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A B S T R A C T

Unraveling mechanical properties from fundamental is far from complete despite their vital role in determining
applicability and longevity for a given material. Here, we perform a comprehensive study related to mechanical
properties of 60 pure elements in bcc, fcc, hcp, and/or diamond structures by means of pure alias shear and pure
tensile deformations via density functional theory (DFT) based calculations alongside a broad review of existing
literature. The present data compilation enables a detailed correlation analysis of mechanical properties,
focusing on DFT-based ideal shear and tensile strengths (τis and σit), stable and unstable stacking fault energies
(γsf and γus), surface energy (γs), and vacancy activation energy (QV); and experimental hardness (HB), ultimate
tensile strength (σUT), fracture toughness (KIc), and elongation (εEL). The present work examines models, iden-
tifies outliers, and provides insights into mechanical properties, for example, (i) HB is correlated by QV, σUT by

̅̅̅̅γs
√ or ̅̅̅̅̅̅γus

√ , and KIc by γs; (ii) data outliers are identified for Cr (related to τis, γs, QV, and σUT), Be (τis, γsf , γus, and
QV), Hf (HB and KIc), Yb (all properties), and Pt (γsf vs. γus); and (iii) τis, σit, γsf , γus, γs, QV, and HB are highly
correlated to elemental attributes, while σUT, KIc, and especially εEL are less correlated due mainly to experi-
mental uncertainty. In particular, the present data compilation provides a solid foundation to model properties
such as γs and τis of multicomponent alloys and τis of unstable structures like bcc Ti, Zr, and Hf.

1. Introduction

Mechanical properties describe the range of usefulness and the ex-
pected service life of a material, and help classify and identify materials
[1–3]. They typically include hardness, yield strength, ductility, and
fracture toughness, which measure the resistances of materials to
deformation, cracking, and/or fracture under an applied load. Me-
chanical properties can be modelled through deformation mechanisms
in terms of fundamental materials properties [2]; see the 19 empirical
models summarized in Table 1 [1,4–20]. These models are also the key
resources to design new features (descriptors) to correlate mechanical
properties; see Sec. 2.2. Table 1 shows that elastic properties of bulk
modulus (B) and shear modulus (G) are closely related to ideal shear
strength (ISS or τis; see the model #1 in Table 1) [4], unstable stacking
fault energy (USFE or γus; model #3) [13], Peierls stress (σP; model #5)
[15], hardness (model #8) [18], plane strain fracture toughness (e.g.,

the critical stress intensity factor KIc under theMode-I loading condition;
models #10 to #12) [5,13,20], and ductility (models #13, #15, and
#16) [1,6,8,9]. Table 1 also indicates that mechanical properties can be
tailored by local properties relevant to a given surface or interface such
as surface energy (γs), stable and unstable stacking fault energies (γsf and
γus), and the associated derivatives of ideal shear and ideal tensile
strengths (τis and σit). For example, γus can be regulated by τis (the model
#2 in Table 1) [13], σit by γs (model #4) [14], σP by τis (model #5) [15],
the ability of plastic deformation and the emission of a partial disloca-
tion by γsf and γus (models #6 and #7) [16,17], yield stress σy by γus
(model #9) [19], and fracture toughness by γs and γus (models #10 and
#11) [5,13,20]. Regarding ductility or brittleness for a given material,
Table 1 summarizes that it can be qualitatively predicted using the
global materials properties via Pugh’s ratio (B/G) [6], Cauchy pressure
(C12 − C44 with Cij being the elastic constants) [10], valence electron
concentration (VEC) [11], and electron work function (EWF) [12], and
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also using the local materials properties through Rice’s ratio (γs/ γus)
[13], Kelly-Tyson-Cottrell (KTC) criterion (τis/σit) [7], and
Rice-Thomson (RT) criterion (Gb/γs with b being Burgers vector) [8,9].
Table 1 reveals the critical role of fundamental materials properties

in determining mechanical properties. It is expected that when all
fundamental data are available, it is possible to perform data-driven
study of mechanical properties. Especially the data of pure elements
are essential to model property ϕ for a given phase using, e.g., the
general CALPHAD (calculations of phase diagram) approach starting
from unary, binary, ternary, to multicomponent system [21,22]. The
property ϕ is usually expressed by the following Redlich-Kister (R-K)
polynomial [23],

ϕ = ϕ0 + ϕconf +
∑

i

∑

j>i
xixj

∑L

L=0
ϕ(L)

ij
(
xi − xj

)L
+

∑

i

∑

j>i

∑

k>j
xixjxkϕijk + …

Eq. 1

where ϕ0 =
∑

ixiϕ0,i is the rule-of-mixture approach used frequently in
the literature [24], representing mechanical additions of individual
properties ϕ0,i (e.g., the properties of pure elements) according to their
composition xi. ϕconf is configurational contribution for some properties
such as Gibbs energy. ϕ(L)

ij and ϕijk are the binary and ternary interaction
parameters, respectively, with L in parentheses being the label only. The
superscript L of

