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a b s t r a c t

The structural, electronic and elastic properties of typical hexagonal-close-packed MgZn2 and ScZn2

phases in Mg–Sc–Zn alloy were investigated by means of first-principles calculations within the frame-
work of density functional theory (DFT). The calculated lattice constants were in good agreement with the
experimental values. The obtained cohesive energy and formation enthalpy of both phases are negative,
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showing their structural stability from energetic point of view. The five independent elastic constants
were calculated, and then the bulk modulus B, shear modulus G, Young’s modulus E and Poisson’s ratio
� of polycrystalline aggregates were derived. The ductility and plasticity of the MgZn2 and ScZn2 phases
were further discussed. The elastic anisotropy of the two phases was also analyzed. Finally, the electronic
density of states (DOS) and charge density distribution were also calculated to reveal the underlying
mechanism of structural stability and mechanical properties.
g–Sc–Zn alloy

. Introduction

In recent years, magnesium alloys have been receiving a great
eal of attention in the fields of microelectronics, automobile and
erospace industries [1–3] because of their low density, high spe-
ific strength and good stiffness [4]. However, the application of
agnesium alloys in modern industry is still limited due to the

estrained mechanical properties [5], especially the poor creep, cor-
osion and ignition resistance at high temperature [6]. Therefore,
uch work has been focused on improving the properties of the

lloys. It has been found that alloying by addition of rare earth
lements is an effective method to improve the microstructure
nd mechanical properties of magnesium alloys [6,7]. Furthermore,
any experimental results revealed that the addition of Zn and Sc

lays a very important role in optimizing the microstructure and
echanical properties of magnesium alloys [8,9]. Up to now, sev-

ral alloy systems have been studied such as the Mg–Zn and Mg–RE

inary systems on one hand, and ternary Mg–Zn–RE system on the
ther hand.

All of these alloy systems exhibit age-hardening response,
specially the Mg–Zn system alloys belong to the stronger
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precipitation-hardenable Mg alloys. As the equilibrium solid
solubility of zinc in magnesium decreases substantially with
temperature decreasing, a controlled decomposition of the super-
saturated solid solution of zinc in magnesium can produce a
remarkable age-hardening effect [10,11]. Based on the binary
Mg–Zn phase diagram [12], there are five intermetallic phases in
the Mg–Zn system, namely Mg7Zn3, MgZn, Mg2Zn3, MgZn2 and
Mg2Zn11, of which MgZn2 is the most important strengthening
phase [13,14]. Therefore, the study on MgZn2 phase is of great
importance and has led to a renewed interest in the research and
development of Mg-based alloys. Sc is another important alloy-
ing rare earth element in magnesium alloys, and the addition
of Sc to Mg–Zn-based alloys has been found to be effective in
improving the mechanical properties of the alloy at both room
and high temperature [15]. ScZn2 is a typical and important phase
in Mg–Zn-based alloys. When Zn and Sc are added to Mg simul-
taneously, long period stacking ordered (LPSO) phases are very
likely to come out instead of ordered intermetallic precipitates.
Especially when Zn is added in dilute quantity, which is done
in practice, the formation of LPSO phases is frequently observed
in typical Mg97Y2Zn1 alloy under rapid solidification processing
[16,17]. However, when Zn content is relatively high, ScZn2 and

MgZn2 phases in Mg-based alloy are also always formed by tradi-
tional method. The strengthening phase MgZn2 could be formed
in the temperature range of 346–316 ◦C during solidification of
the Mg–8Zn–1.5MM (misch metal) alloy [11], and the strength-
ening phase ScZn2 is also obtained in the temperature range of

dx.doi.org/10.1016/j.jallcom.2010.07.018
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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900–25 ◦C during solidification of the Sc–Zn system [18]. The com-
etition between precipitates and LPSO phases is a complicate
rocess, which needs a further investigation. To achieve this goal,
he structural stability and elastic properties of ordered intermetal-
ic precipitates have been studied firstly here. Many experiments
ave been carried out to investigate the ScZn2 and MgZn2 phases

n Mg-based alloys [13,18], and theoretical studies on the struc-
ure and vibrational properties of MgZn2 precipitate by means of
rst-principles are also reported [19], especially Datta et al. [20]
ave investigated the structural feature as well as SFES in Mg with
at.% Zn, and their study throws considerable light on plastic prop-
rties of LPSO phase. However, the theoretical investigations on the
lastic properties of MgZn2 and ScZn2 are scarce.

