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Polyvinylidene fluoride polymer poses unique properties such as piezoelectric and high mechanical,
thermal, and chemical resistance due to the consisting of the most electronegative element, fluorine, in
its combination. In this paper, molecular dynamics simulation of amorphous polyvinylidene fluoride
polymer containing polarized monomers is utilized to study its mechanical properties. Firstly, by using
tensile test, elastic modulus and ultimate stress are determined and their changes due to temperature and
strain rate change are studied. Then, by using dynamic mechanical analysis, tensile and shear dynamic
complex modulus are calculated and their changes are studied while strain rate changes. This is for the
first time that dynamic mechanical analysis is simulated by molecular dynamics. In addition to
determining the viscoelastic properties of the material, straight forward elimination of temperature

Viscoelastic disturbances due to the sinusoidal pattern of stress and strain functions in terms of time is one of the
advantages of the dynamic mechanical analysis. Consistency between simulated and actual trends
shows the efficiency of the proposed model.
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Fig. 1 Vinylidene fluoride molecule which is the base of PVDF
monomers.
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Fig. 2 Total energy change of PVDF cell in equilibration process
PVDF ages Jsho (55loJolaie a3 50 s JS (65,50 &l s 2 S

97

o Olaee 5 (Jsse Sealns (gilwancd 1 oslaiwl b i oyl jo
38 0 a3l PVDF ol 5l Joleie slaiges Jobo il el g yi5gm
SOl s G5 5 Sm¥l oo ams ) 5 (U S-S (oxie ps 9
Jskes 5o DMA yaa3l gliml b caalol jo 55,5 o gl sl (2iS o503l
09051 55 0 )0 G5 &5 9 Lo 50 s slil 4 PVDF (Sl ol
Al as )3 18 aalllas o)90

902
@ gl Jobo el (ol o5 an Jolt JsSse Salins (gilaned
S Sl sl ailice 0303l ileed el 5 T ails; Jobs
(C2H2F2) yo5550 100 (slyls 005 1o 45 (5 0uds 0,055 10 Lol adsl
oy @ 38l cnl el oad oslizal N grabial e 13l 5l il oo
08 K> 5 @IBK) Lze slod jo 1) boyus; ¥ Solas o) pad
s T UShi g yeely (oaly SlSle b clie g ki3l 5w, grfem?
ol ly e 5l (i 3ga 1) 52aS adsl aisad Jsbo Sz amo o0
el Jos 4 Canilos @1 9 o5l 51 Gy (Sa355 51 B 0980 8,5 5 0
w2 ladslie al>pe )0 o) (ornd lraly Gl izmen o
b ogdce Jaass el oS (53509 Bl & cond sl gun Sy 05d
Ol 53 oud oolital (958 e 025 )50 o5l ST L o U2
ol 00 0318 Ly Copansl 5 ysr assi 45 Casl gy ks ek
b Lol e (oaB a2 51 5,5 (lane ol ks 58 i 4 psboilen 4]
S Jas |y 8,50l PVDF Wil co S5z sla)l (iiSeny (585 5 5o
Ol 1y Gl 5 s Goye Ol GlSe Glaps A0)-6) L,

S e
; qi9;
electrostatic — ity
U @) e, (6)
i>j
C::
UVDW(r) = ZAl.je—BijTii - _U6 )
~ Tij
i>j
1 2
UBOND(7) = Z EKijS(rij —1;°) (8)
iJ
BEND 1 B 02
UPERR() = ) S Kiji (CHS) ©
ik
1
UPMHEDRAL () = Z ZEK(n)ijle[l — cos(ngj) | (10)
Lkl n

slgs [4] 51 a3 5 55 Laly, ol 55 o0t oslial culys ol 5o a5
cny dl>pe allige glojys wly Jobo 4 et Jloel (50 Lalys
Sope o @y o sl ol &5 Wil dsel Jsho 035 Jolaie
355 o0
zsore BLolS pi eSS 4y s (55,1 1 wiin Shaige
g sa A
K sles ;0 (NVT - ol bes g (o daps! slows) SgilS 5,50 (2
0 ol o dfs by o5 L1 NS le; waw sl 500
g Wgboe 3l JsSse Salns (silwancd b (Jlo slais

el aalys way wiges Jolo ez 0 Sy Loy 18 @y

 Materials Studio

2 Random walk

¢ Amorphous

4 LAMMPS: Large-scale Atomic/Molecular Massively Parallel Simulator
® Conjugate gradient

02 oplosts 18 0951397 dnas)l (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1397.18.2.43.2
https://mme.modares.ac.ir/article-15-9496-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.2.43.2 ]

bl 9 LB O SoXo

DMA 5 jiuisS $l905T (950 —Saolisd (5 ludzib 31 03Ul b 339kd O 3xkisg s roaks Lo olgd dslline

0.15

0.05

Strain

-0.05

_O. 15 T T T T T T T T 1
0 200000 400000 600000 800000
time (fs)
Fig. 4 Applied strain with 2.5 GHz frequency to the PVDF cell in
DMA test
05531 53 PVDF @igai Jsbo 4y 5,185 2.5 (uils 3 L oas Jlasl 23,5 4 JSib
DMA

