUTa. YCTAaHOBJIEHO, YTO 3Ta 3aBUCUMOCTD MMeeT Tpy cTapuu. g nep-
BOJI CTaINV XapaKTepHO MeJICHHOe YBendeHne koadduienrta sepaorpannaHoit pudQysnu BeiecTBme TOro, 4To IpoLecc
reHepalyy BAKaHCUIL B IPaHNUIIBI 3épeH, CBA3AHHBII ¢ PACTBOPEHNEM 0P, YPABHOBEIINMBAETCSA IPOLIECCOM OTTOKA HepaBHO-
BECHBIX BaKaHCMII ¢ TpaHuI] B 00béM 3épeH. HenpopomxnrenbHas BTopas cTagys XapaKTepu3yeTcsl pe3KiM yBeTndeHueM
k03¢ duLVeHTa 3epHOrPaHNYHON U Py31u 1 cBsA3aHa ¢ OBICTPBIM CX/IONBIBaHMEM IIOP IPY JOCTVDKEHNY MU KPUTUYECKO-
ro paguyca. Ha aroii ctagyu koadduienT sepHorpanngnoi ayuddy3nun Mo>keT IpeBbIIIaTh Ha 1-2 IOpsAfIKa ero 3HaueHue
WISl paBHOBECHBIX IpaHUIl 3épeH. TpeTba cTafusa XapaKTepu3yeTCs MeICHHBIM IIPOLIECCOM YMeHbIIeHUA KoapduiueHTa
g ¢ysun u cBsA3aHa ¢ OTTOKOM HepaBHOBECHBIX BaKaHCUII B 00bEM 3épeH. Takym 06pa3oM, BOIIPEKY CTIOKUBIIMMCA Ipeli-
CTaBJIEHMAM O TOM, YTO OT)KUT BCEITia COMPOBOXKIAETCA TIEPeX0IoM TPaHuI] 3épeH B 60/ee paBHOBECHOE COCTOSHME, TTOKa-
3aHO, YTO B C/Iy4ae HM3KOTEMIIEPATYPHOTO OTXKIUIA CyOMUKPOKPUCTA/UINYECKIX MaTePUaIOB, COIEPXKAIUX B UCXOTHOM CO-
CTOSHUY 3€PHOTPAHIYHbIE IIOPbI, MOXKET OCYIeCTBIIATBCA U OOPATHBII IIPOLIeCC — yBeMMYeHNe CTeNleH) HepaBHOBECHOCTH
TpaHMNI] 3épeH, BHI3BaHHOE MI3MEeHEHMeM JX HepaBHOBECHOTO CBOOOIHOTO 06 beMa B Iporiecce pacTBopeHms nop. Ilokasano,

YTO HEPABHOBECHOE COCTOAHNE TPAHNL] 3épeH MOXET IOANEP>KNBATHCA B TEYEHNE [UINTEIBHOTO BPEMEHN OTXKNUTA.

KiroueBble c1oBa: CyOMMKPOKPUCTA/IINYECKIIe MaTePUaslbl, 3epHOTpaHIIHasA Auddy3ns, HepaBHOBECHBIE IPAHNIIbI 3¢PEH, IOPBL.

1. Introduction

Submicrocrystalline (SMC) materials produced by methods
of severe plastic deformation (SPD) possess unique physico-
mechanical properties [1,2]. However, after SPD treatment, a
decrease in durability of the SMC materials under sustained
loading is often observed. In the works of V.I. Betekhtin and
coauthors [3,4] it is shown that this effect may be due to the
presence of initial cavities in the SMC materials. In the works
of Yu.R. Kolobov, G.P. Grabovetskaya etal. [5-9], the effect
of preliminary annealing for one hour on the creep of single-
phase commercially pure SMC metals (titanium, nickel,
copper and molybdenum), as well as the two-phase a+f
titanium SMC alloy Ti-6Al-4V and the composite Cu-Al O,
containing dispersed particles of the second phase, was
studied. With an increase in the annealing temperature, they
discovered an increase in the strain rate at the steady-state
creep stage. Moreover, since both annealing and subsequent
deformation did not affect the average grain size of the
material, the authors [5-9] concluded that an increase in
the strain rate (the main contribution to which in the case of
SMC materials is made by grain boundary sliding) is caused
by the influence of annealing on the nonequilibrium state of
grain boundaries (GB). In [10], the acceleration of creep after
preliminary annealing was observed on the SMC aluminum
alloy 1570.

