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A B S T R A C T

Generalized stacking fault energy (GSFE) is an important property in understanding the plastic deformations of
metals. However, the traditional way to calculate it one by one is not efficient, this work introduces a high-
throughput workflow to calculate GSFEs using density functional theory (DFT) calculations and climbing image-
nudged elastic band (CI-NEB) method. Based on open-source computational tools from the Materials Project
infrastructure, this computation framework automates the procedure of building perfect and faulted slab models
with certain orientations, performing DFT simulations and extracting the results into database. The computed
GSFEs from this work and ductility parameter based on the GSFE are consistent with reported data from previous
literatures, validating the accuracy of our results and algorithm. Such a GSFE workflow may speed up the
development and understanding of the mechanical properties of metals or alloys by enabling the computations of
GSFEs in an automatic and high-throughput way.

1. Introduction

The development of materials with better mechanical properties,
i.e. high strength and high ductility, has been always important for
traditional as well as high technology applications. Although the plastic
deformation of materials is by nature a multiscale process, it is well
accepted that dislocations play a direct or at least critical role [1].
Consequently, an accurate description of the long-range stress and
strain fields produced by dislocations based on the elasticity theory of
dislocations e.g. the Peierls-Nabaro (P-N) model [2,3] and the reason-
able atomic-scale models of dislocation cores [4,5] are important to
understand plastic deformations.

The dislocation core structures and mobility are partly controlled by
the ease to shear a crystal along a given crystallographic plane, which
can be characterized by the generalized stacking fault energies (GSFEs)
or γ surfaces [5]. Thus, the determination of GSFEs appears to be an
instructive first step towards the understanding of the plasticity of
materials. The concept of GSFE or γ surface originally introduced by
Vitek [6] represents the extra energy per unit area needed for sliding
one half of the crystal relative to the other by a vector v, which can be
further used to denote the restoring force or the lattice resistance during
dislocation nucleation, where F(v) = −∇(γ(v)) [5].

The unstable stacking fault energy (γusf) and intrinsic stacking fault
energy (γisf), which represent energy barrier and local minimum of the

γ surface, respectively, are useful in analyzing the nucleation of dis-
locations at the crack tip [7], the resistance of dislocations to glide [8],
the dissociation of dislocations to partial ones [9], and the brittle/
ductile behavior of materials [10]. According to Rice’s analysis [7], the
ductility and brittleness of materials can be understood as the compe-
tition between the dislocation emission from a crack tip and the crack
cleavage, which can be described by the ductility parameter D, where D
is proportional to free surface energy γs over unstable stacking faulty
energy γusf. For example, the materials under pure mode I loading will
be ductile if the ductility parameter =D γ

γ
s

usf
is bigger than 9.1 for FCC

structures and 6.3 for BCC structures [7]. On the other hand, the re-
lative value of the unstable stacking fault energy and unstable twinning
fault energy has been used to identify the favored plastic deformation
mechanism of metals [11], i.e. dislocation-slip-mediated or twinning-
mediated plastic deformation.

In spite of the importance of GSFEs, measuring the SFE experi-
mentally is not simple, i.e. indirectly from transmission electron mi-
croscopy (TEM) observations [12]. Such an experimental procedure is
also time consuming and unable to obtain unstable stacking fault en-
ergies. Fortunately, theoretical studies on GSFEs become feasible and
reliable, especially with the rapid increase in computing power, the
progress in methodology and the development of efficient computa-
tional tools. Both embedded atom method (EAM) and DFT have been
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used to study GSFEs. For example, γ surface of Mg [9,13], Ti [14], Zr
[17,18], Fe [16], Ni, Cu and Al [17] based on EAM or MEAM (Modified
EAM) usually tend to underestimate the energy barrier as compared to
first principles calculations [9,16–18]. Besides, EAM would sometimes
produce spurious metastable states along the GSFE surface of {0 0 0 1}
or {1 0 1̄ 0} plane [13,15] in HCP structures, which were determined
to be not stable or would dissociate based on ab initio calculations.
Compared with the methods of semi-empirical potentials, the GSFEs
can be calculated more accurately using first principles calculations,
which are becoming prevailing in studying GSFEs. For example, by
conducting first principles calculations on Al, Cu, Pt and other FCC
metals, Wang et al. [19] found that their dislocations on {1 1 1} planes
will dissociate, and explained the deformation mechanism in terms of
the γusf/γisf ratio. On the other hand, Yin and Wu [20] analyzed and
studied comprehensively about the GSFEs on 5 slip planes for 6 HCP
metals based on first principle calculations. Poty et al. [21] also focused
on the HCP structures and found that the slipping along the 〈1 1 2̄ 0〉
direction on the {1 0 1̄ 0} plane is the easiest one for Ti and Zr.