(
xi −xj

)
indicates its power, and the subscripts i, j, and k

represent different components.
Through the use of density functional theory (DFT) based first-

principles calculations, many properties of pure elements have been
predicted such as elastic properties (e.g., B, G, and Cij) [25], surface
energy (γs) [26–28], vacancy activation energy (VaQ or QV) [29], lattice
stability between different structures [29,30], and various quantities

related to lattice parameters (e.g., equilibrium volume V0 and Burgers
vector b) [25,29] for pure elements in bcc, fcc, and hcp structures.
However, fewer efforts have been made by DFT-based calculations
relevant to tensile and shear deformations, and correspondingly fewer
fault energies (e.g., γsf and γus) and ideal strengths (τis and σit) have been
reported in the literature even for pure elements; see the literature data
summarized in the supplementary Table S 3 and Table S 4. Besides their
roles in modeling mechanical properties (Table 1), γsf , γus, τis, and σit
become more vital to understand and design nanoscale materials and
devices, for example, the ultrahigh-strength materials [31] and the
packaging materials for electronic devices [32]. Note that γsf and γus are
key characteristics on the generalized stacking fault energy curve (or the
γ-surface) — a measure of energy penalty by shearing two adjacent
planes [33,34]. γsf and γus can be used to understand and predict a vast
number of material properties relevant to dislocations, plastic defor-
mation, crystal growth, and phase transitions [33,34]. Beyond me-
chanical properties, fundamental properties such as γs and QV can also
be used to understand and predict materials’ behaviors related to, e.g.,
surface structure, defects, and catalysis [35–40] and high energy ball
milling [41].
In addition to the examples in Table 1, a lower γsf corresponds to a

large distance between dislocation partials, a higher twin propensity,
and a reduced steady-state creep rate [42,43]. It was also proposed that
γus can be used to analyze twinnability [44] and hardness [1], and

̅̅̅̅̅̅γus
√

can be used to study dislocation nucleation at a crack tip [13]. The ideal
strengths (τis and σit) set the upper bounds on the attainable stresses,
which are achievable in nanostructured materials with less or no dis-
locations; see the measured τis values of pure elements using nano-
indentation and micropillar compression as summarized in the
supplementary Table S 3. In particular, τis is closely related to the
minimum stress needed to plastically deform a perfect single crystal (cf.,
the model #5 in Table 1) and the formation of a stacking fault [33,45].
The present work aims to study mechanical properties through data-

driven approaches. First, we create a complete dataset of pure elements
using digital data from the literature and the present DFT calculations
via the pure alias shear [33,34,46] and the pure tensile deformations (to
predict γsf , γus, τis, and σit). Second, we perform data-enabled correlation
analyses to examine existing models and their application ranges (see
Table 1) and gain new insights. Finally, as an application of the present
data compilation, we model materials properties in bcc-based multi-
component alloys (demo using γs and τis) and unstable phases (demo
using Ti, Zr, and Hf in bcc structure).

2. Methods

2.1. DFT-based pure shear and tensile deformations

Four fundamental materials properties τis, γsf , γus, and σit of pure
elements have been predicted in the present work using DFT-based first-
principles calculations in terms of the pure alias shear deformation for
τis, γsf , and γus [33,34,45–47] and the pure tensile deformation for σit.
Here, the pure deformation refers to full relaxions of atomic positions,
cell shape, and cell volume of the structure except for the fixed shear
angle or the fixed tensile length. The alias shear involves only one
deformed atomic plane, while the degrees of freedom related to the
other parts of the supercell remain unchanged [33,34,45–47]. During
the pure alias shear deformation, the displacement propagates through
the supercell starting from the shear plane due to the interaction be-
tween the atoms during shear process, making this process (i) closer to
the actual shear situation than such as the affine shear, the simple shear,
and the slab shear with more shear assumptions as discussed in details in
the literature [33,45,47], and (ii) depicting underlying physics such as
the splitting of dislocation into partials [33,45,47]. In addition, the alias
shear deformation employs only half atoms without vacuum layers in
the supercell in comparison with the slab model [34], making the alias

Table 1
Empirical models to tailor mechanical properties in the literature.

Properties Relationships with referencesa No.

ISS (τis) τis =

(
Gb
2πh

)

[4]
1

USFE (γus) γus = (bτis /3.125) [13] 2

γus =
(
Gb2 /2π2h

)
[13] 3

ITS (σit) σit =
̅̅̅̅̅̅̅̅̅̅̅̅
Eγs/h

√
[14] 4

Peierls stress (σP) σP =
2G
1− v

exp
(

−4πζ
b

)

[15]
5

Ability of plastic deformation (γd) γd = γsf/
(

γus −γsf
)
[16] 6

Emission of a partial dislocation (β) β =
(
1−γsf /γus

)
[17] 7

Hardness (HV for Vickers) HV∝
(
G3/B2

)
[18] 8

Yield stress (σy) σy =

(
4γus
0.31b

+
τ0
0.31

)

[19]
9

Fracture toughness (critical stress
intensity factor under, e.g., the
Mode-I loading condition, KIc)

KIc∝
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Gγus/(1− v)

√
[13] 10

KIc =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4γsG/(1− v)

√
[5,20] 11

KIc =
(

(1+α)V1/6
0 G(B/G)

1/2
)
[5] 12

Ductility or brittleness Pugh’s ratio: B/G [6] 13
Rice’s ratio: γs/γus [13] 14
KTC criterion: τis/σit [7] (∝G/

̅̅̅
E

√ )

[1]
15

RT criterion: Gb/γs [8,9] 16
Cauchy pressure: (C12 −C44) [10] 17
Valence electron concentration
(VEC) [11]

