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Mn promotes the rate of nucleation and growth of
precipitates by increasing Frenkel pairs in Fe—Cu
based alloys
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Fe—1.0Cu (at%) and Fe—1.2Cu—-2.2Mn alloys aged at 450 °C for 0.25 h, 1 h, 2 h, and 16 h after solution
treatment at 900 °C for 2 h are investigated to reveal the role of the addition of Mn on the Cu
precipitates in Fe—Cu based alloys. Density functional theory (DFT) total energy calculations on point
defects and their influence on Cu precipitates are also performed to understand the nucleation and
growth of Cu precipitates. Experiments show that addition of Mn can slightly increase the aging peak
hardness by 10 HV; by using atom probe tomography (APT) and optical microscopy, we identify that the
increase in hardness derives from both grain refinement and the increase of number density of
precipitates. DFT calculations show that Mn increases the formation possibility of Frenkel pairs, ie.,
atomic vacancy and self-interstitial atoms, and these two types of defects both serve as nucleation sites
of Cu precipitates, resulting in the increase of the nucleation centers number density, which is consistent
with our APT experiments on the very initial stage of aging. Moreover, calculated results show that Mn
increases the density of atomic vacancies and promotes the evolution rate of Cu precipitates, which
accounts for our APT experiments where precipitates in Fe—Cu—Mn grow more quickly than in Fe—Cu.
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1. Introduction

Copper is very common in steels. Intentional addition of Cu
into steels results in high-strength low-alloy steels (HSLA) with
excellent properties;* ™ after aging, Cu can provide considerable
precipitation strengthening effects. The effects of the uninten-
tional presence of a trace amount of Cu in steels also attracts
much attention, because it may induce serious problems in
service. In reactor pressure vessel (RPV) steels which have a very
low Cu content, the Cu precipitates also appear under long-term
irradiation, and these Cu precipitates are considered to be the
origin of embrittlement of RPV steels which limits the service
time of nuclear power plants.’*> Cu precipitate is typical in
steels, and therefore investigating the evolution of Cu precipi-
tates is a hot topic.
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Many alloying elements were confirmed to be able to influ-
ence the formation of Cu precipitates. The interaction between
alloying elements and Cu precipitates is very complicated. On
the one hand, the alloying elements can promote the formation
of Cu precipitate and lead to multicomponent Cu-rich precipi-
tates."”? On the other hand, the many other alloying elements
can be clustered in the Cu precipitates or at the interface
between Cu precipitates and matrix, such as NiAl phase,”*?¢?#
G phase, etc.>** Usually, HSLA steels are composed of many
alloying elements, and the microstructure and mechanical
properties have been well studied. For example, the evolution of
precipitates in Northwestern University copper alloyed serveries
steels (NUCu) has been well characterized, and the mechanical
properties, such as hardness were also examined under
different treatments."° For RPV steels, it is very fortunate that
many data on Cu-rich clusters in steels under neutron irradia-
tion have been reported,'®'”***** though the data generally are
rare for many other materials under neutron irradiation.

To understand the role of different elements on the Cu
precipitates, many works were dedicated to reveal the interac-
tion between alloying elements and Cu precipitates. It has been
confirmed that Mn has obviously interaction with Cu precipi-
tates. It segregates at the Cu precipitates,* and also induces the
formation of Mn clusters in steels alloyed with the composition
of Cu, Ni, Si, and Mn.*® Furthermore, there is a combinative

This journal is © The Royal Society of Chemistry 2019
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effect of Mn and Cu contents on embrittlement of RPV steels
induced by neutron irradiation.

Since Mn and Cu have combined effect on the neutron
irradiation induced embrittlement, Glade et al.*® investigated
the influence of Mn on Cu precipitate in model RPV steel by
using positron annihilation spectroscopy and small-angle
neutron scattering. They found that the effect of Mn is to
reduce the size and increase the number density of precipitates
in the Fe-Cu-Mn alloy relative to the Fe-Cu alloy. Later, Miller
et al.”* using atom probe tomography and small-angle neutron
scattering (SANS) experiments, also confirmed that Mn can
increase number density of precipitates, and it was approxi-
mately an order of magnitude higher in the Fe-Cu-Mn alloy
compared to Fe-Cu alloy.

