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Abstract

The microstructure evolution in a Fe-Cu alloy with/without pre-deformation during the aging treatment is investigated
numerically. The results demonstrate that although the Cu precipitates first nucleate on dislocations, the summit of the
nucleation rate occurs in the matrix. Most of Cu particles situate in the matrix immediately after the nucleation. The
preferential dissolution of Cu precipitates in the matrix occurs during the Ostwald repining stage, and the vast majority
of the residual particles situate on dislocations in an overaged alloy. Copyright © 2019 VBRI Press.
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Introduction

Dispersed nano Cu particles may form during the aging
treatment of a Fe-Cu alloy or steel containing Cu.
The microstructure evolution during aging is
very complicated. It may involve nucleation,
growth/shrinkage and structural transformation of the
precipitates. A lot of work has been done to investigate
the age hardening characteristics of the predeformed Cu
bearing steels [1-4]. However, up to date, the exact role
of dislocations during the precipitation process is still
under dispute. This work is carried out to clarify the
dislocation effect on the microstructure formation
during aging a Fe-Cu alloy.

Formulas

When a Fe-Cu alloy is aged, Cu particles with a
structure of metastable body-centered cubic (bcc) first
nucleate and grow/coarsen. When reaching a critical
size, these particles then transform to a structure of
face-centered cubic (fcc) with high density of twins
(9R). The twins finally disappear and the precipitates
show a equilibrium fcc structure. Researches
demonstrate that the Cu particles with a diameter of
17 nm still remain 9R structure. Particles with the
equilibrium fcc structure are observed only after aging
for a time longer than 100 h [5]. The 9R—fcc structural
transformation is thus omitted in this study. Let f 'dR
(i = bce or 9R) is the number of the bcc (i = bee) or 9R
(i = 9R) precipitates per unit volume in a radius range
R~R+dR attime t.During aging, f' satisfies:

AL 2= .
& aR Rl @
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where V' and 1" are respctively the growth/shrinkage
rate and nucleation rate of the precipitates with bcc
(i = bee) or 9R (i = 9R) structure. R™ is the critical
nucleus radius.

With the aging time going on, the content of the
precipitates and the concentration of the matrix may
vary. However, the initial solute Cu concentration C°
is conserved at all times:

C’'=(L-9)C"+3 (¢'C') )
where @=>¢' is the volume fraction of the

precipates, ¢' and C' are respectively the volume
fraction and the concentration of the precipitates with a
structure of bcc (i = bec) or 9R (i = 9R), C™ is the
solute Cu concentration of the matrix.

The nucleation rate I’ (j = m or dis) of the
precipitates in the matrix (j = m) or along the
dislocation (j = dis) can be calculated by:

S AG]/ 7!
I'=Z'p'N}exp| ——== |exp| ——
AN, p[ kBTj p( tj @)
2
. v, (AG,) _ )
where Z' = > is the Zeldovich factor,

\3
8n[kBT (Gbcc”) J
v, is the atomic volume in the nucleus, k; is

the Boltzmann’s constant, T the thermodynamic
temperature, o the precipitate/matrix (j = m) or
precipitate/dislocation (j = dis) interfacial energy, AG,

the gain in free energy per volume on precipitation [6].
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; _s'Dlc, .
B = SDC, is the attachment rate of atoms to a
a

4

critical nucleus, S* is the surface area of a critical
nucleus, D’ is the diffusion coefficient of Cu in the
matrix ( j=m) or along the dislocation ( j=dis), a is
the lattice parameter. Nj is the number density of

atoms in the matrix ( j=m) or on dislocations ( j=dis ).
. 1611(0"“”)3 ) .
G!=———-— is the energy barrier for the
3(AG,)
. beelj A4
formation of a critical nucleus. 7’ :8I<B'I%+a_
v,”(AG,) D'C™

is the incubation time.

The interfacial energies o™ and o are
respectively calculated by using Egs. (4a) [7, 8] and
(4b) [9]:

bece/dis

a“”“=108§%ﬁg—T) (4a)
O_bcc/dis — Gbcc/m _ ,Ub|8|(1+l)) (4b)
In(l-v)

nc

2Kk
being the segregation energy and the non-
configurational entropy, a value of 6800 K is used for

nc

Q and 3 for

B B
respectively the shear modulus, Brugers vector of the
dislocation, misfit strain of the particle in the matrix
and Poisson’s ratio [9].

The Cu diffusion coefficient in the matrix

and along dislocations can be respectively calculated
by [4, 10]:

E
D™ =D, exp[— e T] (5a)
B

where T, = with Q and S™ respectively

Bl #, b, & and v are

D* =(4D,Df,)" (5b)
where E=2.29 ev is the diffusion activation energy of
Cu atoms in iron [11], D, is a constant and can be
obtained through the Cu diffusion coefficient at 773 K,
which is 7.7x10™°m’s™ [12]. D, is the pipe diffusion
coefficient along dislocations [13, 14] and D, the self-
diffusion coefficient of bcc Fe.

