
First-principles computational tensile test on a Na-segregated Al grain boundary with an Si

additive and an intergranular embrittlement suppression mechanism

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2007 J. Phys.: Condens. Matter 19 456225

(http://iopscience.iop.org/0953-8984/19/45/456225)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 29/05/2010 at 06:32

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/19/45
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 19 (2007) 456225 (8pp) doi:10.1088/0953-8984/19/45/456225

First-principles computational tensile test on a
Na-segregated Al grain boundary with an Si additive
and an intergranular embrittlement suppression
mechanism

Ying Zhang1, Guang-Hong Lu1,4, Xuelan Hu1, Tianmin Wang1,
Masanori Kohyama2 and Ryoichi Yamamoto3

1 School of Science, Beijing University of Aeronautics and Astronautics, Beijing 100083,
People’s Republic of China
2 Research Institute for Ubiquitous Energy Devices, National Institute of Advanced Industrial
Science and Technology, Osaka 563-8577, Japan
3 Institute of Industrial Science, University of Tokyo, Tokyo 153-8505, Japan

E-mail: LGH@buaa.edu.cn

Received 17 June 2007, in final form 10 September 2007
Published 22 October 2007
Online at stacks.iop.org/JPhysCM/19/456225

Abstract
We have performed a first-principles computational tensile test (FPCTT) on an
Na-segregated Al grain boundary (GB) with an Si additive. We show that the Si
additive in the GB greatly increases both the tensile strength and the toughness
of the Na-segregated Al GB. We demonstrate that the final GB fracture is
dominated by the breaking of interfacial stronger Al–Si bonds according to the
bond evolution with increasing strain. Based on the Na-induced Al intergranular
embrittlement mechanism explored before and the present calculation results,
we propose a GB-strengthening mechanism by adding a strengthening element
such as Si for Al alloy to suppress the intergranular embrittlement by an Na
impurity. Such an intergranular embrittlement suppression mechanism can
explain the experimental observations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is extremely important that mechanical properties are considered in design and fabrication,
including the recycling of Al alloys. Impurities can have large effects on the mechanical
properties of Al alloys, through, for example, segregating to grain boundaries (GBs). One
example of an impurity is Na, which comes mainly from the primary Al. It has been
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experimentally found that trace amounts (ppm) of Na impurity induce high-temperature
embrittlement of Al alloys, and such embrittlement results from impurity segregation at the
GBs [1–3]. However, to fully remove the Na impurity from the Al alloy is extremely hard.
Thus, it is very important to understand the mechanism of the GB embrittlement induced by
the Na impurity, so that we can develop effective methods to suppress the embrittlement.

Many theoretical studies have been made to clarify the GB embrittlement. Using the Rice–
Wang model [4], whether a segregating impurity in the GB is an embrittler or a cohesion
enhancer can be determined by calculating the segregation energy difference of the impurity
in a GB and a fractured free surface [5]. Atomic and electronic structures obtained from a
first-principles method can show the effects of a segregated impurity on a GB and give some
useful insights [6–13]. With the rapid development of computational ability, the first-principles
computational tensile test (FPCTT) can be applied to larger systems such as those containing
GBs [14–21]. Through the FPCTT, the ideal tensile strength can be determined, and the fracture
process and the fracture mechanism can be investigated on an atomic and electronic scale.

In the previous work we have performed the FPCTT [20] as well as electronic-structure
calculations [8–10] on an Al GB with the segregated impurity of Na. We showed that the ideal
tensile strength of the Na-segregated GB (Na-GB) is reduced in comparison with the clean GB.
The fracture occurs at the GB interface, dominated by the break of the interfacial bonds. Aided
by experiments, we revealed that the Na segregation induces the Al GB weakening, leading to
the intergranular embrittlement of Al alloy [20].

According to the embrittlement mechanism of Na in an Al GB, we are able to propose two
methods to suppress the Al intergranular embrittlement. One is to fully remove Na from the
Al alloy, and the other is to increase the GB strength. Because the removal of Na is almost
impossible, it is practicable to suppress the Na-induced Al GB embrittlement by increasing the
GB strength.