As a common element in steels, it was found very early that
Mn increases Cu precipitation hardening effects. However,
most of the investigations about the effect of Mn were per-
formed in alloys containing C, Si and Al at non-negligible levels,
and therefore the hardening effect cannot be confirmed to be
only from Mn. Shabadi et al.** performed a careful preparation
of model alloys to elucidate the true effect of Mn, and they
confirmed this effect. It was found clearly that the addition of
Mn significantly increases the kinetics of aging, while its effect
on the magnitude of precipitation strengthening is only
marginal. In addition, the effect of Mn on the over-aging stage
was also identified: Mn reduces increment of aging hardening
in the region of over aging.

In the theoretical side, extensive investigations by using
density functional theory (DFT) are performed to understand
Cu precipitates in steels; many aspects related to magnetism,
thermal dynamics, kinetics of this system have been revealed. It
has been found that the dependence of phase separation
tendency between Fe and Cu on temperature is more related to
the magnetic phase transition compared to vibrational contri-
bution.***¢ The calculations of elastic properties of bulk FeCu
phase revealed that only FeCu with Cu content below 50% is
mechanically stable;*” the segregation of alloying elements,
such as Ni, Al, Mn, etc., was confirmed to derive from thermo-
dynamic factors,”*® and the segregation behaviors can change
strain and chemical interactions at interfaces, resulting in the
reduction of interface energy.*

Since point defects are tightly related to the microstructure
evolution of steels, many studies were performed to reveal the
interaction between point defects in body-centered cubic (bcc)
Fe toward understanding the formation of precipitates. For
example, the interactions between point solute atoms and
intrinsic point defects in bee Fe for extensive transition-metal
alloying elements were investigated,* and the stability of self-
interstitial atoms (SIA) and small SIA clusters in the vicinity of
solute atoms in Fe matrix were also investigated.** The results of
these researches revealed the basic rules of alloying element
interaction and provided important information for larger scale
simulations. In addition, there are also some attempts to use
DFT calculations to directly understand and predict the
formation of precipitates influenced by alloying elements. For
example, it was revealed that, the reason that Ca, Ag can
increase the number density of precipitates in Mg-Zn system is
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that these two elements can enhance the stability of G. P. zones
in the very initial stage of formation of precipitates.*

For all above, it is confirmed that Mn can change the
evolution of Cu precipitates and the mechanical properties of
Fe-Cu based steels. However, the investigation on Fe-Cu based
HSLA steels only reveals the response of hardness of alloys to
Mn addition. Since the response of evolution of Cu precipitates
to Mn addition is still not confirmed, how much the precipitates
are responsible for the increase of hardness is not still identi-
fied. In another side, the DFT has become a powerful tool to
understand the underlying mechanism in the evolution of
precipitates. Therefore, we use both experiment and DFT
calculations, to perform a systematic investigation on the
influence of Mn on the evolution of Cu precipitates and its
hardness, and try to reveal its mechanism at the atomic scale.

2. Methods

2.1 Experiments

The chemical compositions of Fe-1.0Cu (at%) and Fe-1.2Cu-
2.2Mn alloys are shown in Table 1. To obtain the Cu precipitates
with relative short experimental time, we choose to use alloys
with relatively high contents of Cu and Mn. The alloys were
fabricated as described in ref. 7. After solution treatment at
900 °C for 2 h, we quench alloys to room temperature, and then
perform heat treatments at 450 °C for 0.25 h, 1 h, 2 h, and 16 h,
respectively.

The hardness measurements are conducted on the polished
surface of the samples by using Vickers hardness tester (HVS-
1000) with a load of 100 g for 10 s, and at least seven indents
are measured to obtain an average value for each sample. In
order to prepare tip samples for APT, small rods with a cross-
section of 0.5 x 0.5 mm?® are cut out from the aged bulk
steels. Subsequently, the tip samples are polished by the two-
stage electro-polishing method.*® The APT experiments and
analyses are performed on a local electrode atom probe (LEAP
4000X HR) at specimen temperature of 50 K with a target
evaporation rate of 0.5%, and the pulse fraction is 20% in an
ultra-high vacuum of ~10~"" Pa. The voltage pulse repetition
rate is set to be 200 kHz. Data reconstructions and analyses are
conducted using the Integrated Visualization and Analysis
Software (IVAS 3.6.8). The maximum separation method** is
employed to identify Cu precipitates, and we select the
minimum solute atom number (Ny,;,) of 20, and the maximum
separation distance (dpax) of 0.5 nm.