In the present work, the first-principles calculations are carried
ut to investigate the structural, elastic and electronic properties of
he binary phases MgZn2 and ScZn2 with C14 structure in Mg-based
lloys. The results are discussed in comparison with the available
xperimental values, which would be useful for the optimization
nd design of the relevant alloys.

. Computational method

The present calculations are carried out using density functional
heory (DFT) [21] as implemented in the Vienna Ab Initio Sim-
lation Package (VASP) code [22]. It is well known that density
unctional theory (DFT) with the standard local density approx-
mation (LDA) does not accurately describe the properties of 3d
ransition metals, and the errors can largely be removed by gen-
ralized gradient approximation (GGA) [23]. So the Perdew–Wang
PW91) version of the generalized gradient approximation (GGA)
24] is used to describe the exchange-correlation energy functional
nd the projector augmented wave (PAW) method [25] has been
sed in the present work. The electron configuration for Mg treats
s states as valence state, and others are described by 3d, 4s valence
tates for Zn, 3p, 4s, 3d valence states for Sc, respectively. Two
arameters that affect the accuracy of calculation are the kinetic
nergy cut-off which determines the number of plane waves in the
xpansion and the number of special k-points used for the Bril-
ouin zone (BZ) integration. The cut-off energy of plane wave is
et at 350 eV for MgZn2 and ScZn2. The Brillouin zone integration
ses Gamma centered Monkhors-Pack grids [26] of 8 × 8 × 6 mesh
or optimizing geometry and calculating elastic constants, and
2 × 12 × 8 for calculation of the density of states (DOS). The geom-
try optimization is performed by full relaxation until the total
nergy changes within 10−4 eV/atom and the Hellmann–Feynman
orce on all atoms is less than 10−2 eV/Å. The density of states (DOS)
nd total energy calculations are performed using the linear tetra-
edron method with Blöchl correction [27].

. Results and discussion
.1. Crystal structure and stability

Binary precipitates MgZn2 and ScZn2 belong to the hexago-
al structure with the space group P63/mmc (#194) and contain

able 1
he calculated and experimental lattice constants (a and c, in Å), volumes of unit cell V0 (
nd formation enthalpy �H (eV/atom) for MgZn2, ScZn2 binary phases.

Material Lattice constants (Å)

Cal. Exp.

MgZn2 a = 5.2040, c = 8.5398 a = 5.222, c = 8.568a

ScZn2 a = 5.2647, c = 8.4402 a = 5.2509, c = 8.4774b

a From Ref. [28].
b From Ref. [18].
Fig. 1. Crystal cell for Mg(Sc)Zn2. The red spheres are Zn atoms and the blue spheres
are Mg(Sc) atoms. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

12 atoms per unit cell [18,28]. In unit cell of both phases, Mg(Sc)
atoms are located on 4f sites and Zn atoms on 2a and 6h sites, as
shown in Fig. 1. After structural optimization, the obtained inter-
nal coordinates of atoms for both MgZn2 and ScZn2 are 4f (0.333,
0.667, 0.063), 2a (0, 0, 0) and 6h (0.833, 0.667, 0.250), which are in
accordance with the experimental results [18,28]. The equilibrium
volume V0 and bulk modulus B0 of MgZn2 and ScZn2 are deter-
mined by fitting the calculated total energy at different volumes to a
Birch–Murnaghan equation of state (EOS) [29]. The obtained results
are listed in Table 1, together with available experimental values. It
can be seen that the obtained lattice parameters are consistent with
the available experimental values [18,28], the fairly good agree-
ment between theoretical and experimental results shows that the
present calculation is highly reliable.

The structural stability of Mg(Sc)Zn2 is investigated by means of
cohesive energy Ecoh which is defined as the energy that is needed
when the crystal decomposes into a single atom. The lower the
cohesive energy is, the more stable the crystal structure is [30].
The cohesive energy Ecoh of MgZn2 and ScZn2 crystal cells were
calculated by

E = Etot − NAEA
atom − NBEB

atom (1)
coh NA + NB

where Etot is the total energy of the unit cell, EA
atom and EB

atom are the
total energies of the isolated A and B atoms in the free state. They are
calculated by means of a large box within which the correspond-

in Å3/cell), bulk modulus B0 (in GPa), as well as the cohesive energy Ecoh (eV/atom)

V0 B0 Ecoh �H

200.29 63.546 −1.3767 −0.1428
202.59 84.472 −2.5429 −0.3469
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Table 2
The strains used to calculate the elastic constants of MgZn2 and ScZn2.