18

Electron work function (EWF) [12] 19

a B is the bulk modulus, G the shear modulus, E the Young’s modulus, v the
Poisson’s ratio, b the Burgers vector, h the interplanar spacing (e.g., between slip
planes), γs the surface energy, γsf the stable stacking fault energy (SFE), γus the
unstable stacking fault energy (USFE), α the factor depended on Fermi level, Cij
the elastic constants, ζ the dislocation width related to τis and/or Cij [15], and τ0
the imposed stress [19].
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shear computationally efficient to study shear-related properties such as
the generalized stacking fault energy curve and the associated τis, γsf ,
and γus [45].
During the pure alias shear and the pure tensile deformations, the

deformed matrix R of lattice vectors can be expressed as [33,34,45],

R=RD Eq. 2

where R is the original, undeformed matrix of lattice vectors and D the
deformation matrix. All the D matrices and the employed orthorhombic
supercells in the present work are listed in Table S 6. For the bcc
structure, its deformation can be described as the “pencil glide” on any
planes containing the 〈111〉 direction, with the commonly shear being
on the slip systems of {110}〈111〉, {112}〈111〉, and {123}〈111〉 [48,
49]. For the fcc structure, the well documented slip is on the close
packed plane and along the close packed direction, i.e., {111}〈112〉 [33,
47,48]. For the hcp structure, the slip system is {0001}〈1010〉 similar to
that of fcc plus the other commonly observed slip system of the prismatic
{1010}〈1120〉 [50,51]. For the diamond structure, its slip systems are
similar to those in the fcc structure [1] with the two slip systems
{111}〈112〉 and {111}〈110〉 used in the present work. Table S 6 sum-
marizes all these slip systems. For the bcc-based binary alloy, we
employed three 4-layer, 24-atom special quasirandom structures (SQS’s)
generated by the ATAT code [52], with each of the pure alias shear
deformations performed on each of the four layers; resulting in 12 shear
deformations for each concentrated alloy.
Both the pure alias shear and the pure tensile deformations were

carried out by an external Python optimizer GADGET developed by
Bučko et al. [53] to control DFT-based calculations of stresses and forces
acting on each atom. All DFT-based first-principles calculations in the
present work were performed using the Vienna Ab initio Simulation
Package (VASP) [54] together with the ion-electron interaction
described by the projector augmented wave (PAW) method [55] and the
exchange-correlation functional described by the generalized gradient
approximation (GGA) [56]. In VASP calculations, the electron configu-
rations for each element were the same as those used by the Materials
Project [27]. The automatic, instead of the fixed, k-point meshes were
used to sample the Brillouin zone in terms of the assigned Rk values
(listed in Table S 6) by considering the changes of lattice vectors during
shear and tensile deformations. For example, the length of Rk = 30 was
used to determine the three subdivisions of k-point meshes (N1 × N2 ×

N3) for the 24-atom bcc supercells. The VASP setting of “PREC = high”
was used to determine the plane-wave basis set. For example, it results in
a plane-wave cutoff energy which is 1.3 times the default one. In addi-
tion, the ferromagnetic (FM) configurations were used for elements Cr,
Mn, Fe, Co, and Ni, except for the antiferromagnetic (AFM) configura-
tion used for bcc Cr. More details and settings regarding the pure alias
shear calculations can be found in our previous publications [33,34,45,
57].

2.2. Features and data-enabled correlation analyses

Correlation analyses were performed for 10 properties of pure ele-
ments, i.e., τis, γus, γs, QV, σit, and γsf from DFT and HB, σUT, KIc, and εEL
from experiments, in terms of the MATLAB (R2023a) using machine
learning (ML) algorithms and elemental properties as features [42,57].
The selection of features was based on (i) the filter-type method of linear
fitting to rank individual features and (ii) the sequential feature selec-
tion (SFS) method to choose a set of the combined features by means of
the linear support vector machine (SVM1) method to avoid overfitting
the datasets with large uncertainties (for properties σUT, KIc, and εEL) or
the quadratic SVM (SVM2) method for the datasets with small un-
certainties (for properties τis, γus, γs, QV, σit, and HB). Iterations between
the selected features using the SVM-based SFS method and the ML-based
verifications by SVM were detailed previously [42]. For each property,

the 5-fold cross validation (CV) method with 500 or 1000 times ML
trainings was used for all the SFS processes, the final verifications, and
the determinations of data outliers and standard deviations with the
details described previously [42].
Elemental properties available in the literature were included as

features [42,57], such as the quantities related to periodic table, elec-
tronic structures, atomic sizes (volumes), physical properties, thermo-
chemical properties, and elastic properties with details explained in
Table S 2 and their values given in the supplemental Excel file. Ac-
cording to the empirical relationships in Table 1, seventeen features
were designed and listed in Table S 2, including B/G (#80), G/b (#81),

̅̅̅̅̅̅̅̅̅
B/G

√
(#86), V1/6

0 G(B/G)
1/2 (#88), Gvoigt (#89), Greuss (#92),

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γsG/(1− υ)

√
(#94),

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Gγus/(1− υ)

√
(#95), ̅̅̅̅̅̅γus

√ (#96), and Gb/γs
(#98). Features connected to each of the 10 properties are given in the
supplemental Excel file with the list of sheets in the Excel file presented
in Table S 1.

3. Results and discussion

All digital data used in the present work are provided in the sup-
plementary Excel file with 14 sheets as explained in Table S 1 and each
individual or designed feature/descriptor described in Table S 2. Other
DFT and experimental τis and γus values in the literature are given in
Table S 3 and Table S 4, respectively. In the present work, the units are
GPa for τis and σit; J/m2 for γsf , γus, and γs; eV forQV; MPa forHB and σUT;
MPa.m1/2 for KIc; and % for εEL. The lower values of τis and γus are
selected for each element in the present work when applicable.
Using those data, correlation analyses are performed for the prop-