2.2 Calculations

2.2.1 Details of DFT calculations. All of the density func-
tional theory (DFT)*™ calculations are performed by using the

Table 1 Chemical compositions of alloys (at%)

Alloy Cu Mn C Si P S Ni Cr Fe

Fe-Cu 1.2 — 0.0009 0.01 0.008 0.005 0.01 0.005 Bal
Fe-Cu-Mn 1.0 2.2 — — 0.01 0.004 0.05 — Bal

RSC Adv., 2019, 9, 19620-19629 | 19621
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Vienna Ab Initio Simulation Package (VASP)* within the frame
of generalized gradient approximation (GGA).*>** We use the
projector augmented wave method (PAW) to describe ion-
electron interactions.*>*> We use the Monkhorst-Pack scheme
for the Brillouin-zone integrations,* and set plane wave energy
cut-off as 280 eV. For Cu, Fe and Mn, the valence electrons
considered are 3d'°4p’, 3d’4s", and 3d®4s’, respectively.

2.2.2 Strategy of describing the stability of defects and Cu
cluster

A.  Point defect. The point defect is tightly related to the
initial nucleation and growth of Cu precipitates. The typical
point defects in steels are mono-vacancy and self-interstitial
atom (SIA). The stability of these point defects is critical to
reveal the evolution mechanism of Cu precipitates. Here, we use
formation energy to reflect the stability of the point defect. The
formation energy of a mono-vacancy or SIA (Epq) can be
computed by the following eqn (1):

EPd = EP — nEFe (1)

where Ep is the total energy of supercell with a mono-vacancy or
a SIA, Er. is the total energy per atom of perfect body-centered
cubic (bcc) Fe crystal, n is the number of atoms in the super-
cell used to accommodate defect or simulate perfect Fe matrix.
For each equation, we use the same size supercell to perform
calculation. The atom numbers of supercell with pure bce Fe
and supercell with solute atoms are both n, and atom numbers
of supercells with a mono-vacancy and aSIAaren —1andn +1,
respectively.

The formation energy of SIA with a M solute atom,
(M@SIA, M = Cu or Mn), Epq(Fe,M), can be computed by the
following eqn (2):

Epy(Fe,M) = Eps + nEp. — (Epe(M) + (n + 1)Eg.)) (2)

where Ep; is the total energy of supercell with a M@SIA, Eg.(M)
is the total energy of supercell with a substitutional M solute
atom.

B. Frenkel pair. The formation energy of a Frenkel pair with
mono-vacancy and pure Fe SIA (Erq) can be computed by the
following eqn (3):

EFd = EM + Es — 2nEFe (3)

where Ey; and Eg are the total energies of the supercell with
a mono-vacancy and the supercell with a SIA respectively.

The formation energy of a Frenkel pair with mono-vacancy
and M®@SIA (Epg(M@SIA)) can be computed by the following

eqn (4):
Erad(M@SIA) = Eyt + E" — (nEge + (Ere(M)) 4)

where E)! is the total energy of supercell with a M@SIA.

C. The interaction of defect with solute Cu. The binding
energy between a point defect and a Cu atom (AE(p cy)) can be
computed by the following eqn (5):

AEp cyy = Ep,cu + nEp. — (Ep + Ecy) (5)
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where Ep, ¢, is the total energy of supercell with a defect D and
a solute Cu atom, Ep, is the total energy of supercell with a defect
D, and Ec, is the total energy of supercell with a solute Cu atom.
D. Solute Cu cluster. The formation energy of Cu cluster

(Ecu) can be computed by the following eqn (6):
Ecw = (Ec,, + (ncy —DnEre) — ncuEcu) (6)

tot

where E¢_ is the total energy of the supercell including a Cu
cluster, n¢, is the number of Cu atoms in Cu cluster.

The formation energy of Cu cluster with defects (Ecy, p), such
as mono-vacancy, SIA and Mn@SIA, can be computed by the
following eqn (7):

Ecnp = Ec,,.p * ncutEpe — (ncuEcu + Ep) )

“tot

where E¢_ p is the total energy of the supercell including a Cu
cluster and a defect.