Strain types Strain tensor (unlisted: ei = 0) 1
V0

∂2�E
∂ı2

∣∣
ı=0

(ı, ı, 0, 0, 0, 0) e1 = e2 = ı C11 + C12

(0, 0, 0, 0, 0, ı) e6 = ı 1/4(C11 − C12)
(0, 0, ı, 0, 0, 0) e3 = ı 1/2C33

T
T

14 M.-M. Wu et al. / Journal of Alloy

ng element A and B are put, respectively. NA and NB refer to the
umber of A and B atoms in unit cell, respectively. The calculated
esults of the cohesive energy are listed in Table 1. The negative
ohesive energies of MgZn2 and ScZn2 show their energetic stabi-
ization. From the calculated values, it can be further found that
he cohesive energy of ScZn2 is 1.1662 eV/atom lower than that
f MgZn2. Hence, ScZn2 shows a higher structural stability than
gZn2.
We also calculate the formation enthalpies �H [30], which can

e calculated for binary alloy as

H = Etot − NAEA
solid − NBEB

solid
NA + NB

(2)

here EA
solid and EB

solid are the energy per atom of pure elements with
exagonal structure for Mg, Sc and Zn in their ground state, and
ther quantities are the same as defined in Eq. (1). Negative forma-
ion enthalpy indicates an exothermic process, so MgZn2 and ScZn2
ould be stable. Furthermore, the lower the formation enthalpy is,
he stronger the stability is. It should be noted that the formation
nthalpy of ScZn2 is lower than that of MgZn2, also indicating that
he former is more stable than the latter.

.2. Elastic properties

Elastic constants are the measure of the resistance of a crystal
o an externally applied stress. For a material with hexagonal sym-

etry, there are six elastic constants (C11, C12, C13, C33, C44, C66),
nd only five of them are independent since C66 = (C11 − C12)/2 [31].
lastic constants can be calculated by applying small strains to the
quilibrium unit cell and determining the corresponding variations
n the total energy. The elastic strain energy is given by

= �E

V0
= 1

2

6∑
i

6∑
j

Cijeiej (3)

here �E = Etotal(V0,ε) − Etotal(V0,0), and it is the total energy dif-
erence between the deformed unit cell and initial unit cell. V0 is the
olume of equilibrium cell and Cij is the elastic constant, which is
he element of 6 × 6 elastic constant matrix in Voigt’s notation. The
ecessary number of strains is determined by the crystal symmetry
31]. The strain tensor is given by

=
(

e1 e6/2 e5/2
e6/2 e2 e4/2
e5/2 e4/2 e3

)
(4)

For a hexagonal crystal, the five kinds of strains are listed
n Table 2 [32]. For each kind of the above different strains of

he lattice, the total energy has been calculated by imposing five
ppropriate deformations, ±2%, ±1% and zero, respectively. The
alculated elastic constants are summarized in Table 3. Although
here are no available experimental and theoretical data for elas-
ic constants of ScZn2 phase, the calculated elastic constants of Mg

able 3
he elastic constants Cij (in GPa) of Mg, MgZn2 and ScZn2.

Material Elastic constants

C11 C12

Mg This work 63.10 23.14
Exp.a 63.48 25.94

MgZn2 This work 119.48 42.98
Exp.b 107.25 45.45

ScZn2 This work 155.73 52.14

a From Ref. [33].
b From Ref. [34].
(0, 0, 0, ı, ı, 0) e4 = e5 = ı C44

(ı, ı, ı, 0, 0, 0) e1 = e2 = e3 = ı C11 + C12 + 2C13 + C33/2

From Ref. [32].

and MgZn2 agree well with the other experimental values [33,34].
From calculated results in Table 3, it can be seen that for hcp Mg,
MgZn2 and ScZn2 phases, C11 and C33 are very large among elas-
tic constants, indicating that these phases are very incompressible
under uniaxial stress along x (ε11) or z (ε33) axis.