Si is generally considered to be a strengthening element for metals such as Al. Exper-
imentally it has been reported that, for an Al–5% Mg alloy, Si successfully suppresses the
embrittlement caused by trace amounts (ppm) of Na [3]. Computationally, we have shown a
possible strengthening effect of Si on the Al GB based on the first-principles calculations of
the atomic and electronic structures [22]. To further understand how the Si additive affects
the mechanical properties of the Al GB with segregated Na, in this paper, we perform the
FPCTT to straightforwardly calculate the ideal tensile strength and the ideal toughness of the
Na-segregated Al GB with an Si additive. The bond length evolution of both interfacial and
bulk bonds in the tensile process has been investigated. A comparison has been made between
the clean and Na-segregated GB. Based on these results, we are able to explore the fracture
mechanism of the Al GB with Na and Si from an atomic scale, and give an explanation that the
Si additive can suppress the intergranular embrittlement of Al alloys due to Na GB segregation.

2. Computational method

We employ a first-principles total energy method based on density functional theory using
VASP [23, 24]. The local density approximation and ultrasoft pseudopotentials [25, 26] are
used. The plane-wave cutoff energy is 15 Ry. We construct the supercell containing two
Al�9 (22̄1)/[110] tilt GBs, as shown in figure 1, with x, y, z axes along [22̄1], [11̄4̄], and
[110] directions, the same as in our previous reports [8–13, 16, 17, 20, 22, 27]. The supercell
size is 28.685 × 8.443 × 5.629 Å

3
without the applied strain, according to the calculated Al

lattice constant of 3.98 Å, sampled by a (1 × 4 × 8) special k-point grid. Four Al atoms of
E, E1, E2, and E3 in the GBs are substituted by Na atoms [20]; while another four Al atoms
of A, A1, A2, and A3 in the GBs are substituted by Si atoms, indicating an Na-segregated GB
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Figure 1. Supercell of an Al�9(22̄1)/[110] tilt grain boundary. (a) Top view of the supercell. Dark-
grey and light-grey spheres indicate the atoms in the B (D) and A (C) layer, respectively. (b) Side
view of the supercell. Some atoms are marked for later discussion.

with Si additive. We chose the site A (and its symmetrically equivalent sites A1, A2, A3) as a
substitutional Si-additive site, because the site A is one of the interface sites where the bulk fcc
symmetry and coordination are greatly reduced similarly to the site E. Si can also occupy the
interstitial sites. We consider the substitution case only for the simplification.

In the tensile test, we introduce a uniaxial tensile strain in the GB normal direction, [22̄1].
The lattice dimensions in the GB plane are fixed to simplify the calculation, neglecting the
Poisson effect [14–20, 27]. In each strain step, the starting atomic configuration is taken
by a uniform scaling from the fully relaxed configuration of the preceding step to ensure
the continuous strain path. The energy relaxation for each strain step is iterated until the
forces on all the atoms are less than 10−3 eV Å

−1
. More calculation details can be found

elsewhere [16, 17, 20].

3. Results and discussion

3.1. Ideal tensile strength and ideal toughness

We first see how the stress in the tensile direction (the GB normal direction) changes in the
tensile process. The previous studies [20] have shown that the segregation of Na in the GB
reduces the Al GB strength. As shown in figure 2, the stress exhibits two maxima with
increasing strain for the clean GB and the Na–GB. The stress at the first maximum for the
clean GB is 9.50 GPa at a strain of 16%, and that at the second is 8.49 GPa at a strain of 25%,
while those for the Na–GB are 4.73 GPa at 16% and 2.73 GPa at 21%, respectively. Thus, the
tensile strength is 4.73 GPa for Na–GB, ∼50% lower than that for the clean GB (9.50 GPa).