By considering the balance between the precision and
computation efficiency, here, we use supercells with 64 atoms to
compute the formation energy of point defects, and use supercells
with 128 atoms to compute the formation energy of Cu clusters.
Tests have been done to verify that these sizes of supercells are
sufficient for calculating formation energies of point defects and
small Cu clusters. We only use 3-atom clusters to explore the trend
of the influence on the stability of Cu clusters in bce Fe.

3. The relationship between hardness
and Cu precipitates
3.1 Age-hardening response

The Vickers hardness values of the Fe-Cu and Fe-Cu-Mn alloys
as a function of aging time at 450 °C are shown in Fig. 1. The
values of hardness of the Fe-Cu and Fe-Cu-Mn alloys at the as-
quenched (AQ) state are 145 HV and 195 HV respectively, indi-
cating that Mn can improve the hardness of Fe-Cu alloy. The
values of peak hardness of Fe-Cu and Fe-Cu-Mn alloys are 225
and 235 HV, reflecting that the latter is slightly higher than the

former. However, the hardness of Fe-Cu-Mn decreases

Microhardness (HV)
%
S

160+
—=—Fe-Cu
140 —eo— Fe-Cu-Mn
AQ 1 10
) Aging time (h)

Fig.1 The Vickers hardness for Fe—Cu and Fe—Cu—-Mn alloys aged at
450 °C after solid solution treatment at 900 °C for 2 h.
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obviously after the peak value (i.e. after 1 h); while the hardness
of Fe-Cu almost does not decrease after the peak value. These
findings agree well with previous results.*

Fig. 2 shows the optical micrographs of two alloys at AQ and
age-peak states. It is found that the addition of Mn does not
transform ferrite into other phases in both alloys, and therefore
Fe-Cu-Mn showing higher hardness than Fe-Cu is not caused
by phase transformation. However, the sizes of grains in Fe-Cu-
Mn are obviously smaller than those of Fe-Cu, and the hard-
ening effect on Fe-Cu-Mn can be attributed to grain refinement
induced by Mn addition.

To further understand the mechanism of Mn on the
mechanical properties in Fe-Cu alloy, we use APT to investigate
the evolution of Cu precipitates. Fig. 3 displays the positions of
individual Cu and Mn atoms for Fe-Cu and Fe-Cu-Mn alloys
aged at 450 °C for 0.25 h, 1 h, 2 h and 16 h, respectively. The
number density (N,) and average radius (R,) based on the above
APT results are calculated and shown in Table 2. As seen in
Fig. 3 and Table 2, it is found that the average radius of Cu
precipitates in two alloys increases, and the number density
first increases and then decreases.

After aging for 0.25 h, we identify clearly that many Cu clusters
have been formed from Fig. 3. However, it is difficult to identify
Mn clusters in the atom maps. Therefore, as shown in Fig. 4, we
present nearest neighbor distribution (NND) curve of Mn atoms
for Fe-Cu-Mn alloys along with random distribution curve, and it
shows that the NND curve of Mn slightly deviates from random
distribution curve. It suggests that there is a slight trend of the
clustering of Mn atoms in Fe-Cu-Mn after aging for 0.25 h. A
more careful survey on atom maps from 0.25 to 16 h, we can
confirm that Mn clusters overlap spatially with Cu clusters.

Fig.2 Microstructures of the alloys: (a
(d) the age-peak state of Fe—Cu—Mn.

) as-quenched state of Fe—Cu; (

This journal is © The Royal Society of Chemistry 2019
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3.2 Temporal evolution of Cu precipitates

As shown in Table 2, after aging for 0.25 h, the average radius R,
of Cu clusters are both 1.0 nm, while the number density of Cu
clusters in Fe-Cu-Mn alloy is 4 times than that in the Fe-Cu
alloy. It indicates that the addition of Mn increases the nucle-
ation rate of Cu precipitates at the initial aging stage, which is
responsible for the higher increment of hardness for Fe-Cu-Mn
compared to Fe-Cu as shown in Fig. 1.

Table 2 shows, during the aging time from 0.25 to 1 h, the
increase of number density of clusters for Fe-Cu is more rapid
than that for Fe-Cu-Mn, which accounts for the increment of
hardness for Fe-Cu-Mn is smaller than that for Fe-Cu. During
the aging time from 1 h to 2 h, the number density of clusters
for Fe—Cu still increases, while the number density of clusters
for Fe-Cu-Mn begins to decrease and the size of clusters begins
to increase, which accounts for that the hardness of the former
still increases and the latter begins to decrease.