From Table 3, it is further found that the six elastic constants
eventually become large from hcp Mg, MgZn2 to ScZn2. Because
elastic constant measures the resistance to linear compression,
when against compressing, ScZn2 is the strongest, followed by
MgZn2, while hcp Mg is the weakest. The present results show the
addition of Zn and Sc results in an increase of resistance to linear
compression of the alloys.

The requirement of mechanical stability for hexagonal crystals
leads to the following restrictions on the elastic constants [31]

C11>0, C11−C12>0, C44>0, (C11+C12)C33−2C2
13>0 (5)

The calculated values of the elastic constants Cij for MgZn2 and
ScZn2 hexagonal crystals obey well all the above conditions, indi-
cating the mechanical stability of MgZn2 and ScZn2 phases.

From the single crystal elastic constants, the polycrystalline
elastic modulus is also estimated by the Voigt–Reuss–Hill (VRH)
approximation [35]. The Voigt and Reuss approximations represent
the maximum and minimum limits of the polycrystalline elastic
modulus, respectively. For the hexagonal system, the Voigt bounds
of B and G are

BV = 2
9

(
C11 + C12 + C33

2
+ 2C13

)
(6)

GV = 1
30

(7C11 − 5C12 + 12C44 + 2C33 − 4C13) (7)

And the Reuss bounds are

BR = (C11 + C12)C33 − 2C2
13

C11 + C12 + 2C33 − 4C13
(8)

GR = 5
2

{
[(C11 + C12)C33 − 2C2

13]C44C66

3BV C44C66 + [(C11 + C12)C33 − 2C2
13](C44 + C66)

}
(9)

Finally, the VRH mean values are obtained by
B = 1
2

(BV + BR) (10)

G = 1
2

(GV + GR) (11)

C13 C33 C44 C66

20.45 69.70 18.99 19.98
21.70 66.45 18.42 18.75

30.04 129.48 24.23 38.25
27.43 126.40 27.70 30.90

47.73 154.92 47.88 51.78
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Table 4
The elastic modulus (in GPa) and Poisson’s ratio for Mg, MgZn2 and ScZn2 using Voigt, Reuss and Hill’s approximations.

Material BV BR BH GV GR GH E Ea Ec G/B �

w
b
o

E

�

t
d
E
t
b
r
m
u
t
p
s
d
i
s
i
m
i
e
H
a

p
b
b
b
a
e
t
s
m
r

3

e
i
f
i
a
{
t

T
T

Mg 36.00 35.97 35.98 20.38 20.23
MgZn2 63.84 63.83 63.84 35.03 32.31
ScZn2 84.62 84.60 84.61 50.76 50.63

here the subscripts V and R designate the Voigt and the Reuss
ounds. Further, the Young’s modulus and Poisson’s ratio can be
btained by using the bulk modulus and shear modulus

= 9BG

3B + G
(12)

= 3B − 2G

2(3B + G)
(13)

The calculated results are shown in Table 4. It should be noted
hat the calculated bulk moduli of MgZn2 and ScZn2 are in accor-
ance with those obtained through the fit to a Birch–Murnaghan
OS. The bulk modulus is usually assumed to be a measure of resis-
ance to volume change by applied pressure [36], so the larger
ulk moduli of MgZn2 and ScZn2 show that they have stronger
esistance to volume change by applied pressure. Besides, shear
odulus is a measure of resistance to reversible deformations

pon shear stress [36]. The larger is the value of shear modulus,
he more pronounced directional bonding is between atoms. The
resent calculated results demonstrate that ScZn2 has the largest
hear modulus, and then followed by MgZn2 and Mg. Hence, the
irectional bonding in ScZn2 would be much stronger than that

n MgZn2. Furthermore, Young’s modulus provides a measure of
tiffness of the solid. The larger is the Young’s modulus, the stiffer
s the material. From the calculated values we find that Young’s

odulus of ScZn2 is 40.86 GPa larger than that of MgZn2, indicat-
ng that ScZn2 is much stiffer than MgZn2. As indicated above, the
lastic moduli of the two phases are larger than that of the pure Mg.
ence, it is obvious that the mechanical properties are improved
fter alloying.

