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We have developed an analytical method to determine the coefficient of thermal exp
(CTE) for single wall carbon nanotubes (CNTs). We have found that all CTEs are neg
at low and room temperature and become positive at high temperature. As the
diameter decreases, the range of negative CTE shrinks. The CTE in radial direction
CNT is less than that in the axial direction for armchair CNTs, but the opposite holds
zigzag CNTs. The radial CTE is independent of the CNT helicity, while the axial
shows a strong helicity dependence.@DOI: 10.1115/1.1752925#
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1 Introduction
Due to their superior material properties, carbon nanotu

~CNTs! @1# have many potential applications such as nanosc
sensors, nanocomposites, and nanoelectronics~e.g.,@2–6#!. Some
examples of nanoelectronics include the next-generation com
ers ~e.g.,@7#! and nanotube transistors@8–15#. These CNT-based
nanoelectronic devices may experience high temperature du
manufacture and operation. This leads to thermal expansion
residual stress in devices, and affects the device reliability. Th
fore, the coefficient of thermal expansion~CTE! of CNTs is an
important property for CNT-based nanoelectronics. This is sim
to Si, which is the dominant micro-electronic material today. T
CTE of Si has been thoroughly investigated in the last few
cades~e.g., @16–25#!. The CTE of Si displays an unusual an
intriguing temperature dependence, namely being negative~i.e.,
thermal contraction! at low temperature, and positive~i.e., thermal
expansion! at high temperature~e.g.,@21,23#!.

The studies on the CTE of CNTs, however, are very limited d
to the challenge in nanoscale experiments and modeling. T
are very few experimental studies on the CTEs of multiwall CN
@26,27# and CNT bundles@28,29#. Using the X-ray diffraction,
Bandow@26# found that the CTE in the radial direction of mult
wall CNTs is almost the same as thec-axis CTE of graphite.
Yosida@28# and Maniwa et al.@29# also used the X-ray diffraction
to study the CTEs of single wall CNTs bundles and their res
suggest that the CNT bundles have negative CTE~thermal con-
traction! at low temperature and positive CTE~thermal expansion!
at high temperature, similar to that of Si. Even though the CTE
single wall CNTs is important both to nanoelectronics and to
fundamental understanding of thermal properties of CNT bund
and CNT-polyethylene composites@30#, there exists no experi
mental study on the CTE of single wall CNTs.

To the best of our knowledge, there exists only one molecu
dynamics ~MD! study on the CTE of single wall CNTs@31#.
Based on the interatomic potential for carbon@32,33#, Raravikar
et al. @31# investigated the CTE of~5,5! and ~10,10! armchair
CNTs. The CTE in the radial direction of the CNT was found
be less than that in the axial direction. However, they repor
only a single value for the CTE in the radial direction~also a
single value for the axial CTE!, and did not report any tempera
ture dependence. This is contrary to the experiments of Yo
@28# and Maniwa et al.@29# which showed strong temperatur
dependence of CTEs for CNT bundles. Furthermore, the CTE
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graphite, which can be considered as the CNT with infinitely la
diameter, also has a strong temperature dependence, being
tive at low and room temperature and positive at high tempera
@34#. Therefore, the CTE of CNTs is anticipated to display stro
temperature dependence.

This paper aims at a systematic study of the CTEs of CN
including their temperature dependence and the effect of C
charality. Instead of using MD, which is computationally intensi
and can simulate only up to nanosecond (1029 s), we develop an
analytic method to determine the CTE of CNTs directly from t
interatomic potential@33# and the local harmonic model~e.g.,
@35#!. This analytic method provides a simple and straightforwa
way to investigate the temperature and helicity dependence o
CTE of CNTs. Our results show that, similar to graphite, the C
of CNTs is negative at low and room temperature, but becom
positive at high temperature. The range of negative CTE shri
as the CNT diameter decreases. For armchair CNTs, we h
confirmed Raravikar et al.’s@31# MD simulation results that the
radial CTE is less than the axial one. However, for zigzag CN
which were not studied by Raravikar et al.@31#, we have found
that the opposite holds, i.e., the radial CTE is larger than the a
one for zigzag CNTs. Furthermore, the radial CTE is found to
independent of the CNT helicity, but the axial CTE displays
strong dependence on the helicity.