At the aging time of 16 h, the number density of clusters for
Fe-Cu decreases to 2.2 x 10%* m—2, and that for Fe-Cu-Mn
decreases to 0.6 x 10> m™>. As shown in Fig. 5, there are still
many smaller clusters observed in Fe-Cu while almost large
clusters with radius larger than 4.0 nm in Fe-Cu-Mn. These
findings account for that the hardness of Fe-Cu decreases
slightly, but the hardness of Fe-Cu-Mn decreases abruptly.

4. The driving force for the formation
of defects and Cu precipitates

The nucleation and growth of precipitates are tightly related to
the point defects in alloys, but it is difficult to be observed by

b) the age-peak state of Fe—Cu; (c) as-quenched state of Fe—Cu—Mn; and

RSC Adv., 2019, 9, 19620-19629 | 19623
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Fe-Cu-Mn
Fig. 3 Three-dimensional atom maps of Cu and Mn of Fe—Cu and Fe—Cu—Mn alloys aged at 450 °C for 0.25h, 1 h, 2 h, 16 h.

Table2 Average radius (R,) and number density (N,) of Cu precipitates
in Fe—Cu and Fe—Cu—-Mn alloys

R, (nm) N, (x10* m™?)
Fe-Cu Fe-Cu-Mn Fe-Cu Fe-Cu-Mn
0.25 h 1.0 £+ 0.3 1.0 + 0.3 1.2 4.9
1h 1.0 + 0.4 1.0+ 0.5 8.1 8.8
2h 1.1+ 0.3 1.3+ 0.6 17.4 5.7
16 h 21408 3.7+ 0.9 2.2 0.6
14000
—— Mn in Fe-Cu-Mn
12000 | —— Random distribution
10000 +
8000 -
g
o =
3 6000
4000 -
2000 -
O0.0 0.5 1.0 1.5

Distance of Mn (nm)

Fig. 4 Nearest neighbor distribution (NND) curve of Mn for Fe—Cu-
Mn alloy aged for 0.25 h.

19624 | RSC Adv., 2019, 9, 19620-19629

experiments. Therefore, we use DFT total energy calculations to
obtain the formation energies in Fe-Cu and Fe-Cu-Mn systems,
to reveal the thermal dynamical driving force for the formation
of defects and Cu precipitates.

4.1 Formation energy of point defects and Cu clusters

Fig. 6(a) shows the atomic configuration of SIA. The formation
energies of Schottky mono-vacancy and SIA in the a-Fe are 2.19
and 1.78 eV respectively. As shown in Table 3, we can find that

Fe-Cu

Rp (nm)

Fig. 5 The dependence of number density on the radius of Cu
precipitates in Fe—Cu and Fe—Cu—-Mn aged for 16 h.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) The top panel shows the atomic structure in a 128-atom supercell, and the numbers mark the positions of lattice used to be replaced

by solute atoms or defects. The bottom panel displays the dumbbell structure of SIA atoms. (b) Illustration of the formation process of Frenkel
pairs, Cu clusters (CLU) and Cu cluster with defects (CLU + V, CLU + Mn@SIA and CLU + Mn). The figures in left panel are the formation energies

(in eV) of different structures.

Table 3 The formation energy (in eV) of Schottky SIA in a-Fe

SIA Cu@SIA Mn@SIA
[001] 2.40 2.53 2.20
[110] 1.78 2.02 1.58
[111] 2.15 2.09 2.59

the SIA along the direction [110] is most favorable. Further-
more, we examine the formation energies of Cu@SIA and
Mn@®@SIA. 1t is found that, for these structures, the SIA along
[110] is still the most favorable. We find the formation energy of
[110] Cu@SIA is higher than that of [110] SIA, indicating that
the formation of self-interstitial atom for Cu is more difficult
than that for Fe. In contrast, the formation energy of [110]

that of [110] SIA + V, which reflects that the presence of Mn
atoms is much easier to induce the formation of Frenkel pairs.
Therefore, in the Fe-Cu-Mn system, the formation of atomic
vacancy is much easier via a way of Frenkel pairs compared to
that in the Fe-Cu system. The increase in the possibility of
formation of vacancy in Fe-Cu-Mn system can promote the
dynamics of precipitates, which accounts for that the growth of
Cu precipitates in Fe-Cu-Mn is faster than that in Fe-Cu as
shown in Fig. 3 and Table 2. Hereafter, for the interaction of SIA