The ratio of the shear modulus to bulk modulus of crystalline
hases introduced by Pugh [36] can predict the brittle and ductile
ehavior of materials. A high (low) G/B value is associated with
rittleness (ductility). The critical value separating ductility from
rittleness is about 0.57. In the present work, the values of MgZn2
nd ScZn2 are 0.53 and 0.60, respectively, implying that MgZn2 is
ssentially ductile and ScZn2 is slightly brittle. On the other hand,
he Poisson’s ratio could reflect the stability of a crystal against
hear. The calculated results in Table 4 demonstrate that ScZn2 is
ore stable against shear owing to its smaller value of Poisson’s

atio.

.3. Elastic anisotropy

The elastic anisotropy of crystals has an important application in
ngineering science since it is highly correlated with the possibil-
ty of inducing microcracks in materials [37]. The shear anisotropic

actor provides a measure of the degree of anisotropy in the bond-
ng between atoms in different planes. For hcp crystal, the shear
nisotropy factors between 〈0 1 1̄ 1〉 and 〈0 1 1̄ 0〉 directions for the
1 0 1̄ 0} shear plane (between 〈1 0 1̄ 1〉 and 〈0 0 0 1〉 directions for
he {0 1 1̄ 0} plane, between 〈1 1 2̄ 0〉 and 〈0 1 1̄ 0〉 directions for the

able 5
he shear anisotropic factors, the linear bulk modulus Ba and Bc (in GPa), and the percent

Material A{1 0 1̄ 0} A{0 1 1̄ 0} A{0 0 0 1} AG (%

MgZn2 0.513 0.513 1.0 4.044
ScZn2 0.890 0.890 1.0 0.134
20.31 51.27 52.00 60.00 0.56 0.26
33.67 85.91 101.00 119.00 0.53 0.28
50.70 126.77 132.00 48.00 0.60 0.25

{0 0 0 1} plane, respectively) are given by [36]

A{1 0 1̄ 0} = 4C44

C11 + C33 − 2C13
(14)

A{0 1 1̄ 0} = 4C55

C22 + C33 − 2C23
(15)

A{0 0 0 1} = 4C66

C11 + C22 − 2C12
(16)

The A value of unity means that the crystal exhibits isotropic
property while values other than unity represent varying degrees
of anisotropy [36]. The calculated values of A{1 0 1̄ 0}, A{0 1 1̄ 0} and
A{0 0 0 1} for MgZn2 and ScZn2 are given in Table 5. It is seen
that on {1 0 1̄ 0} and {0 1 1̄ 0} planes, MgZn2 exhibits higher elastic
anisotropy than ScZn2. Meanwhile, MgZn2 and ScZn2 have isotropy
on {0 0 0 1} plane, showing that the isotropy in this plane of the
two precipitates meet the general property for hexagonal system.
Overall, ScZn2 exhibits better isotropy than MgZn2.

To further investigate the elastic anisotropy of MgZn2 and ScZn2
phases, one also considers the anisotropy in linear bulk modulus.
For hcp crystal, the linear bulk modulus along the a- and c-axes can
be defined as follows [38]

Ba = a
dp

da
= �

2 + ˇ
(17)

Bc = c
dp

dc
= Ba

ˇ
(18)

where

� = 2(C11 + C12) + 4C13ˇ + C33ˇ2 (19)

1
ˇ

= Bc

Ba
= C33 − C13

C11 + C12 − 2C13
(20)

where ˇ is defined as the relative change of the c-axis as a function
of the deformation of the a-axis. So 1/ˇ indicates the anisotropy of
linear compressibility along the c-axis with respect to the a-axis. A
value of unity implies the isotropic compressibility. The calculated
values of Ba and Bc in Table 5 show that the anisotropy of MgZn2
and ScZn2 is also small because the ratios of Bc/Ba for them are close
to unity.

Another way of measuring the elastic anisotropy is the percent-
age of anisotropy in compression and shear [39], which are defined
as AB = (BV − BR)/(BV + BR) and AG = (GV − GR)/(GV + GR), respectively.
The value of zero means that the crystal is isotropic, while 100%
represents the maximum anisotropy. Table 5 lists the percentage
of anisotropy in compression and shear for MgZn2 and ScZn2. It can
be seen that both of materials exhibit small anisotropy in shear and

compression. Interestingly, AB shows MgZn2 has better isotropy in
compression, while AG indicates ScZn2 is more isotopic in shear.