As a possible cause of the effect of annealing on the
creep rate of SMC alloys, the authors of [10] considered the
increase in the nonequilibrium GB excess volume as a result
of the dissolution of grain-boundary nanocavities, leading to
the increase in the grain-boundary diffusion rate and the rate
of sliding along the GB.

Nanocavities on GBs and in triple junctions (TJs) of
grains were observed after SPD treatment in Al [11-14],
Cu [15-18], Ni [19-21], and Ti [22,23] and their alloys.
The micromechanisms and the conditions of nanocavity
nucleation in SMC materials were discussed in [24].

Theoretically, the process of dissolution of the grain-
boundary cavities during annealing was investigated in [25].
Later, the model proposed by the authors of this work was
modified to analyze the kinetics of growth and dissolution of
nanocavities upon annealing of SMC materials [26]. In [27],
the effect of internal stresses from mesodefects arising during
SPD in TJs [28-30] was analyzed, as well as the effect of a
nonequilibrium state (nonequilibrium free volume) of GBs,
changing during annealing, on the dissolution kinetics of
nanocavities in the process of low-temperature annealing of
SMC materials. In this case, only cavities located along the
TJs of the SMC materials with a relatively small initial volume
fraction of cavities were considered.

In the present work, a theoretical study of the effect
of the dissolution of grain-boundary nanocavities upon
low-temperature annealing of SMC materials on the
nonequilibrium state and diffusion properties of GBs is
carried out. The kinetics of cavity dissolution and the
dependence of the coefficient of grain-boundary diffusion on
the initial values of the nonequilibrium free volume of the
GBs and the volume fraction of grain-boundary cavities are
analyzed.

2. Description of the model

The dissolution of grain-boundary cavities in the course of
annealing should lead to the emission of nonequilibrium
vacancies in the GBs. In the disordered atomic structure of
ordinary GBs, vacancies are unstable and delocalized. All
this leads to an increase in the nonequilibrium free volume
of the GBs and, as a result, to an increase in the coefficient
of grain-boundary diffusion [31]. At the same time, the
saturation of the GBs by nonequilibrium vacancies leads to
the equalization of the chemical potentials of atoms on the
cavity surface and in the GBs. As a result, at a sufficiently
large initial concentration of grain-boundary cavities, a
quasi-stationary regime occurs, at which the rate of change
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of a nonequilibrium free volume of the GBs is limited by the
outflux of vacancies into the volume of the grains.

In the case of low-temperature annealing, diffusion
processes in the volume of the grains proceed rather slowly,
which should significantly affect the duration of the relaxation
process of the nonequilibrium state of the GBs. As the analysis
shows, with the parameters of the task considered below, the
time taken for this process is significantly greater than the
characteristic relaxation time of the elastic stress fields from
junction disclinations [27]. Therefore, to illustrate the effect
of cavity dissolution on the evolution of a nonequilibrium
free volume and the diffusion properties of GBs during
annealing, a model polycrystal containing only an ensemble
of spherical nanocavities of radius » uniformly distributed in
GBs at a distance A from each other is considered further on.