Table 5 The binding energies (in eV) between Cu and defects in a-Fe.
We place the Cu atom at the lattice site 1 in supercell on the top panel
of Fig. 6(a), the position of defects in supercell are listed in below

. T Position Cu atom +V Cu atom + Mn
Mn@SIA is lower than that of [110] SIA, indicating that the
formation of self-interstitial atom for Mn is easier than that for 3 —0.02 0.01
Fe. 4 —0.27 —0.004
Table 4 shows that formation energies of Frenkel pair
. . Cu atom + [110] SIA
defects. The formation energy of [110] Mn@SIA + V is lower than
Position (110) S1A (101) SIA (011) SIA
Table 4 The formation energy (in eV) of Frenkel pairs, SIA + mono- 3 ~0.19 ~0.12 —0.12
vacancy (V) in a-Fe 4 —0.12 —0.12 —0.12
SIA Cu@SIA Mn®@SIA Cu atom + [110] Mn@SIA
Ep 4 Ep 4 Ep 4 Position (110) SIA (101) SIA (011) SIA
[001] SIA +V 3.50 3.67 2.99 3 —0.18 —0.08 —0.08
[110] SIA +V 2.88 3.16 2.01 4 —0.003 —0.003 —0.003
[111] SIA + V 3.25 3.22 3.37

This journal is © The Royal Society of Chemistry 2019
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Table 6 The formation energies (in eV) of Cu cluster with defects including mono-vacancy (CLU + V), solute substitutional Mn (CLU + Mn), self-
interstitial atoms (CLU + SIA) and self-interstitial Mn atoms (CLU + Mn@SIA). The positions of defects and the atoms in clusters are listed in below.
The figures in bold indicate the formation energy lower than that of pure cluster, —0.34 eV

CLU + SIA CLU + Mn@SIA

Position CLU +V CLU + Mn [110] SIA [101] SIA [011] SIA [110] S1A [101] SIA [011] SIA
Atom number for Cu cluster OR: (001): 0,1,3

5 0.11 —0.08 —0.45 —0.50 —-0.50 —0.38 —0.46 —0.46
4 0.13 —0.06 -0.73 —0.44 —0.44 -0.59 —0.22 —0.22
2 —-0.47 0.14 —0.50 —0.41 —0.41 —0.19 —0.08 —0.08
Atom number for Cu cluster OR: (110): 0,3,4

6 —0.38 —0.07 -0.31 -0.31 —-0.36 —-0.16 —-0.16 —0.24
2 —-0.38 —0.09 —0.49 —-0.39 —0.49 —0.46 —0.40 —0.45
Atom number for Cu cluster OR: (111): 1,2,3

0 0.21 0.30 —0.16 —0.16 —-0.16 —-0.15 —-0.15 —-0.15
4 —-0.59 0.32 —0.30 —0.30 —0.30 —-0.17 —-0.17 —-0.17

with other defects and Cu clusters, we only consider the most
favorable structure of SIA, i.e., [110] SIA and [110] Mn@SIA.

4.2 Interaction between Cu atoms and point defects

The nucleation of Cu clusters at the very early stage is tightly
related to the interaction between Cu atoms and point defects.
Here, we compute the binding energy of dimer structures con-
taining Cu atom and point defect in a-Fe. The binding config-
uration between a Cu atom and other defect is embodied in
a 128-atoms supercell that is shown in Fig. 6(a), and the posi-
tions of Cu atoms and defect are listed in Table 5. The lowest
binding energy of Cu-V dimer is —0.27 eV, indicating that Cu
atoms are preferred to bind with mono-vacancy. The lowest
binding energy of Mn-Cu dimer is —0.004 eV, indicating that
Cu atoms and Mn atoms almost have no attractive effect.
Moreover, the lowest binding energy of Cu-SIA and Cu-Mn@SIA
are —0.19 eV and —0.18 eV respectively, indicating that the Cu
atoms are preferred to bind with the SIA or Mn@SIA. Based on
these findings, we can infer the trend that mono-vacancy, SIA
and Mn®@SIA can promote the gathering of Cu atoms to form
clusters, but substitutional Mn solute atom cannot promote the
gathering of Cu atoms.