The paper is outlined in the following. The atomic structure
the single wall CNT is shown in section 2. A set of finite~5!
variables are introduced to quantitatively characterize this ato
structure. The CNT diameter, and the bond lengths and angle
the tubular structure of the CNT are all given in terms of these fi
variables. To account for the temperature effect, the Helmh
free energy together with the local harmonic model are introdu
in section 3 to determine these five variables at finite temperat
The equilibrium bond lengths and the coefficients of thermal
pansion of the CNT are then obtained at each temperature.
coefficients of thermal expansion in the radial and axial directio
of the CNT are given for armchair and zigzag single wall CNT
and their dependence on temperature and CNT helicity
discussed.

2 Single Wall Carbon Nanotubes

2.1 Geometrical Representation of the CNT Structure.
Figure 1~a! shows a schematic diagram of a CNT with the dia
eter dt . Unlike a planar graphene sheet, a carbon atom and
three nearest-neighbor atoms on the CNT are not on a plane
form a tetrahedron because of the curvature effect. Dependin
the bond orientation and the diameter of the CNT, carbon bo
on the CNT may have different lengths, and the bond angles
viate from 120 deg. Since a CNT can be considered as a ro

tor:
JULY 2004, Vol. 126 Õ 265
004 by ASME
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graphene sheet, we map the CNT shown in Fig. 1~a! to a two-
dimensional, planar sheet of carbon atoms shown in Fig. 1~b!.
This mapping can be visualized by a cut of the CNT along
axial direction followed by the ‘‘unrolling’’ of the CNT to a plane
without stretching. The distance between each pair of carbon
oms in the ‘‘unrolled’’ plane~Fig. 1~b!! is identical to the corre-
sponding arc length on the CNT~Fig. 1~a!!. It is important to
point out that Fig. 1~b! is different from a graphene sheet since t
bond lengths may not equal and the bond angles deviate from
deg.

Figure 1~c! shows a representative atomA in the ‘‘unrolled’’
plane along with its three nearest-neighbor atomsB, C, and D.
These four atomsA, B, C, andD characterize the positions of a
atoms on the planar sheet in Fig. 1~b! since all atoms essentiall
result from the in-plane translation of these four atoms due
periodicity in the atomic structure of the CNT. Therefore, t
lengths and angles between these four atoms completely ch
terize the planar structure in Fig. 1~b!. Let a1 and a2 denote the
vectorsBCW andDCW in Fig. 1~c!, respectively, anda1 anda2 be
the corresponding lengths. The length ofBD is denoted bya3 ,
and the lengths ofAB andAC are denoted bya4 anda5 , respec-
tively ~Fig. 1~c!!. Other lengths and angles in the ‘‘unrolled’’ plan
are completely determined by these five lengthsai ( i
51,2, . . . ,5). Forexample, two anglesw15/CBD and w2
5/CBA ~Fig. 1~c!!, which will be used later to characterize th
mapping between the CNT in Fig. 1~a! and the ‘‘unrolled’’ plane
in Fig. 1~b!, are given in terms of these five lengthsai ( i
51,2, . . . ,5) by

w15cos21
a1

21a3
22a2

2

2a1a3
, w25cos21

a1
21a4

22a5
2

2a1a4
(1)

In order to characterize the actual atomic structure of the C
shown in Fig. 1~a!, it is necessary to prescribe the CNT diame

Fig. 1 A carbon nanotube „CNT…: „a… the tubular structure of
CNT; „b… a planar, ‘‘unrolled’’ CNT; and „c… a representative atom
„A… and its three nearest-neighbor atoms „B, C, and D …
266 Õ Vol. 126, JULY 2004
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dt and helicity which is represented by the angleu betweenBCW

and the chiral vectorCh in Fig. 1~c!, whereCh denotes the cir-
cumferential direction of the CNT in the planar sheet. It is point
out thatdt andu will be related to the charality of the CNT in th
next paragraph. In the cylindrical coordinates (R,Q,Z) of the
CNT, the radial coordinates of all atoms areRA5RB5RC5RD
5dt/2. Without losing generality, we may take the polar angle a
axial coordinate of atomB as zero,QB5ZB50. The axial coor-
dinates of atomsA, C, andD equal to the projections of vector
BAW , BCW , andBDW normal to theCh direction ~Fig. 1~c!!, i.e.,