However, the percentage anisotropy in compression and shear
is not sufficient to evaluate the elastic properties of a crystal com-
pletely because they mainly provide measure of the degrees of

age of anisotropy in the compression AB and shear AG (in %).

) AB (%) Ba Bc 1/ˇ

0.005 193.388 187.835 0.971
0.011 257.926 245.942 0.954
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ig. 2. The total and partial density of states (DOS) of MgZn2 (a) and ScZn2 (b), the
ermi level is set at zero energy and marked by the vertical lines.

nisotropy in atomic bonding in different crystallographic planes
40]. For the hexagonal symmetry crystal, the in-plane anisotropy
n a–b plane is nonexistent, only the in-plane elastic anisotropy in
–c plane is usually observed [41]. Another effective way of describ-
ng this in-plane elastic anisotropy is the directional dependence
f Young’s modulus, and it can be determined by the following
quation [31]

1
E

= (1 − l23)
2
s11 + l43s33 + l23(1 − l23)(2s13 + s44) (21)

here Sij are the elastic compliance constants and l3 is the direction
osine. The calculated directional dependent Young’s modulus E
long a, c are given in Table 4. It also shows that both MgZn2 and
cZn2 exhibit small anisotropy. This in-plane elastic anisotropy can
e understood by the nature of chemical bonding between atoms,
hich would be discussed in Section 3.4.

.4. Electronic structures

In the present work, the electronic structure was calculated to
et an insight into the bonding feature of MgZn2 and ScZn2, and fur-
her to reveal the underlying mechanism about structural stability

nd elastic properties of the two phases. The total DOS of MgZn2
nd ScZn2 are presented in Fig. 2, along with the DOS of the con-
tituent Mg, Sc and Zn. From the total and partial DOS of MgZn2
hown in Fig. 2(a), it is found that the calculated total DOS exhibits
etallic behavior, and it is mainly dominated by Mg 2s, 2p states
Fig. 3. The charge density distributions in eV/Å3 on (0 1 1̄ 0) plane for MgZn2 (a)
and ScZn2 (b).

and Zn 3d, 3p and 4s states. The hybridization between Mg and Zn
is also clear in entire region and the variation of hybridization is
small. Moreover, there is a so-called quasigap near the Fermi level
which indicates the presence of the directional covalent bonding
[42]. It is generally considered that the formation of covalent bond-
ing would enhance the strength of material in comparison with the
pure metallic bonding, so the quasigap near the Fermi level in the
bonding region implies the system has a pronounced stability.

The DOS feature of ScZn2 (see Fig. 2(b)) is different from MgZn2
because the 3d electrons of Sc manifest a significant influence, and
the 3p, 4s states in DOS of Zn distribute more broadly. Particularly, it
is found that the density of states at Fermi level for ScZn2 is higher
than that of MgZn2. The calculated bonding electron number of
ScZn2 per atom is 8.992 that is larger than 8.667 of MgZn2. The
higher is the number of bonding electrons, the stronger are the
charge interactions [43]. Hence, ScZn2 phase has higher structural
stability than MgZn2.

In order to further reveal the feature of bonding, the con-
tour plots of charge density distributions are also investigated.
Fig. 3(a) and (b) displays the calculated charge density distributions
on (0 1 1̄ 0) plane for MgZn2 and ScZn2, respectively. The contour
lines are plotted from 0.03 to 0.34 eV/Å3 with 0.015 eV/Å3 interval.
Higher density region corresponds to the core electron distribu-

tion of Mg, Zn and Sc atoms, and it contributes relatively little
to the bonding. From Fig. 3(a), it can be seen clearly that there
exists strong directional bonding between Zn and its nearest Zn
atoms, while the bonding between Zn and Mg atom is mainly ionic.
Fig. 3(b) also shows strong directional bonding between Zn atoms,
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. Conclusions

In present paper, first-principles calculations have been per-
ormed to investigate the structural, elastic and electronic
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he ScZn2 phase is more stable from energetic point of view. The five
ndependent elastic constants are calculated, showing that both
hases are mechanically stable. The polycrystalline elastic parame-
ers (B, G, E, A and �) have been further calculated within the scheme
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