4.3 The interaction of point defect and Cu cluster

To confirm the effect of point defects on the Cu gathering, we
compute the formation energy of 3-Cu-atom cluster without and
with point defects. The clusters are embodied in a 128-atoms
supercell that is shown in Fig. 6(a), and the positions of Cu
atoms and defect are listed in Table 6. The formation energies
of 3-Cu-atom clusters along (001), (110), and (111) are —0.11,
—0.34 and 0.002 eV, respectively. It indicates that the formation
of Cu cluster in a-Fe is thermodynamically favorable. The
results also suggest that the (110) cluster is the most stable one,
which is consistent with previous calculations.*® We also
perform calculations on 4-Cu-atom clusters and also obtain the
same trend on thermodynamics about Cu precipitates without
and with defects. We here only use the result of a 3-Cu-atom
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cluster with defects under typical geometric structures to illus-
trate the interaction between Cu clusters and defects.

There are many configurations for the combination of a 3-
Cu-atom cluster with atomic vacancy or substitutional Mn
atom. We present some structures that the mono-vacancy or Mn
is located at the first and second nearest position to the cluster
plane. It is found the formation energy of the most stable cluster
with mono-vacancy is —0.59 eV, which is 0.25 eV lower than that
of the cluster without mono-vacancy. It indicates that the mono-
vacancy can stabilize the Cu cluster, which results in the
increase in formation probability of nucleation sites for Cu
clusters. In contrast, the formation energy of the most stable
cluster with substitutional Mn is —0.09 eV, which is 0.25 eV
higher than that of the cluster without Mn, which indicates that
substitutional Mn has no effect on stabilizing Cu clusters.

In Table 6, we also present the formation energies of
complexes comprised of 3-Cu-atom cluster and SIA. We
consider placing the SIA at three nearest sites from the cluster
plane, and vary the orientation of cluster and the direction of
SIA, and finally, we can obtain 42 configurations, whose
formation energies are listed in Table 6. It is found that the
most stable cluster with SIA has the formation energy of
—0.73 eV, which is 0.39 eV lower than that of a pure Cu cluster.
We also find that, among these structures, almost half of them
with the formation energies are lower than that of pure Cu
cluster. These findings show that both SIA and Mn@SIA
increase the driving force of formation of Cu clusters.

5. Discussions

From the APT experiments, we find that the evolution of
precipitate in Fe-Cu-Mn is much faster than that in Fe-Cu. At
very initial stage from 0 to 0.25 h, the number density of Cu
clusters in Fe-Cu-Mn is much larger than that in Fe-Cu, which
is the reason why the hardness increment of Fe-Cu-Mn is larger
than that of Fe-Cu during this period. At the aging peak, the
hardness of Fe-Cu-Mn is slightly higher than that of Fe-Cu, but
the number density of precipitates of the former is only half of

This journal is © The Royal Society of Chemistry 2019
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the latter. It reflects that the hardening effect of Mn on alloys is
mainly induced by the grain refinement and the increased
number density of precipitates.

The number density of precipitates increases very fast in Fe—
Cu-Mn during aging. It takes two hours to reach the peak value
for Fe-Cu, but only takes one hour for Fe-Cu-Mn. Also, the
increase in the size of precipitates for Fe-Cu-Mn is also much
faster than that for Fe-Cu. At the aging time of 16 h, the average
diameter of precipitates in Fe-Cu-Mn is 7 nm, which is obvi-
ously larger than that in Fe-Cu, 4 nm. Since the Cu precipitates
larger than 5 nm will transform from bcc coherent precipitates
into face center cubic precipitates structures and lose the
hardening effect,*>*® the hardness of Fe-Cu-Mn at aging time of
16 h decreases very fast.