erties of pure elements in stable and metastable bcc, fcc, hcp, and/or
diamond structures with phase stability determined by the positive-
definite matrix of elastic constants [25], including (1) DFT-based pre-
dictions of ideal shear strength (ISS or τis, calculated by the present pure
alias shear method), ideal tensile strength (ITS or σit, by the present pure
tensile method), stable stacking fault energy (SFE or γsf , by the present
pure alias shear method), unstable stacking fault energy (USFE or γus, by
the present pure alias shear method), surface energy (γs, in the literature
[26,27]), and vacancy activation energy (QV, in the literature [29]); and
(2) experimental properties of hardness (Brinell hardness HB), ultimate
tensile strength (σUT), the average relative elongation (εEL) for annealed
samples measured at room temperature (e.g., 293 K) when possible
[58], and the average fracture toughness (KIc) based on the AZoM [59].
The detailed analyses are given in Sec. 3.2.1 for τis and γus, Sec. 3.2.2

for σit and γsf , Sec. 3.3.1forHB and σUT, and Sec. 3.3.2 for KIc and εEL. The
models are then extended in Sec. 3.4 to predict the properties of bcc-
based multicomponent alloys and bcc-Ti, bcc-Zr, and bcc-Hf which are
unstable at low temperatures.

3.1. Overview of the results with correlation analyses

Fig. 1 summarizes the overall goodness-of-fit R2 scores for ten
properties of τis, γus, γs,QV, σit, and γsf by DFT andHB, σUT, KIc, and εEL by
experiments from the handbook [58] and the AZoM [59], according to
the best (or the second best) individual feature by linear fitting and the
combined features selected by the sequential feature selection (SFS)
method using the algorithm of support vector machine (SVM) [42]. In
addition, Table 2 and Table S 5 list the R2 scores of the key individual
features by linear fitting and the combined features selected by the
SVM-based SFS method. Fig. 1 shows that a set of combined features
increases the R2 score from 4 % (for σit) up to 72 % (for εEL) with respect
to the individual best feature of each property, demonstrating the
capability of data-driven approach to understand and model properties.
It can be seen that all DFT-based properties together with experimental
HB can be well correlated by individual features with R2 > 0.8 or by the
combined features with R2> 0.9, suggesting that these 7 properties were
well predicted or measured with less uncertainties and hence can be
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easily understood andmodelled using fundamental materials properties.
However, experimental measurements of σUT, KIc, and especially εEL
have low R2 scores (cf., Fig. 1 and Tables 2 and i.e., R2= 0.62 for σUT, R2

= 0.56 for KIc, and R2 = 0.36 for εEL) by means of the individual best
features; and R2 < 0.74 by the combined features, indicating large
variations in these measurements due to stochastic behavior or differ-
ences in such as purity, orientation, and grain size, and challenges to
understand and model these properties.
As shown in Table 2 and the discussion below, removing data outliers

by machine learning based method [42] could greatly increase the
predictions for all properties as indicated by the increased R2 score and
the decreased mean absolute error (MAE).

3.2. Fundamental materials properties by DFT-based calculations

3.2.1. ISS (τis) and USFE (γus)
A typical DFT-based calculation of fault energy and stress as a

function of engineering strain during the pure alias shear deformations
is shown in Fig. 2 for hcp Ti on the slip systems of {0001}〈1010〉 and
{1010}〈1120〉. The maximal values correspond to γus (Fig. 2a) and τis
(Fig. 2b), and both values are lower on the {1010}〈1120〉 slip system
(0.21 vs. 0.41 J/m2 for γus and 3.13 vs. 4.39 GPa for τis) and are selected
for the analysis of properties of hcp Ti. It should be mentioned that the
determination of γus (under the condition of zero shear stress) is more
time-consuming than the determination of τis since it is not easy to find
an engineering strain with zero shear stress especially for the cases with
a sudden jump of stress around γus such as the shear on {0001}〈1010〉 for
hcp Ti.
Two more examples regarding DFT-based pure alias shear de-

formations are shown in Figure S 1 for bcc Cr with the antiferromagnetic
(AFM) structure on the slip system of {110}〈111〉 to obtain γus and τis,
and in Figure S 2 for fcc Pt on the slip system of {111}〈112〉 to obtain γsf ,
γus, and τis. After the pure and even simple shear deformation with re-
laxations, fcc Pt is the only outlier in the present work with its γus < γsf
(0.10 vs. 0.27 J/m2) using the zero shear stress criterion or γuf ≈ γsf (0.29
vs. 0.27 J/m2) using the γuf > γsf criterion (the present choice).
Fig. 3 summarizes the present (lower) τis values for the stable and

metastable elements in bcc, fcc, hcp, and/or diamond structures. The
present τis (and γus) values generally agree with the other DFT pre-
dictions and experimental measurements at nanoscale in the literature

though the data in the literature are scattered due to different methods
and different experimental conditions used as shown in Figure S 3 with
the values listed in Table S 3 and Table S 4. Figure S 3 indicates the
capacity of the pure alias shear deformation to predict properties and
gain insights into underlying physics as discussed in Sec. 2.1. Except for
the hardest material known today, i.e., carbon diamond with τis = 80
GPa (the measured result is 75 GPa [60], cf., Table S 3), Fig. 3 shows that
the higher τis values are for transition metals in the center of the periodic
table, such as 20 GPa for fcc Os and 21 GPa for hcp Os followed by 16.9

Fig. 1. Overall R2 scores by correlation analyses for 10 properties of pure el-
ements in terms of (i) the individual best (or the second best) feature and (ii)
the combined features suggested by the SFS method, including τis, γus, γs, QV,
σit, and γsf predicted by DFT and HB, σUT, KIc, and εEL by experiments; where the
percentages indicate the R2 improvements.

Table 2
Correlation analyses for the properties of pure elements including τis, γus, γs, QV,
τit, and γsf by DFT and HB, σUT, KIc, and εEL by experiments.