The growth rate V' of the bce (i=bcc) or 9R (i=9R)
particles is calculated by [15]:

Cc"-C/ 1

——L 6
C'-C/ R ©)
where <R> and N are respectively the average radius

vH:D{1+R«R>¢Nfﬂ]

and the number density of the Cu particles,

C/ =C,.exp (%J is the solute Cu concentration in the
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matrix at the inter-phase boundary with ¢ being the

capillary length, Cr‘ne is the solute Cu concentration in
the matrix at the flat interface of matrix/bcc precipitates
(i=bcc) or matrix/9R precipitates (i=9R ), which can
be calculated by [4, 7, 12]:

2T’
Cr* —exp| ——=¢
me p( Tj (7a)
Cbcc
CR = Zme_ 7b
T (7h)

According to the experimental results [5, 16], the
critical radius for the 9R—fcc transformation can be
estimated as 2.2 nm.
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Fig. 1. Nucleation rate of Cu particles in the matrix (circles) and on
dislocations (triangles) and driving force (stars) for the precipitation
by assuming that the initial dislocation density is 8.8 x 10** m? and
the heating rate from 298 to 773 K is 10°K/s. The dashed line is the
nucleation rate of Cu particles calculated for the specimen without
dislocations.

Numerical results and discussion

The above equations are solved numerically for Fe-1.3
at% Cu alloy using finite volume method [17, 18]. The
dislocation density of the alloy with a 10% deformation
is 8.8x10" m? and it drops to 10" m? after the alloy
is aged at 773 K for 20 min [3]. It is assumed in the
calculations that the annihilation rate is direct
proportion to the dislocation density and the Cu
particles nucleate competitively on dislocations and in

the matrix. Fig. 1 and Fig. 2 show the AG, and ', N
and <R> . The results demonstrate that Cu particles first

nucleates on dislocations (see Fig. 1) due to the fact
that dislocations can reduce AG™ , enhance D’ and

thus lead to an increase in A™ and a decrease in 7%

Thereafter, the microstructure evolution is determined
by the combined effect of the nucleation and diffusional
growth of Cu particles. During the early period of
nucleation, there is no precipitation in the matrix and
AG, almost keeps constant (see Figs. 1 and 2). Then
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the precipitates begin to nucleate in the matrix and N
increases steeply. The appearance of dislocations does
not affect I™. The maximum I™ is several orders of

magnitude greater than 1%° (see Fig. 1). The vast
majority of the Cu particles thus locate in the matrix
immediately after nucleation (see Fig. 2). AG,

decreases quickly due to the nucleation and growth of
the precipitates (see Fig. 1). The coarsening process of
precipitates begins soon and N decreases steeply. The
Cu particles in the matrix nucleate relatively later and
are, thus, smaller compared to the particles on
dislocations. They dissolve preferentially and the vast
majority of the residual particles situate on dislocations
in an overaged alloy. In coarsening stage, the N and

(R) of the precipitates are not affected by the

predeformations (see Fig. 2). These results are good in
agreement with the experimental ones reported by
Zhang et al. [3], indicating that the model proposed
describes the precipitation of Cu particles during aging
a Fe-Cu alloy well.

The effects of heating rate of the specimen, the
annihilation of dislocations during the aging treatment
and the dislocation density were calculated
and the results are shown in Fig. 2 and Fig. 3.
One can conclude that the heating rate shows a weak
effect on the peak position of N as well as its

corresponding <R> , although it has a great effect on the

microstructure evolution during the nucleation stage of
Cu particles. The dislocation effect is almost
independent of the annihilation of dislocations. An
increasement in the dislocation density even by 5 times
does not change the dislocation effect, although it

causes an increase in 1%
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Fig. 2. Time dependence of number density (solid line) and average
radius (dashed line) calculated by assuming that the initial dislocation
density is 8.8 x 108 m? and the heating rate from 298 to 773 K is
10% K/s. The results calculated by neglecting the annihilation of
dislocations (squares), by neglecting the dislocation effect (circles),
by assuming a higher constant dislocation density of 5x8.8x10* m
(triangles) and by assuming a heating rate of 10 K/s from 298 to
773 K (stars) are also shown in the figure.
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Fig. 3. Time dependence of the nucleation rates of Cu particles in the
matrix (circles), on dislocations (triangles) and their sum (crosses).
Black symbols are the rusults calculated by assuming that the initial
dislocation density is 8.8 x 10** m and the heating rate from 298 to
773 K is 10°K/s (as given in Fig.1). The red, blue and purple symbols
respectively represent the results calculated by neglecting the
annihilation of dislocations, by assuming a higher constant
dislocation density of 5 x 8.8 x 10 m? and by assuming a heating
rate of 10 K/s from 298 to 773 K .

Conclusion

Cu particles first nucleate on dislocations and then in
the matrix. But the summit of the nucleation rate in the
matrix is much greater than that on dislocations and it
almost remains unchanged whether the dislocations
appear or not. Most of the particles situate in the matrix
immediately after the nucleation. The preferential
dissolution of Cu precipitates in the matrix occurs
during the coarsening stage and the vast majority of the
residual particles situate on dislocations in later stage of
aging. Dislocations do not affect the final dispersion of
particles, although they have a great effect on the
nucleation behavior of the particles. The heating rate of
the specimen, the dislocation density and the
annihilation of dislocations during aging do not
strengthen or weaken the dislocation effect.
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