Based on computational results, we summary some important
formation energies in Fig. 6(b), and we find that the presence of
Mn causes that the formation of vacancy and SIA to become easier.
First, the vacancy and SIA both can enhance the driving force of the
formation of nucleation sites for Cu precipitates. Therefore, the
presence of Mn will increase the formation possibility of vacancy
and SIA and the nucleation rate of Cu precipitates. It accounts for
the APT experiments, at the very initial aging stage, the number
density of precipitates in Fe-Cu-Mn is much larger than that in
Fe—Cu. Second, since Mn can reduce the formation energy of
Frenkel pairs, the formation of mono-vacancy becomes easier;
therefore Mn can increase the density of mono-vacancy in Fe
matrix, which increases the diffusion of atoms and evolution of
precipitates. Since Frenkel pairs can provide both SIA and mono-
vacancy, it can influence both processes of nucleation and
growth of Cu precipitates; therefore Frenkel pairs have a very large
influence on the evolution of Cu precipitates.

For self-interstitial atoms (SIA), it is generally recognized that
SIA extensively occurs in steels under irradiation. However, we
emphasis that the possibility of Mn self-interstitial atoms
(Mn@SIA) also could exist at a considerable concentration in
steels under the condition of heat-treatment, even its concen-
tration is definitely lower than that in steels under irradiation.
There are two reasons that support this assumption: (I) the
formation energy of Mn@SIA is much lower than any other
M@SIA (M = Fe, Co, Ni, Cu, Ti..., more than 20 types of
element®). (II) The Mn can segregate at Cu precipitate in steels
under both irradiation and heat treatment condition,*'® DFT
calculation®® shows that the segregation only occurs when Mn
exists as self-interstitial atom. Therefore, a considerable content
of Mn should exist in the form of self-interstitial atom in steels
under heat treatment condition. Therefore, the formation of
Frenkel pairs in steels under heat-treatment is reasonable.

In addition, based on our results from experiments and
theoretical calculations, we also give some understanding of the
formation of Cu precipitates in RPV steels with very low copper
content under irradiation. The formation energy of Mn@SIA is
lower than SIA, indicating that the displacement damage in Fe—
Cu-Mn is more serious than that in Fe-Cu. Moreover, since the
copper content is very low and the RPV steels are far away from
the over-aging state, the increase of Mn in RPV steels will
increase the number density of precipitates, which is consistent
with the experiment of RPV steels under irradiation.>***

This journal is © The Royal Society of Chemistry 2019
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6. Conclusion

The evolution of Cu precipitates in Fe-1.2Cu (at%) and Fe-
1.0Cu-2.2Mn after aging at 450 °C are investigated experimen-
tally. Moreover, the point defects and its influence on nucle-
ation and growth of Cu precipitates are investigated by DFT
calculations. The conclusions can be summarized as follows:

(1) By addition 2.2% Mn into Fe-Cu alloy, the peak hardness
for the alloy only increases from 225 to 235 HV; and the slight
increase in hardness derives from the grain refinement instead
of the increase of the number density of precipitates.

(2) Besides grain refinement and solid solution strength-
ening, the addition of Mn also can increase the evolution rate of
Cu precipitates. The effect of Mn on increasing the evolution
rate of Cu precipitates is very obvious, and it can induce that the
hardness of alloys decrease dramatically in the stage of over
aging.

(3) DFT calculations reveal that the reason why Mn increases
the nucleation rate is that Mn can increase the formation
possibility of atomic vacancy and SIA. Both atomic vacancy and
SIA can serve as nucleation sites for Cu precipitates, and
therefore the nucleation centers of Cu precipitates in Fe-Cu-Mn
at the very initial stage of aging should be much more than that
in Fe-Cu. This point has also been confirmed by our APT
experiments.

(4) The formation energy of a Frenkel pair in Fe-Cu-Mn is
much lower than that in Fe-Cu, indicating that the formation of
Frenkel pairs in the former is much easier than that in the
latter. It results that a large number of atomic vacancies can be
produced by the way of formation of Frenkel pairs in Fe-Cu-
Mn. The increase of vacancies will promote the evolution rate of
Cu precipitates. Therefore, the formation possibility of Frenkel
pairs is responsible for the increase of the evolution rate of Cu
precipitates in Fe-Cu-Mn at the stage of over aging.

(5) We also discuss the role of Mn in RPV that serves under
irradiation condition, and point out that, based on calculated
results, Mn will enhance the displacement damage in RPV
steels.

To recap, we have revealed the role of the Mn on the Cu
precipitates and their effects on hardness. It is confirmed
that Mn can increase the evolution rate of Cu precipitates.
Based on this point, one can use the effect of Mn on Cu
precipitates reasonably when designs new alloys or estimates
the service behavior of Fe-Cu based alloys.
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