In spite of these rapid progresses, the determinations of GSFEs based
on first principles calculations usually require the understanding about
the slip plane and Burgers vector for different crystal structures, the
generation of perfect and faulted slab models with the proper surface
orientation from bulk unit cells, and the GSFE calculations e.g. based on
nudged elastic band (NEB) simulations. The success of such complex
GSFE calculations relies heavily on the human intuition and manual
operations on the atomic model building, simulation parameter ad-
justments, and final result analyses. These difficulties can lead to in-
efficiency and have been obstacles for large-scale investigations of
material properties including GSFE. In fact, there are many efforts on
high-throughput computation frameworks in recent years to speed up
materials design, by solving the computational execution details and
automating tasks, which are used to being performed manually. Such
efforts could be found in diverse workflow managers and materials
analysis libraries, including atomate [22], pymatgen [23], AFLOW
[24], AiiDA [25], MAST [26], OQMD [27], ASE [28] and ioChem-BD
[29].

In this paper, we present a high-throughput computational frame-
work to determine the generalized stacking fault energies based on
density functional theory (DFT) simulations. Firstly, we present the
algorithms and workflows for GSFE determinations of pure metals
along typical slip planes and slip directions using the infrastructures of
the Materials Project [30]. To validate our method, we have determined
the GSFE profiles for 11 metals along possible slip planes, which were
compared with available literature data and analyzed in terms of the
preferred slip system, the tendency for dislocation dissociations, and
the ductility of the materials.

2. Computational methods

2.1. DFT calculations

The GSFEs can be obtained by incrementally shifting the upper half
crystal along the slip direction by a vector v and calculating the energy
difference per unit area between the faulted slab and the perfect slab:

=
−vγ v E E

A
( ) ( ) 0

(1)

vE ( ) is the total energy of the faulted slab, the top part of which
shifted with respect to the bottom by a vector v, E0 stands for the energy
of the perfect slab, A represents the area of the fault plane, and the
stacking fault vector v varies from 0.0b to 1.0b (b is the Burgers
vector). We used the climbing image-nudged elastic band (CI-NEB)
method [31] to determine the γ curves of crystal slips with precise
values of saddle points γusf, because the accuracy of conventional GSFE
calculation based on first principles by only relaxing atoms in perpen-
dicular direction to slip planes could be improved by conducting NEB

calculations [32]. In an NEB calculation, two endpoint structures and
several intermediate structures are needed. In order to achieve the force
and energy convergence criteria, global force NEB optimizations (in-
stead of image by image) were performed by using image dependent
pair potential (IDPP) algorithm [33]. The relaxation of ions was
stopped when the force convergence of 10 and 30 meV/Å for endpoint
structure relaxations and NEB image structure calculations are
achieved, respectively. At the same time, energy convergences of
0.1 meV were reached for each slab model. The total energy calcula-
tions in this work are performed in Vienna Ab Initio Simulation Package
(VASP) [34,35] based on DFT, in which the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) [36] and projector
augmented wave (PAW) [37] pseudopotentials were used. The energy
cut-off for the plane wave expansions is 520 eV and k-point mesh is
generated automatically by pymatgen [23] with grid density of 2100
per reciprocal atom (pra), which means that the number of atoms per
cell multiplied by the number of k-points equals approximately 2100. A
large number of preliminary calculations were performed to establish
the influence of slab thickness and vacuum thickness on the GSFE va-
lues, and finally, 12 atomic layer models with 15 Å vacuum were used.