For the Na-segregated GB with an Si additive (NaSi–GB), the stress becomes tensile
beyond a strain of 5% because of the existence of residual compressive stress in the original
supercell. The stress reaches its maximum of 7.61 GPa at a strain of 27% after a continuous
increase with further increasing strain, then drops suddenly to 0.50 GPa, and slowly approaches
zero. Thus, the tensile strength of the NaSi–GB is 7.61 GPa, which is 20% lower than that of

3
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Figure 2. Stress in the tensile direction (the GB normal direction) as a function of strain. Circles,
triangles, and squares represent the clean, Na-segregated, and Na-segregated with an Si-additive
GBs, respectively. Positive means tensile, while negative means compressive.

Figure 3. The strain energy density of the clean (circles), Na-segregated (triangles) and Na-
segregated with Si-additive (squares) GB as a function of strain. The zero reference energies are set
as the minimum energy of the respective case.

the clean GB. However, in comparison with the Na–GB, the tensile strength is increased by
61% due to the addition of Si in the GB.

Furthermore, we can determine the ideal toughness, which is defined as the strain energy
density out to fracture, from the FPCTT results. The strain energy density as a function of strain
is plotted in figure 3. For the clean GB and Na–GB, the fracture occurs beyond a strain of 25%
and 21%, respectively. The ideal toughness is calculated to be 1.36 GPa for the clean GB and
0.39 GPa for the Na–GB [20], respectively. For the NaSi–GB, the energy density reaches a
maximum of 0.0047 eV Å

−3
at a strain of 27%. Then the energy density shows a sharp drop,

and remains almost unchanged afterwards. This implies that the system becomes stable beyond
a strain of 27%. Thus, the fracture occurs beyond this strain. The ideal toughness of NaSi–
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GB is 0.75 GPa. The value is 45% lower than 1.36 GPa of the clean GB, but 92% higher than
0.39 GPa of the Na–GB. Thus, the addition of Si in the GB greatly increases the tensile strength
and the toughness of Al GB with Na segregation.

Because the Si additive increases both the tensile strength and the toughness in comparison
with those of the Na–GB, we can conclude that the Na-segregated Al GB with the Si additive
is not easier to break under the same applied stress as that without the Si additive. This
suggests that Si can suppress the Na-induced intergranular embrittlement of an Al alloy
through increasing GB strength and toughness. This is consistent with our previous qualitative
conclusion [22].

In figure 2, it is very interesting to see that the stress exhibits only one maximum for the
NaSi–GB, different from the clean and the Na–GB in which the stress exhibits two maxima.
The underlying reason can be explored by analysing the bond evolution with increasing strain
as follows.

3.2. Bond length

Fracture occurs due to atomic bond breaking, which is directly associated with the applied
stress. In order to understand the fracture process of the Na–GB with an Si additive from an
atomic scale, we analyse bond length evolution with increasing strain, as shown in figure 4.
Four representative interfacial bonds (EF, ER, AB, and AS) and two representative back bonds
(EH and FG) are shown (see figure 1).

According to our previous analysis [20], the fracture occurs in the GB interface dominated
by the interfacial bonds breaking for the clean GB and the Na–GB. For the clean GB
(figure 4(a)), the breaking of the EF (AB) bond occurs at a strain of 16%, corresponding
to the first stress maximum, another interfacial bond ER (AS) breaks beyond the strain of
25%, corresponding to the second stress maximum (figure 2). The EF (AB) bond breaks first
because of the larger projected length of EF (AB) than that of ER (AS) in the tensile direction.
The existence of the interfacial bonds with different projected length in the tensile direction
is responsible for the presence of the two stress maxima for the clean GB. For the Na–GB
(figure 4(b)), the first stress maximum is mainly contributed by the Al–Al bond of AB, which
breaks beyond the strain of 16%. The second stress maximum is contributed by the Al–Na
bonds of EF and ER, which break beyond the strain of 21% (figure 2). The interfacial Al–Al
bonds initially extend and become weaker because of GB expansion caused by Na segregation,
leading to their breaking first. The presence of two stress maxima for the Na–GB results from
the existence of the bonds containing different species, i.e. Al–Al and Al–Na bonds in the GB.