ZA5a4 sin~w21u!, ZC5a1 sinu, ZD5a3 sin~w11u!
(2)

Similarly, the polar angles of atomsA, C, andD are related to the
projections along theCh direction ~Fig. 1~c!!, and are given by

QA5
2a4 cos~w21u!

dt
, QC5

2a1 cosu

dt

QD5
2a3 cos~w11u!

dt
(3)

The CNT diameterdt and angleu ~Fig. 1! are related to the
chirality (n,m) of the CNT. Following the standard notation fo
CNTs ~e.g., @36#!, the chiral vectorCh , whose length equals the
circumference of the CNT, can always be expressed in term
the base vectorsa1 anda2 as ~Fig. 1~c!!

Ch5na11ma2 (4)

where n and m are integers,n>umu>0, and the pair (n,m) is
called the chirality of the CNT; (n,0) and (n,n) are called the
zigzag and armchair CNTs, respectively, while the general c
n.umu.0 is called the chiral CNT. Using the facta1•a15a1

2,
a2•a25a2

2, and 2a1•a25a1
21a2

22a3
2, we find the circumference

of the CNT as

uChu5ACh•Ch5An2a1
21m2a2

21nm~a1
21a2

22a3
2! (5)

and the CNT diameter

dt5
uChu
p

(6)

The angleu is similarly obtained in terms of the chirality (n,m) as

u5cos21
Ch•a1

uChua1
5cos21

na1
21

m

2
~a1

21a2
22a3

2!

a1uChu
(7)

Therefore,dt and u in Eqs. ~6! and ~7!, as well as the spatia
coordinates of atomsA, B, C, andD in Eqs. ~2! and ~3!, are all
given in terms of these five lengthsai ( i 51,2, . . . ,5).

2.2 Energy in the CNT. Since the positions of all atoms o
the CNT are determined in terms ofa1 , a2 , . . . ,a5 , the bond
lengths and angles can also be obtained in terms of these
lengths. Here it is important to emphasize that the bond leng
and angles are for the bonds on the tubular structure of the C
shown in Fig. 1~a! ~instead of the ‘‘unrolled’’ planar sheet in Fig
1~b!!. For example, the bond length between two atomsX and
Y (X,Y5A,B,C,D) with coordinates (dt/2,QX ,ZX) and
(dt/2,QY ,ZY) is given by

r XY
~0!5Adt

2

2
@12cos~QY2QX!#1~ZY2ZX!2 (8)

which depends on these five lengthsai ( i 51,2, . . . ,5) for agiven
chirality (n,m) of the CNT.

Once all bond lengths and angles are known~in terms of these
five lengthsai ( i 51,2, . . . ,5)), theenergy stored in a bond ca
be obtained from the interatomic potential for carbon@33# given in
the appendix. For example, the energyVAB stored in the bondAB
Transactions of the ASME
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Table 1 Bond lengths and angles in tubular configuration

Chirality
~n,m!

Diameter
dt (nm)

u
degree

Bond lengths~nm! Bond angles~degree!

r AB r AC r AD /BAC /BAD /CAD

Graphite n1m→` ` 0.14507 0.14507 0.14507 120 120 120
Zigzag
Nanotubes

~30,0! 2.4021 0 0.14511 0.14511 0.14508 119.80 119.96 119
~20,0! 1.6036 0 0.14516 0.14516 0.14510 119.55 119.92 119
~10,0! 0.80771 0 0.14544 0.14544 0.14518 118.20 119.69 119
~7,0! 0.57104 0 0.14586 0.14586 0.14528 116.28 119.40 119
~5,0! 0.41522 0 0.14669 0.14669 0.14542 112.59 118.99 118

Armchair
Nanotubes

~18,18! 2.4950 29.991 0.14509 0.14511 0.14509 119.87 120.02 119
~12,12! 1.6646 29.979 0.14511 0.14517 0.14511 119.70 120.04 119
~6,6! 0.83564 29.919 0.14525 0.14549 0.14525 118.80 120.17 118
~5,5! 0.69797 29.887 0.14533 0.14568 0.14533 118.27 120.26 118
~4,4! 0.56071 29.833 0.14548 0.14604 0.14548 117.31 120.45 117

Chiral ~25,9! 2.4425 14.786 0.14510 0.14511 0.14508 119.82 120.00 119
Nanotubes ~16,6! 1.5786 15.262 0.14514 0.14518 0.14510 119.57 120.01 119