2.2. Slip systems for GSFEs

After studying the crystallographic structures of pure metals in first
five periods of the periodic table, we found that most pure metals adopt
FCC, BCC and HCP crystal structures. Thus, we were especially inter-
ested in the slip systems of these three crystal structures, as shown in
Fig. 1. For FCC metals, typical slip systems are 〈 〉0 1 1 {1 0 0}1

2 and

〈 〉1 1 0 {1 1 1}1
2 , where the latter slip system consists of close packed
planes {1 1 1} and close packed direction 〈1 1 0〉 of FCC structure. For
BCC metals, the slip system of 〈 〉1 1 1 {1 1 0}1

2 with the close packed
planes and close packed direction was studied. As for HCP structures,
the slip directions include 〈 〉1 1 2̄ 0 and 〈1 1 2̄ 3〉, which are called
〈a〉 and 〈a+ c〉 direction. In terms of slip planes, we can denote planes
{0 0 0 1}, {1 0 1̄ 0}, {1 0 1̄ 1}, {1 1 2̄ 2} as Basal, Prismatic, Pyr-
amidal I and Pyramidal II respectively. Thus, the possible slip systems,

〈 〉1 1 2̄ 0 {0 0 0 1}1
3 , 〈 〉1 1 2̄ 0 {1 0 1̄ 0}1

3 , 〈 〉1 1 2̄ 0 {1 0 1̄ 1}1
3 ,

〈 〉1 1 2̄ 3 {1 0 1̄ 1}1
3 and 〈 〉1 1 2̄ 3 {1 1 2̄ 2}1

3 , could be denoted by
Basal 〈a〉, Prismatic 〈a〉, Pyramidal I 〈a〉, Pyramidal I 〈a+ c〉 and
Pyramidal II 〈a+ c〉, respectively.

2.3. Workflow for GSFE calculations

The flowchart in Fig. 2 describes the workflow to calculate the
GSFEs based on CI-NEB method, where the minimal energy path (MEP)
along the slip direction is determined. Two endpoint slab structures
representing the start and end of this slip process are denoted as ep0
and ep1, respectively. Ep0 represents the perfect slab and ep1 is the
faulted slab with the top half of which shifted by a Burgers vector with
respect to the bottom half. In order to get these two endpoint structures,
the needed inputs include (a) a structure object, which is the crystal
structure that can be directly obtained from Materials Project database
via the Materials API [30,38] or specifically provided by users, (b) a
slab configuration, which includes the number of atomic layers of the
slab, the supercell size and doping condition of the slab, (c) VASP input
settings, namely, the INCAR and KPOINTS settings, which can be gen-
erated from pymatgen [23] and pymatgen-diffusion [39], the latter
package is the add-on to the former package for diffusion analysis that
is developed by the Material Virtual Lab, and (d) slip systems of each
crystal structure, which has been pre-defined for FCC, BCC and HCP
crystal structures or could be also provided by users for other crystal
structures.

After getting the crystal structure and user-specified configurations
of slabs, the bulk crystal structure will be transformed into the slip-
plane-oriented slab model, namely ep0 structure. Based on the
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algorithm proposed by Sun et al. [40], a slab model with specific or-
ientation could be generated from the bulk unit cell as the orange box in
Fig. 2 shows. Firstly, the conventional unit cell is obtained from the
bulk structure, after which, new basis vectors are constructed, two of
which v1 and v2 constitute the slip plane, and another vector v3 is the
shortest Bravais lattice vector and as orthogonal to v1 and v2 as pos-
sible, a transformation matrix “slab_scale_factor” based on these new
basis vectors is applied to transform a conventional unit cell into the
reoriented conventional unit cell whose basal plane is the desired slip
plane [40]. Then the large enough vacuum is introduced into the re-
oriented conventional unit cell to generate the slab model, and finally

obtain a perfect primitive slab named ep0 and then the ep1 structure
could be derived by slipping the top half of the ep0 slab with respect to
the bottom part by a burger vector. After that, predeveloped automated
fireworks for NEB calculations in atomate [22] will be used to relax two
endpoint structures, and perform CI-NEB calculation along the path
from ep0 to ep1. Here we generally used 8 images for HCP structures
and 5 images for metals with FCC and BCC structures, which also could
be specified by users. The output data of NEB workflow would be
processed and stored into the MongoDb. The detailed description and
code of workflow could refer to Supporting Information. All above
operations are based on four Python software packages: atomate,

Fig. 1. Slip systems of HCP, BCC and FCC crystal structures. Slip planes are colored and denoted in the figure, while the slip directions are represented by red solid
lines with arrows.