Properties Outliers
(>10 %)a

Outliers
(>3 %)a

MAEb R2

scoreb
Best featurec

τis bcc Cr, fcc
Be

bccW, hcp
Ge, hcp Ce

0.661 ±

0.080
(0.534

± 0.042)

0.941 ±

0.026
(0.973

± 0.009)

DFTGh (0.819)

γus hcp Fe,
hcp Be

bcc Hg,
bcc Cr, fcc
Ir

0.035 ±

0.003
(0.029

± 0.003)

0.956 ±

0.015
(0.973

± 0.014)

ISS0 (0.806)

γs bcc Cr,
hcp Si

fcc Ru,
hcp Os,
bcc W

0.112 ±

0.009
(0.098

± 0.008)

0.966 ±

0.007
(0.976

± 0.006)

EleDensity_Md
(0.852)

QV bcc Cr,
hcp Be,
hcp Si, fcc
Be

hcp Ge, fcc
Fe

0.225 ±

0.034
(0.195

± 0.016)

0.920 ±

0.072
(0.962

± 0.010)

MeltingT
(0.863)

τit fcc Mn,
fcc Ce

fcc Fe 1.940 ±

0.219
(1.528

± 0.176)

0.963 ±

0.012
(0.982

± 0.006)

KIC (0.929)

γsf fcc Fe, fcc
Be

fcc Mn, fcc
Yb

0.023 ±

0.002
(0.020

± 0.003)

0.970 ±

0.008
(0.975

± 0.008)

PBEdiff (0.828)

HB hcp Hf,
fcc Ir

bcc W, bcc
Cr, hcp Os,
hcp Be, fcc
Pd

168.8 ±

17.3
(149.6

± 16.6)

0.900 ±

0.026
(0.929

± 0.022)

VaQ (0.792)

σUT hcp Co,
bcc Cr

bcc Mo 56.53 ±

5.05
(45.68

± 3.31)

0.704 ±

0.056
(0.846

± 0.020)

SQGusfp
(0.624)

KIc bcc Mo,
hcp Ti,
hcp Hf

hcp Be 14.62 ±

1.33
(10.48

± 1.40)

0.743 ±

0.035
(0.909

± 0.040)

Surf (0.555)

εEL bcc Ta,
hcp Cd

fcc Pb 7.97 ±

0.70
(6.60 ±

0.71)

0.686 ±

0.055
(0.782

± 0.064)

DFTpoisson
(0.362)

a The outliers (in decreasing importance for the listed elements) are sorted by
the frequency of appearance for pure elements with the higher (est) MAE values
after 1000 times of SVM trainings using the 5-fold CV method.
b The values after the symbol “±” are the standard deviations after 1000 times
of SVM trainings using the 5-fold CV method. The values in the parentheses are
the results by removing themajor outliers (>10%). The units for theMAE values
are GPa for τis and τit; J/m2 for γsf , γus, and γs, eV for QV, MPa for HB and σUS,
MPa.m1/2 for KIc, and % for εEL.
c The values in the parentheses are the highest (or the second highest) R2

scores for the selected features according to the filter method of linear fitting.
These best features have been used to plot Fig. 1 with more details given in Table
S 5.
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GPa for bcc Cr and 16.8 GPa for bcc W. The lower τis values are for alkali
metals, alkaline earth metals (except for Be), and some noncentral ele-
ments on the periodic table (e.g., Cd, Hg, Tl, Pb, and some lanthanides).
Attention should be paid to the outlier element Yb, which is the first
element on the periodic table to have the first four shells filled fully and
is also the only rare-earth metal which does not follow the trends of the
other lanthanides for most properties such as τis, γus, γs, QV, σit, γsf ,
BoilingT, MeltingT, Heat_Fusion, Heat_Sublimation, CohEnergy,
DebyeT, Therm_Conduc, and Ele_Conduc (cf., the supplementary Excel
file on sheet of All-Data).
Fig. 3 further indicates that the τis values for elements with the hcp

structure are in general higher than those with the fcc structure, except
the rare earth elements La to Tb and some central transition metals of Ni,
Co, Rh, Ir, Tc, and Re. Ancillary DFT calculations using the same
supercell size (i.e., the 6-layer, 24-atom cell) support this conclusion by
examining 9 elements of Ir and Rh (larger τis in fcc structure), and Y, Zr,
Ti, Hf, Re, Ru, and Os (larger in hcp); see Figure S 4. In addition,
ancillary DFT calculations also indicate that the τis values are similar
(<0.5 GPa or < 10 %) on the slip systems of {110}〈111〉, {112}〈111〉,
and {123}〈111〉 (see the supercells used in Table S 6) for Nb and Ta, and
especially for Mo and W in the bcc structure. The present results (see
supplementary Excel file) agree with the observations in the literature
[61,62].
Correlation analyses using linear fitting of individual features indi-

cate that τis is primarily related to various shear moduli (e.g., DFTGh
with R2= 0.819 and Gvoigt with R2= 0.801, see Table S 5), as suggested
by Frenkel [4] in 1926 and shown by the model #1 in Table 1 (i.e., the
feature Gb2pih with R2 = 0.783). Here, Gvoigt is a shear modulus in
Voigt approach on the slip systems used in the present work with details
in Table S 2 [63,64]. Fig. 4 shows the correlation analyses of τis versus
Gvoigt for each structure. After removing bcc Be, bcc Cr, and fcc Os as
the major outliers, the linear fittings show that τis(bcc) =

0.114GVoigt(bcc) with R2 = 0.99, τis(fcc) = 0.072GVoigt(fcc) with R2 =

0.98, and τis(hcp) = 0.068GVoigt(hcp) with R2 = 0.93, illustrating the
well correlated relationship between τis and G by grouping the materials
according to their crystal structures. The present τis vs. G relationships