~9,3! 0.87112 13.794 0.14532 0.14544 0.14518 118.56 120.02 119
~6,2! 0.58567 13.673 0.14564 0.14592 0.14531 116.72 120.07 118
~4,2! 0.43355 18.702 0.14603 0.14675 0.14555 114.19 120.59 116
n
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~Fig. 1! depends on the bond lengthr AB and the angles betwee
AB and neighbor bonds, i.e.,VAB5V(r AB ,/ABX), whereX rep-
resents the neighbor atoms ofA andB. The energy associated wit
the representative atomA is 1/2(VAB1VAC1VAD), which also
depends on these five lengthsai ( i 51,2, . . . ,5), where the factor
1/2 results from the equal split of the bond energy between
pair of atoms in each bond. The total potential energy in the C
is Vtot5N/2(VAB1VAC1VAD), where N is the total number of
atoms on the CNT.

These five lengthsai ( i 51,2, . . . ,5) aredetermined by mini-
mizing the potential energy in the CNT in order to ensure
equilibrium, i.e.,

]

]ai
@VAB1VAC1VAD#50, i 51,2, . . . ,5 (9)

These are five nonlinear equations forai ( i 51,2, . . . ,5), andhave
to be solved numerically. Table 1 gives the numerical results
bond lengths, angles, CNT diameter, and orientation~angleu! for
several zigzag@(n,0)#, armchair @(n,n)#, and chiral @(n,m),n
.umu.0# CNTs. The bond lengths and angles agree well w
Sanchez–Portal et al.’s@37# ab initio atomistic studies for~4,4!,
~5,5!, ~6,6!, ~8,8!, and ~10,10! armchair CNTs based on th
pseudopotential density functional theory. The results for
graphene sheet are also presented in Table 1 in order to show
effect of CNT diameter. It is observed that, for CNT diamete
above 0.8 nm, the bond lengths and angles are essentially
same as those of graphene~within 1 percent difference! such that
the CNT diameter has essentially no effect. However, for
smallest CNT diameter around 0.4 nm, the bond angle cha
is around 6 percent, which shows the significant effect of C
diameter.

3 Coefficients of Thermal Expansion of Single Wall
Carbon Nanotubes

3.1 Effect of Finite Temperature. The method described in
section 2 to determine the bond lengths is only applicable at z
temperature. At a finite temperature, the total potential energyVtot
should be replaced by the Helmholtz free energy given by

A5Vtot2TS (10)

where T is temperature,S is the entropy,Vtot5N/2(VAB1VAC
1VAD) is the total potential energy and it depends on these
lengths ai ( i 51,2, . . . ,5). Based on the local harmonic mod
~e.g.,@35,38#!, the entropy is given by
neering Materials and Technology
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i 51

N

(
k51

3

lnF2 sinhS hv ik

4pkBTD G
52NkB(

k51

3

lnF2 sinhS hvk
A

4pkBTD G (11)

whereN is the total number of atoms,kB is the Boltzmann con-
stant 1.38310223 J•K21, h is the Planck’s constant 6.63
310234 J•s, T is the temperature, andv ik (k51,2,3) are the vi-
bration frequencies of atomi and are determined from the 333
local dynamic matrix 1/mi]

2Vtot /]xi]xi of atom i by

Uv ik
2 I2

1

mi

]2Vtot

]xi]xi
U50 (12)

Here I is the 333 identity matrix, andmi andxi5(xi ,yi ,zi) are
the mass and Cartesian coordinates of atomi, respectively. For the
CNT subject to temperature change,v ik for the atomi are the
same as those for the representation atomA, i.e.,v ik5vk

A , where

U~vk
A!2I2

1

m

]2Vtot

]xA]xAU50 (13)

From ~12! or ~13!, the vibration frequenciesv ik andvk
A are also

functions of these five lengthsai ( i 51,2, . . . ,5).Therefore, the
Helmholtz free energyA for the CNT also depends onai ( i
51,2, . . . ,5).