For the NaSi–GB, the interfacial bonds consist of both Al–Na bonds (EF and ER) and
the Al–Si bonds (AB and AS). As shown in figure 4(c), initially, the interfacial Al–Na
bonds of EF and ER and the Al–Si bond of AS extend rapidly with increasing strain, while
another interfacial Al–Si bond of AB remains almost unchanged. This implies that the Al–Si
bond of AB mainly sustains the interfacial stress because of shorter length and thus greater
strength [22]. Beyond the strain of 27%, all the interfacial bonds of EF, ER, AB, and AS
extend abruptly, with length decreases of the back bonds of EH and FG. This implies that
fracture occurs, corresponding to the stress maximum (figure 2).

Although there exist different species of bonds in the GB (i.e. Al–Na and Al–Si bonds), the
stress concentrates mainly on one stronger Al–Si bond of AB. The back bond of EH (Al–Na
bond) extends by as much as ∼42% before the fracture occurs, but it contracts finally. This
implies that there exists a competition for the final fracture among the different atomic planes
in the GB. The same competition occurs for the Na–GB. Because the Al–Si bond of AB is
much stronger than the Al–Na bond of EF, the interfacial AB bond dominates the interfacial
fracture, leading to the presence of one stress maximum only.
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Figure 4. Lengths of the interfacial bonds (EF, ER, AB, and AS) and their back bonds (EH and
FG) as a function of strain. (a), (b) and (c) represent the clean GB, the Na-segregated GB, and the
Na-segregated GB with Si additive, respectively. The vertical axes are set as (l − lAl)/ lAl ∗ 100,
where lAl is the bond length in the perfect fcc-Al (2.814 Å).

3.3. Suppression mechanism for the Al intergranular embrittlement

According to the above analysis, when part of the Al atoms is replaced by Si atoms, the
interfacial Al–Al bonds are substituted by the stronger interfacial Al–Si bonds [22]. The GB
strength increase due to Si addition is mainly contributed by these stronger Al–Si bonds. Thus,
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it becomes clear that the Na-segregated Al GB is strengthened by the Si additive, and the
interfacial Al–Si bond is responsible for the GB strengthening. Such a strengthened GB is not
easier to break under an applied stress as compared with the Na-segregated one. Consequently,
the Al intergranular embrittlement induced by Na segregation can be suppressed by the GB
strengthening due to the Si addition.

Si will not segregate in the Al GB because Si and Al can form an AlSi alloy. When Si
is added to the Al alloy with the segregated Na, Si will mainly exist in the bulk instead of
the GB. In this case, the suppression of intergranular embrittlement induced by Na will not
be effective according to the suppression mechanism of GB strengthening as proposed above.
However, if the added Si is beyond some critical amount, some Si atoms can also go to the GB,
effectively suppressing the GB embrittlement. Experimentally, it has been reported that the
intergranular embrittlement of an Al alloy induced by 2 ppm of Na is successfully suppressed
by the additional Si of 1480 ppm, but there is no suppression effect if the Si concentration is
less than 700 ppm [3]. The 700 ppm is the solution limit of Si in the Al alloy. Hence, Si will
be effective for suppressing the intergranular embrittlement of Al alloys induced by Na only
beyond the solubility, because Si can go to the GBs. The proposed intergranular embrittlement
suppression mechanism is thus consistent with experimental observations.

The proposed intergranular embrittlement suppression mechanism can also be reasonably
generalized to other elements that can increase the Al GB strength. Further investigation is in
progress.

4. Conclusions

In conclusion, we have performed a first-principles computational tensile test (FPCTT) on an
Na-segregated Al GB with an Si additive. We show that both the ideal tensile strength and
the ideal toughness of the Na-segregated GB are increased due to the addition of Si in the
GB. Based on the bond length evolution with increasing strain, we further demonstrate that
the stronger interfacial Al–Si bonds are responsible for GB strengthening, and the breaking of
these Al–Si bonds dominates the GB fracture. We propose a GB-strengthening mechanism
for suppressing the Na-induced intergranular embrittlement of an Al alloy by adding a
strengthening element such as Si, which can explain the experimental observations.
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