Fig. 2. Pure alias shear deformations of hcp Ti on the slip systems of
{0001}〈1010〉 and {1010}〈1120〉 to predict (a) fault energy and (b) shear stress
as a function of engineering strain. The red symbols # indicates the predicted
ISS (τis) and USFE (γus). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 3. The present DFT results of ISS (τis in GPa) for each element in bcc, fcc, hcp, and/or diamond structure (marked by * for C, Si, and Ge). Here, the green (low) –
yellow (middle) – red (high) scheme is used to color the data (except for C, Si, and Ge in diamond structure); and the empty places indicate the unstable structures.
The superscript a indicates the values in the second slip system (cf., bcc 2 and hcp 2 in Table S 6) are lower than the first one (i.e., bcc 1 and hcp 1), and the values for
Ti, Zr, and Hf in bcc structure (marked by §) are estimated by fittings shown in Fig. 14. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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also agree quantitatively with the suggestions in the literature, for
example, τis(bcc) = 0.11G(bcc) and τis(fcc) = 0.08G(fcc) [62,65]. In
addition to shear modulus, QV is another key parameter related to τis
according to the SVM-based SFS method as shown in Table S 5. By
removing the outliers with their frequency of appearances fout > 10%
during 1000 times of trainings using the 5-fold cross validation method,
the R2 score increases from 0.941 to 0.973, and the MAE values decrease
from 0.661 to 0.534 GPa in predicting τis using the combined features in
Table 2, indicating the capability of these features to sort outliers and
predict τis.
Fig. 5 summarizes the present (lower) γus values for elements in

stable and metastable bcc, fcc, hcp, and/or diamond structures. These
γus values follow similar trends as those of τis, except the larger γus values

being for W, Mo, and Cr in the bcc structure. Correlation analyses using
linear fitting indicate that γus correlates to τis with R2 = 0.806, while the
other features have less correlations with R2< 0.6 as shown in Table S 5.
A further examination as shown in Fig. 6 indicates that τis(bcc) =

0.091γus(bcc) with R
2 = 0.992, τis(hcp) = 0.060γus(hcp) with R2 =

0.978 after removing the outlier of hcp Fe, and τis(fcc) = 0.040γus(fcc)
with R2= 0.971 after removing the outlier of fcc Pt. These high R2 scores
suggest that we can ignore the time-consuming DFT calculations to find
γus, and alternatively, we can model γus by τis, supporting the suggestion
by Rice [13] as shown by the model #2 in Table 1.
Like the τis case, using the combined features by the SVM-based SFS

method and removing the major outliers with fout > 10% increase the R2

score (from 0.956 to 0.973) and decrease the MEA values (from 0.035 to
0.029 J/m2) as shown in Table 2.

Fig. 4. Correlation analyses via linear fitting for τis (ISS) vs. shear modulus
GVoigt (see Table S 2) for pure elements: τis(bcc) = 0.114GVoigt(bcc) with R2 =

0.99 (removing outliers Be and Cr); τis(fcc) = 0.072GVoigt(fcc) with R2 = 0.98
(removing Os); and τis(hcp) = 0.068GVoigt(hcp) with R2 = 0.93.

Fig. 5. The present DFT results of USFE (γus in J/m
2) for each element in bcc, fcc, hcp, and/or diamond structure (values marked by * for C, Si, and Ge). Here, the

green (low) – yellow (middle) – red (high) scheme is used to color the data; and the empty places indicate the unstable structures. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Correlation analyses of τis (ISS) vs. γus (USFE) with the symbols by the
present predictions and the lines of linear fittings (by removing hcp Fe and fcc
Pt): τis(bcc) = 0.091γus(bcc), τis(hcp) = 0.060γus(hcp), and τis(fcc) =

0.040γus(fcc).
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3.2.2. Other DFT-based properties
Fig. 7 summarizes the σit values of the stable and metastable pure

elements in fcc structure predicted by DFT-based pure tensile de-
formations in the present work. As two examples, Figure S 5 shows the
tensile stress vs. tensile strain (represented by the lattice parameters c/a
ratio) curves for fcc Al with a sharp drop near σit and fcc Au with a
continuous change near σit. In general, the present σit values agree with
the other DFT predictions in the literature [1], which are scattered as
shown in Figure S 6. Fig. 7 depicts clear trends on the periodic table with
the higher σit being for Os followed by Re and Ru and the lower being for
alkali metals. Correlation analysis indicates that σit connects well with
several individual features with R2 > 0.8, for example, C11, C33, and
Young’s modulus as shown in Table S 5. Figure S 7 also indicates that the
σit values can be modelled well using the empirical model σit =

̅̅̅̅̅̅̅̅̅̅̅̅
Eγs/h

√

with R2 = 0.983, corresponding to the model #4 in Table 1 [14].
Fig. 8 summarizes the γsf values of the stable and metastable pure

elements in the fcc structure predicted by DFT-based pure alias shear
deformations in the present work, agreeing well with experimental data
in the literature for 9 fcc elements of Ag, Al, Au, Cu, Ir, Ni, Pd, Pt, and Rh
[42]. Fig. 8 shows the higher positive γsf values for Ir and Pt (>270
mJ/m2) and the lower negative ones for Os, Be, and Ru, which are stable
in the hcp structure (<−530 mJ/m2). Table S 5 shows that the γsf values
only correlate well with the energy difference between the hcp and fcc
structures (ΔEhcp−fcc) with R2 = 0.83 (or 0.9 without the outlier Yb). A
further analysis (Figure S 8) indicates that the relationship of γsf vs.
ΔEhcp−fcc could achieve R2≈ 1 by analyzing only the rare-earth elements
(without Yb) or only the elements with γsf > 0 (without Yb and La).
Surface energy γs from the literature is shown in Figure S 9 [26,27]

and correlates well with electron density (EleDensity_Md) with R2 =

0.852 as depicted in Figure S 10, QV with R2 = 0.83, and more features
with R2 > 0.7 as shown in Table S 5. QV from the literature [29] cor-
relates well with melting temperature (MeltingT) with R2 = 0.863 as
well as more other features with R2 > 0.7 as shown in Table S 5. Similar
to the properties discussed above, the R2 scores for correlating γs and QV
can be improved using the combined features and/or removing the
outliers as shown in Table 2.