As discussed in section 2, these five lengthsai ( i 51,2, . . . ,5)
are determined by minimizing the potential energy in Eq.~9!. But
such an approach only holds at zero temperature. At a finite t
peratureT, atoms do not occupy static positions because of th
mal vibrations. These five lengthsai ( i 51,2, . . . ,5) nowrepre-
sent the average, ‘‘equilibrium’’ lengths at the finite temperatu
and they are determined by minimizing the Helmholtz free ene
~instead of the potential energy!, i.e.,

]A@ai~ i 51,2, . . . ,5!,T#

]ai
50, i 51,2, . . . 5 (14)

This gives these five lengths as a function of temperature,
ai5ai(T) ( i 51,2, . . . ,5).

3.2 Coefficients of Thermal Expansion. It is important to
note that the temperature dependence of bond length at finite
perature results from the anharmonicity in the interatomic pot
tial. For a strictly harmonic potential, the vibration frequenci
v ik are independent of atom positions such that the avera
‘‘equilibrium’’ bond lengths remain unchanged with the temper
JULY 2004, Vol. 126 Õ 267
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ture increase, and therefore the CTEs vanish. This can be
plained by the absolute isotropy in the tension/compression
atomic bonds characterized by the harmonic potential such
even though the atoms vibrate, the center of vibration does
change with temperature. This is, however, not true for anh
monic potential such as Brenner’s interatomic potential for car
@33# which displays tension/compression anisotropy such thatv ik
are not constants anymore, and the center of atom vibra
changes with the temperature, leading to nonvanishing CTEs
CNTs.

The CNT diameter is related to these five lengths via Eqs.~5!
and ~6!, and, therefore, also depends on the temperatureT, dt
5dt(T). The CTE in the radial direction is given by

a radial5
1

dt~T!

d@dt~T!#

dT
(15)

The CTE in the axial direction can be similarly calculated fro
the variation of the translational vector which is the period in
axial direction~e.g.,@36#!. For example, the axial CTE for (n,n)
armchair CNTs is determined from the change ofBD ~Fig. 1~c!
and is given by

aaxial5
1

a3~T!

d@a3~T!#

dT

For (n,0) zigzag CNTs, the axial CTE is given by

aaxial5
1

a3~T!sinw1~T!

d@a3~T!sinw1~T!#

dT

where the anglew1 is shown in Fig. 1~a! and is given in Eq.~1!.
We use this method to study the radial and axial CTEs of sin

wall CNTs. Figure 2 shows the temperature dependence of ra
and axial CTEs for a~5,5! armchair CNT and a flat graphen
sheet. The CTEs are negative at low and room temperature
become positive at high temperature for both the armchair C
and the graphene sheet. This is, in fact, consistent with CTE
for graphite@34# which also show negative CTE at low and roo
temperature and positive CTE at high temperature. The molec
dynamic simulations of Raravikar et al.@31# did not report any
temperature dependence of CTEs of CNTs, but they found tha
radial CTE is less than the axial one for armchair CNTs, i
a radial,aaxial . Our results for the~5,5! armchair CNT confirm this
since the solid curve for radial CTE in Fig. 2 is below the dott
curve for axial CTE. However, for the~9,0! zigzag CNT, the op-
posite holds. Figure 2 also shows the temperature dependen
the radial and axial CTEs for the~9,0! zigzag CNT. The solid
curve for the radial CTE of the~9,0! CNT is above the dotted

Fig. 2 The temperature dependence of the radial and axial co-
efficients of thermal expansion for „5,5… and „9,0… carbon nano-
tubes together with that for a flat graphene sheet
268 Õ Vol. 126, JULY 2004
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curve for the axial CTE such thata radial.aaxial . In fact, we have
calculated the CTEs for other CNTs and found thata radia,aaxial
for all armchair CNTs anda radial.aaxial for all zigzag CNTs.
These CTEs are all negative at low and room temperature
become positive at high temperature.

We have chosen~5,5! and ~9,0! CNTs in Fig. 2 because they
have very close CNT diameters such that we can examine
effect of CNT helicity. It is observed that the axial CTEs curv
are widely apart, but the radial CTEs curves are very close o
the entire temperature range. The slight separation between
radial CTE curves may be due to the small difference in the
ameters. We have also studied CNTs with almost identical dia
eters, such as~5,5!, ~6,4!, and~7,3! CNTs. Their radial CTEs are
shown in Fig. 3 and the curves are identical. This suggests tha
radial CTEa radial is independent of the CNT helicity, and depen
only on the temperature and CNT diameter.