Fig. 2. Flowchart for GSFE Workflow based on DFT calculations.
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pymatgen, custodian [29] and fireworks [41]. The primary functions of
pymatgen include building and transforming structures, generating
input file and parsing output file. The fireworks library is for managing
workflow and the atomate provides well-tested workflow templates to
compute various materials properties such as electronic band structure,
elastic properties, and piezoelectric, dielectric, and ferroelectric prop-
erties. And the errors come out during the calculation could be detected
and fixed by custodian.

3. Results and discussions

3.1. Comparisons and validations

In order to validate our GSFE calculations based on CI-NEB method
as well as the workflow algorithms, we compared the determined GSFEs
in this work with those in literatures. Fig. 3 shows the stacking fault
energy values in literatures versus those from this work, where the
intrinsic and unstable stacking fault energies, namely γisf and γusf, are
shown in red and blue, respectively. The stacking fault energies in lit-
eratures which are based on NEB method are shown in open circles, and
those energies obtained by only relaxing atoms along the normal plane
for a given atomic displacement along the slip plane are shown in solid
circles. Dashed lines in Fig. 3 sets the boundary for the relative differ-
ence between this work and literatures of± 15%, and the inset of the
figure shows the stacking fault energies below 350mJ/m2. In general,
our computational results have a good agreement with previous lit-
erature values, which can be also verified by the large Pearson and
Spearman correlation coefficients (γ and ρ, respectively) of 0.985 and
0.968 respectively. However, we do observe the existence of some
outliers in Fig. 3, which is due to the large variation of SFEs from dif-
ferent literatures. For example, the γisf of pyramidal II 〈a+ c〉 in Mg is
244mJ/m2 in our work while the literature [9,20] values vary from
165mJ/m2 to 298mJ/m2, the difference with respect to our work is
−32.4% and +22.1% respectively. And all values of stacking fault
energy in these literatures are listed in the supplementary information
Tables S1 and S2.

3.2. GSFEs for HCP metals

The HCP metals usually have poor formability or ductility compared
to the FCC or BCC metals, because the activated slip systems for HCP
metals at room temperature is much less than FCC and BCC owing to
the low symmetry in HCP structures. Moreover, the interplanar dis-
tances between adjacent prismatic or pyramidal atomic planes of HCP
structures could possess two different values [16,26] which could be
denoted as W (wide) and N (narrow), respectively. The determined
GSFEs for prismatic or pyramidal planes then will display two different
curves, corresponding to deforming the top part of the slab with respect
to the bottom at the large (W) and small (N) interplanar distance
planes, respectively, this phenomenon could be called split slip mode.
Thus, in total, there should be 8 types of slip modes in HCP structures
considered in this work, including 〈 〉1 1 2̄ 0 {0 0 0 1}1

3 (Basal 〈a〉),
〈 〉1 1 2̄ 0 {1 0 1̄ 0}1

3 with narrow and wide interplanar distance

(Prism 〈a〉 N, Prism 〈a〉 W), 〈 〉1 1 2̄ 0 {1 0 1̄ 1}1
3 with narrow and

wide interplanar distance (Pyram I 〈a〉 N, Pyram I 〈a〉 W),
〈 〉1 1 2̄ 3 {1 0 1̄ 1}1

3 with narrow and wide interplanar distance

(Pyram I 〈a+ c〉 N, Pyram I 〈a+ c〉 W), and 〈 〉1 1 2̄ 3 {1 1 2̄ 2}1
3

(Pyram II 〈a+ c〉). However, slip modes having local minimum are
very important in the sense of metallic plastic deformation, since it is
related to the dislocation dissociations [9]. We focus our discussions on
the five slip modes with local minimum of GSFE curves, which are
shown in the Fig. 5: (a) Basal 〈a〉, (b) Prism 〈a〉 W, (c) Pyram I 〈a〉 N,
(d) Pyram I 〈a+ c〉 W and (e) Pyram II 〈a+ c〉. On the prismatic plane
with 〈a〉 direction and pyramidal I plane with 〈a+ c〉 direction, the
wide mode is energetically more favorable than the narrow mode be-
cause there exists a hollow site along the slip path of wide mode, and
hence a local minimum in γ curve shown in Fig. 4. The similar situation
also exists in pyramidal I plane with 〈a〉 direction, but conversely
slipping on the narrow mode is more energetically favored, the detailed
discussions could be found in supporting information.