3.3. Mechanical properties by experiments

For the measured HB, σUT, KIc, and εEL as collected in the handbook
[58] and in the website AZoM [59] for pure elements (see detailed AZoM
websites in the supplemental Excel file), correlation analyses show that
theHB data are more accurate according to the comparisons between the
handbook data and the AZoM data with the R2 scores by linear fitting
being 0.9 for HB, 0.8 for σUT , and 0.77 for εEL as shown in Figure S 11,
Figure S 12, and Figure S 14, respectively. Note that the KIc data are not
available in the handbook [58]. Based on the minimal and the maximal
values collected in AZoM for each property as shown in Figure S 11 to
Figure S 14, we conclude that the εEL data have the largest uncertainty
with the average error up to 65 % as shown in Figure S 14, and the
second largest uncertainty is for KIc with the average percentage error up
to 54 % as shown in Figure S 13.

3.3.1. Brinell hardness (HB) and ultimate tensile strength (UT, σUT)
Table 2 and Table S 5 show that the measured HB values of pure

elements can be correlated by several individual features such as QV
with R2 = 0.79 and SQGusfp as #95 in Table S 2 with R2 = 0.733. Fig. 9
plots the HB versus QV relationship for pure elements in bcc, fcc, or hcp

Fig. 7. The present DFT results of ITS (σit in GPa) for pure elements in fcc structure via pure tensile deformations along the 〈111〉 direction. Here, the green (low) –
yellow (middle) – red (high) scheme is used to color the data; and the empty places indicate the unstable fcc structures. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. The present DFT results of stable stacking fault energy (SFE or γsf in mJ/m
2) for elements in fcc structure. Here, the green (low) – yellow (middle) – red (high)

scheme is used to color the data; and the empty places indicate the unstable fcc structure. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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structures after removing the outliers (bcc Mo, fcc Pd, and hcp Os). The
high R2 scores (>0.92) indicate that HB can be modelled well by QV.
Table S 5 shows the combined 8 features listed in Table S 2 to model HB
with R2 = 0.9, indicating the critical role of QV, γus, τis, shear modulus,
electronegativity, and electron density in modeling HB. The same as the
above observations, the R2 score increases to 0.93 after removing the
outliers of hcp Hf and fcc Ir with fout > 10%. The higher R2 scores (>0.9)
in terms of the combined features also imply that the HB data in the
handbook [58] are in high quality.
Table 2 and Table S 5 show that σUT can be modelled relatively well

by using such as SQGusfp with R2 = 0.624. Using the selected 6 features
(Heat_Fusion, SQGusfp, normUSFE, Period, SQusf, and Heat_Capacity)
by the SVM-based SFS method, the R2 score for σUT increases to 0.7 or up
to 0.85 by removing the outliers of hcp Co and bcc Cr with fout > 10%
(see Fig. 10). These features suggest that σUT connects to elastic, plastic,
and thermodynamic properties (G, v, γus, heat of fusion, and heat ca-
pacity), supporting the model #9 in Table 1.

3.3.2. Fracture toughness (FracT, KIc) and relative elongation (Elong, εEL)
Table 2 and Table S 5 show that FracT or KIc can be roughly modelled

by using such as γs with R
2 = 0.56, QV with R2 = 0.55, or KGS with R2 =

0.49. Fig. 11 shows the examinations of KIc vs. γs for pure elements in
bcc, fcc, or hcp structures with the outliers of bcc Mo and hcp Be
removed, promoting R2> 0.9. In addition, the R2 score increases to 0.74
or 0.91 using the combined features, including γs, NpUnfill, Ion_Pot_3,
Radius_Coval, Heat_Capacity, and ratio_bh, after removing the outliers.
These results and the R2 scores support at least the model #11 in Table 1
with γs being the key feature to model KIc.
It is observed that εEL from experiments [58] cannot correlate to any

individual features with R2 < 0.4, for all features as shown in Table S 5
due to the very scattered εEL data of pure elements in Figure S 14. The
low R2 scores do not support any models in Table 1 (#13 to #19). Using
the combined features (Table S 5), the R2 score increases to 0.69 or 0.78
after removing the outliers. The combined features work better than the
individual ones but still not enough to build a predictive model for εEL
due mainly to the poor data quality from experiments [58]. By exam-
ining the εEL values for subsets of elements, one can find some trends
between εEL and the features, such as εEL vs. the groups of fcc elements

Fig. 9. Relationship between the measured hardness (HB) and DFT-based va-
cancy activation energy (QV) with the lines being linear fittings.

Fig. 10. Measured ultimate tensile stress (σUT in MPa) versus DFT-based
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Gγus/(1− v)

√
(i.e., the SQGusfp in Table S 2; see the model #10 in

Table 1). The linear fittings result in: y(bcc) = 0.0301 σTS(bcc) with R2 = 0.966,
y(fcc) = 0.0217 σUT(fcc) with R2 = 0.961, and y(hcp) = 0.0152 σUT(hcp) with
R2 = 0.933; where y = SQGusfp.