It is also observed from Figs. 2 and 3 that the CTE curves
~5,5! and ~9,0! CNTs are above that for the graphene sheet. T
ranges of negative CTE for CNTs become smaller due to
effect of finite CNT diameter. Figure 4 further shows th
diameter-dependence of CTEs for armchair and zigzag CNT
temperatureT5400 K. The armchair CNTs range from~5,5! to
~11,11!, while zigzag CNTs range from~9,0! to ~20,0!. The value
of CTE of a graphene sheet is represented by the horizontal
As the CNT diameter increases, the CTEs decrease and grad
approach that of the graphene sheet. At 400 K, the CTEs exp
ence a change from positive to negative as the diameter incre

Fig. 3 The temperature dependence of the coefficient of ther-
mal expansion in the radial direction for „5,5…, „6,4…, and „7,3…
carbon nanotubes

Fig. 4 The diameter-dependence of the coefficients of thermal
expansion for armchair and zigzag carbon nanotubes at 400 K
Transactions of the ASME
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Figure 4 also confirms thata radial,aaxial for armchair, a radial
.aaxial for zigzag CNTs, anda radial depends only on the CNT
diameter.

4 Concluding Remarks
In conclusion, we have presented an analytic method to de

mine the coefficient of thermal expansion~CTE! for single wall
carbon nanotubes based on the interatomic potential and the
harmonic model. The CTE in the radial direction of the CNT
less than that in the axial direction for armchair carbon nanotu
but the opposite holds for zigzag carbon nanotubes. Furtherm
the CTE in the radial direction of the CNT is independent of t
carbon nanotube helicity, while the axial CTE depends strongly
the helicity. The CTEs of carbon nanotubes are negative at
and room temperature but positive at high temperature. As
nanotube diameter decreases, the range of negative CTE sh
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Appendix

The Empirical Bond Order Potential for Carbon. The in-
teratomic potential for carbon@33# is given by

V~r i j ;u i jk !5VR~r i j !2B̄i j VA~r i j ! (A.1)

wherer i j is the distance between atomsi andj, u i jk represents the
angle between the bondi - j and the neighbor bonds; andVR and
VA are the repulsive and attractive pair terms given by

VR~r !5
D ~e!

S21
e2A2Sb~r 2R~e!! f c~r ! (A.2a)

VA~r !5
D ~e!S

S21
e2A2/Sb~r 2R~e!! f c~r ! (A.2b)

The parametersD (e), S, b, andR(e) are determined by fitting with
known physical properties of various types of carbon. In parti
lar, R(e) represents the equilibrium distance of two freestand
carbon atoms~i.e., no other atoms!. The values of these param
eters, as well as others introduced in Brenner’s@33# interatomic
potential, are given at the end of this section. The functionf c is
merely a smooth cut-off function having the piecewise form

f c~r !55
1 r ,R~1!

1

2 H 11cosFp~r 2R~1!!

R~2!2R~1! G J R~1!,r ,R~2!

0 r .R~2!

(A.3)

where the effective range of the cut-off function is defined byR(1)

andR(2).
The term B̄i j in ~A.1! represents a multi-body coupling term

between the bond from atomi to atomj and the local environmen
of atomi. It reflects the contribution from other atoms in the loc
environment of atomi. This multi-body coupling term is given by
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Bi j 5F11 (
k~Þ i , j !

G~u i jk ! f c~r ik!G2d

wherek denotes the carbon atoms other thani and j, r ik is the
distance between carbon atomsi andk, the exponentd is given at
the end of this section,f c is the aforementioned cut-off function in
~A.3!, and u i jk defines the angle between carbon bondsi - j and
i -k. The functionG is given by

G~u!5a0F11
c0

2

d0
2
2

c0
2

d0
21~11cosu!2G (A.5)

where parametersa0 , c0 , andd0 , are determined by fitting to the
known physical properties of various types of carbon.

Brenner@33# used the lattice constants and binding energies
graphite, diamond, simple cubic, and face-centered-cubic car
as well as vacancy formation energies of graphite and diamon
determine the parametersD (e), S, b, R(1), R(2), d, a0 , c0 , andd0
as

D ~e!56.000 eV, S51.22, b521 nm21

R~e!50.1390 nm

R~1!50.17 nm, R~2!50.20 nm
(A.6)

d50.50000

a050.00020813, c05330, d053.5
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