2.1. The evolution of cavities during low-temperature
annealing

At sufficiently low annealing temperatures, when the
diffusion of atoms from the grain volume to the cavity can be
neglected, the change in the volume of the grain boundary
cavity occurs by short-circuited (in the region of order
A\/2 in size) diffusion flows of grain boundary atoms. The
driving force of mass transfer is the gradient of the chemical
potentials of atoms Vu=2(w,—w,)/%, where p, is the
chemical potential of atoms of a nonequilibrium GB [27]:

KQ
u[,:;f—kmn[njﬁj 1)

and p_ is the chemical potential of atoms on the cavity surface:

u, =2yQ/r, (2)

fand f* are the relative free volume of nonequilibrium and
equilibrium GB, respectively, €2 is the atom volume, K, is the
bulk modulus (modulus of compression), k is the Boltzmann
constant, T is the annealing temperature.

In this model, it is assumed that there is no diffusion
interaction between neighboring cavities. In this
approximation, the equation for the rate of change of the
cavity volume is:

p_4m/58D, r
3 KT
x{O.SKbe—len(lﬁL;*j—zysQ},

r

3)

where D, is the coefficient of grain-boundary diffusion,
8 =2b is the width of the GB, b is the Burgers vector.

2.2. The change in the nonequilibrium state of the
GB and the coefficient of grain boundary diffusion
in the annealing process

According to [31], the relationship between the coeflicient of
grain-boundary diffusion and the magnitude of the relative
free volume of the GB is as follows:

D, = D, exp(af ), (4)

where D,j is the diffusion coefficient along equilibrium GBs,
o=K,Q/2kT.

The rate of accumulation of a nonequilibrium free volume
of a GB is determined by two processes — the dissolution
of cavities and the associated emission of nonequilibrium
vacancies in the GB, and their outflux into the neighboring
volume of grains. Based on this, the kinetic balance equation
for the relative nonequilibrium free volume f can be written
in the form:

4
45)°
where the first term describes the change in f in the
process of nanocavity dissolution [27], and the second one
describes its change in the exchange of vacancies between
the GBs and the volume of grains [32-34]. Here [32-34]:
4,=(o, /bz)exp[f—(Fv;’ +AF +0.5K,Qf" ) KT |y —
is the free energy of the formation of a lattice vacancy, AF is
the free energyactivation of atom jump from the grain volume
to the grain-boundary vacancy, B= bcocexp(—AF | kT ),
w, and w_ —are the oscillation frequency of atoms in the
GB and in the crystal lattice, respectively C(x=0) is the
concentration of vacancies near GBs. When writing equation
(5), it was assumed that the nonequilibrium free volume is
uniformly distributed over the GB. This assumption seems
justified at sufficiently small distances between the cavities.

Equations (3)—(5), supplemented by the standard
equation for the volume diffusion of vacancies with the
boundary conditions given in [32-34], form a closed
system that allows analyzing the influence of various factors
on the kinetics of the evolution of diffusion properties of
nonequilibrium GB during annealing.

F ==~ E exn(af)-BC.(x=0)], )

3. Results of numerical
calculations and discussion

The calculations were carried out for the case of low-
temperature annealing (T=0.4T,) of SMC aluminum
with a grain size d=4-107 m with the following values of
the parameters: b=2.86-10"" m, 2=0% w,~w =10" ¢,
f*=2-107%, H;=10kT,, S;=4k, AF=8kT  [34],
D,=1.5-10"° m?/s [35]. For the value of the free surface
energy, the estimation y =Gb/8 was used.

The initial cavity size rwas selected from
the equilibrium condition of the cavity (¥ =0in equation
(3)) for a given initial value of the relative free volume f=:

=21,/ [0.5K,9f, ~kTn(1+ £,/ /*)]. (o)

Fig. 1-3 shows the results of calculations of the
dependences of the nonequilibrium free volume of GBs
f (Fig. 1), the coefficient of grain-boundary diffusion D,
(Fig. 2) and the radius of grain-boundary cavities r (Fig. 3) on
the annealing time ¢_ for different initial values of the volume
fraction of grain-boundary cavities v, and various initial
degree of nonequilibrium f,.