Fig. 4 depicts the γ curves of Mg, Ti and Zr for the five slip modes
which display local minima, and the γisf from literatures are also in-
dicated with red circles and blue triangles, which represent the reported

Fig. 3. Stacking fault energies from literatures
versus those determined in this work, with Pearson
and Spearman correlation coefficient (γ and ρ).
Red and blue dots represent the intrinsic and un-
stable stacking fault energies γisf and γusf, respec-
tively. The open circles represent GSFE obtained
from literatures using NEB method while the solid
circles represent data obtained from conventional
static calculation method.
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γisf computed based on conventional static method and NEB method,
respectively. All slip modes show a metastable stacking fault energy
apart from the Prism 〈a〉 W mode of Mg. We can also note that these
three HCP metals display similar GSFE curves for most of the slip
modes, while GSFEs of Ti and Zr are especially close to each other due
to their similarity of atomic and electronic structure. In terms of each
slip mode, the γusf and γisf of Mg are always smaller than Ti and Zr and
the lowest energy barrier lies in the Basal 〈a〉 for Mg and Prism 〈a〉 W
for Ti and Zr, indicating the dominant slip mode for Mg and Ti or Zr is
Basal 〈a〉 and Prism 〈a〉 W, respectively, which is consistent with re-
sults of experimental critical resolved shear stresses (CRSS) [42–44].
Moreover, for the same slip mode, we can note Zr has lower SFE values
than Ti, indicating Zr is easier to slip than Ti.

3.3. GSFEs for FCC & BCC metals

We have also applied the GSFE high-throughput simulation work-
flows to calculate the GSFE curves for 4 metals with FCC crystal
structures including Cu, Al, Ag and Au and 4 metals with BCC crystal
structures including Mo, W, Ta and Fe. First, we calculated the γ curves
of 〈 〉1 1 0 {1 1 1}1

2 slip system for FCC metals, which are symmetric
with an energy minimum of γisf, indicating that a full dislocation dis-
sociates into a pair of Shockley partials, consistent with literatures
[19,45–47]. The atoms won’t slip straightly along [1̄ 1 0] direction, but
tend to dissociate into two partial dislocations, which could be re-
presented by the reaction of = +[1̄ 1 0] [2̄ 1 1] [1̄ 2 1̄]1

2
1
6

1
6 . There-

fore, as shown in Fig. 5, we calculated the GSFE curve along 〈 〉2̄ 1 11
6

direction on {1 1 1} planes, which is half of the GSFE curve of the
〈 〉1 1 0 {1 1 1}1

2 slip system. The maximum value of GSFEs, γusf, re-
presents the lowest energy barrier for dislocation nucleation [48]. We
also found that the slipping on {1 1 1} plane along 〈 〉2̄ 1 1 has smaller
γusf and smaller γisf compared to that on {1 1 0} plane along 〈0 1 1〉
direction, indicating that the former is most likely to be the dominant
slipping mode for FCC metals. On the other hand, all BCC metals yield
very similar GSFE curves for 〈 〉1 1 1 {1 1 0}1

2 slip system, in which no
local minima are found. Since the absence of local minimum along

〈 〉1 1 11
2 direction on {1 1 0} of BCC, neither the metastable config-
uration nor the dislocation dissociation along the slip direction would
be expected, which is generally accepted in bcc materials [16,49–51].