Fig. 11. Measured fracture toughness vs. DFT-based surface energy with the
lines being linear fittings: γs(bcc) = 0.0223KIc(bcc) with R2 = 0.98,
γs(fcc) = 0.0171KIc(fcc) with R2 = 0.96, and γs(hcp) = 0.0181KIc(hcp) with R2

= 0.90.

Fig. 12. Predicted relative elongation using SVM1 using the combined features
and the 5-fold cross validation method.
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with R2 = 0.88 by linear fitting as shown in Figure S 15. In addition,
Fig. 12 shows one of the predicted εEL results in comparison with
experimental εEL data [58] using the SVM1 algorithm in terms of the
combined features and the 5-fold cross validation, achieving reasonable
predictions with R2 = 0.81 and MEA = 5.85 %.

3.4. From pure elements to multicomponent phases

Properties of pure elements are the foundation for understanding and
modeling properties of multicomponent phases and even under unstable
conditions using the machine learning- or CALPHAD-based approaches
as shown by Eq. (1). For example, Figure S 16 shows a very good rela-
tionship with R2 ≈ 1 in terms of linear fitting of surface energies for bcc-
based Ti-Zr-Hf-V-Nb-Ta-Mo-W-Re-Ru alloys between the rule-of-mixture
estimations using the γs values of pure elements (i.e., ϕ0 =

∑
ixiϕ0,i in

Eq. (1)) and the DFT-based predictions using the binary, ternary, and
quaternary SQS’s [66].
Fig. 13 depicts that the modelled τis values for 10 bcc-based binary

alloys in the Mo-Nb-Ta-V-W system by using the one- or two-parameter
R-K polynormal [23], in addition to the ϕ0,i values for pure elements in
Eq. (1). For each binary alloy such as Mo-Ta, the R-K fitting was per-
formed with five DFT data points calculated on the slip system
{112}〈111〉 using the 24-atom supercells as shown in Table S 6, i.e., the
configurations of Mo24, Mo23Ta for the dilute solution with one Ta on
the slip plane, Mo12Ta12 concentrated solution using SQS’s, MoTa23 for
the dilute solution, and Ta24. The resulted τis values are presented in the
supplementary Excel file. The modelled parameters ϕ0,i and ϕ(L)

ij indicate
that the τis values can be modelled in the whole Mo-Nb-Ta-V-W system
according to the general CALPHAD modeling approach of Eq. (1) as
depicted in Fig. 13.
Fig. 13 shows that the fittings for the Mo-X (X = Nb, Ta, V, and W)

alloys are with smaller fitting errors in comparation with the other fit-
tings. The bcc-based Mo-Ti, Mo-Zr, and Mo-Hf systems are hence
selected to evaluate the τis values of bcc-Ti, bcc-Zr, and bcc-Hf which are
unstable at low temperatures with one R-K parameter as shown in
Fig. 14. It is observed that the τis values for bcc-Ti, bcc-Zr, and bcc-Hf are
negative, i.e., being unstable in agreement with the conclusions using
the matrices of elastic constants [25]. Fig. 14 also depicts that Ti, Zr, and
Hf follow the similar trends with the highest τis being for Hf, then Ti and
Zr in each of the hcp, fcc, and bcc structures.

The plots in Figure S 16, Figs. 13, and Fig. 14 suggest that the general
CALPHAD modeling approach [21,22] is able to model properties of
phases under stable, metastable, and unstable conditions in multicom-
ponent systems starting from materials properties of pure elements as
shown by Eq. (1).

4. Summary

The present work provides digital data of fundamental properties for
60 pure elements in bcc, fcc, hcp, and/or diamond structures from the
literature and the present DFT calculations using the pure alias shear and
the pure tensile deformations. The present data compilation enables
data-driven insights into pure elements, for example, the 10 properties
of pure elements as examined in the present work: τis, γus, γs, QV, σit, and
γsf predicted by DFT and HB, σUT, KIc, and εEL from experiments. Cor-
relation analyses suggest new and existing features and models to pre-
dict mechanical properties. For example, ideal shear strength τis is
highly correlated to G, γus to τis, HB to QV, σUT to

̅̅̅̅γs
√ or ̅̅̅̅̅̅γus

√ , and KIc to
γs. However, no satisfactory models are found to correlate εEL due to
high uncertainty of datasets, and the empirical models listed in Table 1
are only validated for a certain range of elements/materials based on the
present correlation analyses. Data-enabled analyses also identify the
outliers of pure elements, e.g., Cr in τis, γs, QV, and σUT, Be in τis, γsf , γus,
andQV, Hf inHB and KIc, Yb in all properties, and Pt in γsf vs. γus. Starting
from digital data of pure elements, the present data compilation enables
the prediction of properties of multicomponent phases even under un-
stable conditions, as demonstrated for γs and τis in bcc-based alloys and
τis for Ti, Zr, and Hf in the bcc structure in terms of the general CALPHAD
modeling approach.
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Fig. 13. ISS (τis) values of bcc-based binary alloys by CALPHAD-based Redlich-
Kistler (R–K) fittings, where the symbols are DFT-based results of pure ele-
ments, dilute alloys, and concentrated alloys (using SQS’s).

Fig. 14. ISS (τis) values of bcc-based Mo-X (X = Ti, Zr, and Hf) alloys with the
symbols being DFT-based results and the lines being linear fittings to estimate
τis values of the unstable Ti, Zr, and Hf in bcc structure. The inset shows the τis
values of Ti, Zr, and Hf in fcc, hcp, and bcc structures.
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