It can be seen that the dependences f(t) m D,(t)
have three characteristic stages. At the first stage, the
process of dissolution of grain-boundary cavities occurs
slowly; therefore, the magnitude of the nonequilibrium
free volume of the GB, and, therefore, the coefficient
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Fig. 1. Dependence of the value of the relative nonequilibrium free volume f on the annealing time ¢ : for different initial values of the volume
fraction of grain-boundary cavities v, and the initial value of the nonequilibrium free volume f,=10* (a); for different initial values of f, and
the initial volume fraction of cavities v,=5-107(b).

il — jy = 0.005
9 vy = 0.005 _.--;O —0.01
-------- 2o — 0.0075 = 0015
= 0.01 2 3=,
1.5

|

{

]
o~ ] o
g E g 1.5¢
[ i Q0 h
= = = :
S :: S {

05t i
.--—"f ‘\\ JP\
0 ............. Sranie . Srwiin
3 0 0.5 1
ta, 10%s
a b

Fig. 2. Dependence of the value of the grain-boundary diffusion coefficient D, on the annealing time ¢ : for different initial values of the
volume fraction of grain-boundary cavities v, and the initial value of the nonequilibrium free volume f,=10" (a); for different initial values
of f, and the initial volume fraction of cavities v,=5-107 (b).
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Fig. 3. Dependence of the radius of grain-boundary cavities r on the annealing time ¢ : for different initial values of the volume fraction of

grain-boundary cavities v, and the initial value of the nonequilibrium free volume f,=10* (a); for different initial values of f, and the initial
volume fraction of cavities v,=5-107 (b).
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of grain-boundary diffusion change only slightly.
An increase in the initial value of the volume fraction
of grain-boundary cavities v, at a given initial value of
the nonequilibrium free volume slows down the cavity
dissolution process (Fig. 3a) and increases the duration of
this stage (Fig. 1a, 2a). An increase in the initial value of the
nonequilibrium free volume of the GB f, for a given value of
the initial volume fraction of cavities has the opposite effect
on its duration (Fig. 1b, 2b). In the second stage, a rapid
increase in the values of fand D, occurs, which is associated
with a sharp increase in the rate of cavity dissolution with a
decrease in the cavity size to a certain critical value (Fig. 3).
At this stage, the coeflicient of grain-boundary diffusion
increases by 1-2 orders of magnitude. The annealing time,
corresponding to the maximum values of the nonequilibrium
free volume and the coefficient of grain boundary diffusion,
characterizes the termination of the process of dissolution
of grain boundary nanocavities. At the third stage, the
process of relaxation of the nonequilibrium free volume of
the GB and the decrease in the coefficient of grain-boundary
diffusion due to the outflux of vacancies from the GB to the
neighboring grain volume occurs.

The decrease in the duration of the first stage with
increasing f, (Fig. 1b, 2b) is due to the fact that with increasing
f,» according to expression (6), the initial cavity radius 7,
decreases, the process of their dissolution occurs faster and
the critical cavity size, at which a loss of their stability occurs,
is achieved sooner (Fig. 3b).

Thus, the results of the work show that, contrary to
popular belief that annealing is always accompanied by the
transition of a GB to a more equilibrium state, in the case of
low-temperature annealing of SMC materials containing the
initial state of grain-boundary cavities, the reverse process
can occur — an increase in the degree of nonequilibrium of
GBs, caused by a change in their nonequilibrium free volume
during cavity dissolution. This circumstance leads to the fact
that with a sufficiently large initial volume fraction of grain-
boundary cavities, the free volume of GBs and the coefficient
of grain-boundary diffusion can, under conditions of low-
temperature annealing, differ significantly for a long time
from their values in the equilibrium GB.

4. Conclusions

1. A model is proposed that allows one to describe the
effect of the nonequilibrium free volume of grain boundaries
and the volume fraction of grain-boundary cavities on the
evolution of the diffusion properties of nonequilibrium
grain boundaries during low-temperature annealing of SMC
materials.

2.1t is shown that the process of dissolution of grain-
boundary cavities leads to an increase in the coefficient
of grain-boundary diffusion and allows one to maintain a
substantially nonequilibrium state of grain boundaries under
conditions of prolonged annealing.
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