Among the four metals with FCC structures considered in this work,
we can see the γusf along {1 1 1} plane is in the order of
Cu > Al > Ag > Au, indicating Au is the metal easiest to slip.
Similarly, for BCC structure Ta is the easiest one to slip among the four
BCC metals considered here. Regardless of the importance of γusf and
γisf on the analysis of materials’ ductility, only relying on these two
values is not enough. As mentioned before, the ratio of surface energy γs
and unstable stacking fault energy γusf is a good criterion of metallic
ductility [7]. If γs is small relative to γusf then the metal will tend to fail
by cleavage fractures rather than shearing by dislocation-mediated
slips. Here we list the D parameters of this work, Rice’s work [7] and
Mehl’s work [52] for metals considered in this work in the Table 1, the
surface energy data of this work are obtained from Tran et al. [53]. As
we can see, for the four FCC metals, Al has the smallest D parameter
while Au has the greatest D, and Cu has similar D parameter to Ag,

Fig. 4. GSFE curves of Mg, Ti and Zr in HCP structures for different slip systems: (a) 〈 〉1 1 2̄ 0 {0 0 0 1}1
3 (Basal 〈a〉), (b) 〈 〉1 1 2̄ 0 {1 0 1̄ 0}1

3 with wide

interplanar distance (Prism 〈a〉 W), (c) 〈 〉1 1 2̄ 0 {1 0 1̄ 1}1
3 with narrow interplanar distance (Pyram I 〈a〉 N), (d) 〈 〉1 1 2̄ 3 {1 0 1̄ 1}1

3 with wide interplanar

distance (Pyram I 〈a+ c〉W), (e) 〈 〉1 1 2̄ 3 {1 1 2̄ 2}1
3 (Pyram II 〈a+ c〉). The data from literatures are also displayed, where the red circles are the literature data

by only relaxing atoms along normal direction to slip plane in DFT calculations, and the blue triangles are the literature values obtained with NEB method.
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which is also completely consistent with Mehl’s result. Thus, we can
note that Cu and Ag have similar ductility, and both of them are less
ductile than Au but more ductile than Al. As for BCC metals, the duc-
tility parameter D is generally small and there is no vast variance
among the four metals considered. Relatively, Ta has better ductility
than other three BCC metals. Generally speaking, the D parameters of
FCC and BCC metals are relatively consistent with empirical ductility
ranking. Moreover, both the results of ductility comparison in FCC and
BCC are consistent with the Rice [7]’s in general, and the D parameters
of FCC are always bigger than those of BCC, which conform to the idea
that FCC metals always exhibit more ductility than BCC structures.

4. Conclusion

In summary, this paper presents a high-throughput framework to
calculate the generalized stacking fault energies of pure metals based on
DFT calculations and CI-NEB method. This framework realizes the au-
tomation of building the perfect and faulted slab for certain slip system,
performing first principle NEB calculations and analyzing the GSFEs
and storing into database. The results of stacking fault energy have a
good agreement with the data from previous literatures. Different slip
modes, γ curve and ductility of more than 10 metal elements have been
discussed and demonstrated. This workflow may be used to predict
GSFEs of amounts of other metals or alloys and accelerate the devel-
opment and understanding of their mechanical properties.

5. Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to time limitations.
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Fig. 5. GSFE curves of FCC metals including Cu, Al, Ag and Au in two slip systems, 〈 〉2̄ 1 1 {1 1 1}1
6 and 〈 〉0 1 1 {1 0 0}1

2 and BCC metals including Mo, W, Ta and

Fe for the 〈 〉1 1 1 {1 1 0}1
2 slip system.

Table 1
Surface energy (γs), unstable stacking energy (γusf) and ductility parameters (D)
for FCC and BCC metals, the slip plane for FCC is {1 1 1}, and for BCC is {1 0 0},
the D values from other literatures[7,52] are shown in parenthesis.

Element γs (J/m2) γusf (J/m2) D (γs/γusf)

FCC metals:
Cu 1.31 0.160 8.188 (11.8[7], 10.68[52])
Al 0.80 0.146 5.479 (11.5[7], 4.94[52])
Ag 0.77 0.097 7.938 (12.5[7], 10.56[52])
Au 0.74 0.056 13.214 (15.7[7], 11.47[52])

BCC metals:
Ta 2.34 0.723 3.237 (3.7[7])
Fe 2.45 0.956 2.563 (3.2[7])
W 3.23 1.674 1.930 (1.6[7])
Mo 2.80 1.404 1.994 (1.5[7])
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