Sl I s o ohas ol of @ a5 ol saddy Gl 09 ek (e
S0 JeSse Snlins (gloands 5l ooliul L PVDF plgs (s
b piass 2 o5l 95 (e i )3 poitnd ik opl (335 S0 5o
Ok pgs Al o a8 adly Sbialy iUl slag i Jol b b g (oS il
az 5 sl e o Ol 0 4z all (et Wb bl ST S5 5
Siloaed o5l Sde sl b piSen n olaai g0 g9 S95 Gldee
bl o 55 laiiSon (i p33 £58 53 Dlie 3 sl MD
2 392y ol (sl | x Elad 5 95 0 arslons 5 52 50 lagil Lo
S sl yerky 5l it )l PVDF joily (sl Sloslons qons cazms o
Slasd g ez @dly 50 Wl e Glas 4 Cudgame (pl g el LS L aisle
S5 dalg> 39 (6,58l DU 4y 4z g5 b i Lo

oloy MDD (g3loarns 5l oolil b sS 9051 50 5500 Cudgaze
b clite g oo SzsS (silwands olidio o olin ol (5l
Ot MD o i (nl g 95800 Szs8 5 sileaned oo 0
Sgazee |y (yid,S F 5 Codgase pl .y ailiy S 0dgaze ;o olap)s;
g g0 00l (il digad Joho 4 a5 plralr Copu 2l 5 WS o
sl o1 (228 e Gl 0Ll G 090) ply iz

ol (il S5 slacysgume JIPVDF jodd 039 5)skans
S regSee Sl )3 5 Glsld ISho g 6isk slajlh sl yohard pely
LMD sjluacs g SzsS ol jo glisle e obel il
b i iz 1 ol (Sen e Lyl ghgpel LSl 4y azgs
abadl Ly o Ko o b by g 008 oo S5 0 1) pery sysk:
Gileodoline al> o 1o ol Sew 35 S0 0 Sl jo A Clls as g
Pl 5 05d slml Gpee slaonzmy (bl o el aised Jslo
RUERIEE SUEL Sy | 1L gt ESEVRGOWE g 71 P03

o g mbs-3

S yg03] —1-3

S5 Sains (silotnd I Jolo (255 — 25 fogai "5 5"

b aib o (slS 4,0 293 3 100 10 1 sleles ;0 PVDF oy sl p

Say ey o0 2led GRS abal 4 B b oe Rl R 2 S SRl

LB 2 1 sole )b, o i slml e baolas 5 oSt glgil cabaii ol 5]
» PVDF by (55 5 SVl Jgoo 5" JS" slo e

odel Cewd @ s 5l T cans 4l Jgoo Gl iz slales

Jsoe 5 3l Sz 3l Kool Jgie s Los a5 35 amti ol oo

! Cutoff radius

02 o)losts 18 093 1397 i)l (oI SHlle S

woled 55 g b oo GialS Sliwl ad 5 (2 y05 Sjgo 4 Lod el
S laabl b 0,8 oo 18 dase Lyl i j0 4l 0.5 o 4y i
358 Jol s 031 Joliis |

po eSSl AL1T o)y Jolss @ 5l aay @ JS8) Wiged Jobo Jsbo
153 griem® oos Joleio piwmw o s pSojluil Iz aib o
IS 38 sl oad 5T dly S o8 el Jo o ol cailoo
IS0 59 & bl 5l [13] el 1.68 gricm® PVDF ,eligesn
13 14] el T (8ly Jlaie 51 aS (g3luancs ,o PVDF (slao puz;
5 g amlys o a8ly Jlade 51 26 55 MD 5l oawl s 4 JE>
adbse (Jgub BB sllas gl ol Caws & (S ladke cams

IR ST pgesl Sy Jolas 4 a1 ey sl ol
Er L lralr @ges Joho (il gl g0 4 &5 D0 (pl @ 0 S
20,5 oo Jloe! (polS 4z 15293 5100 10 1 slales ;0 10° /s 5,8
35550 Anmlins anie Jloj slopls ALl o i JS byt 5
@l S 4 () ey G5 s e i
55 QIBK) Luma slos 5 (5,58 A5 opegl i B,
Casd . GBS 0903 0 pdy oo D yg0 4l 100 510° 108 gl s ,S
gz ol oY g el olod ot Sllwgs slyls MD (g jluacs 5l ool
Sllogs cnl )bl Slkos ol b ales (25 5 Szl oo gl e
30 5 Bds

L "4 S alie 25,5 DMA (ool plail jslace 4y caslsl o
4 Sy asls 5 35,l5,5 25.00 5 5.00 2.50 125 0.25 (gla ,uils 5
Jleel 293 K) Lo slos ;0 PVDF @gas Jsho oil> xhaw 4o
dmbre s JS Lasgie A5 (atie Gloy GlaplS 13 s 95 00
Cosd & A8 LB 4 gt (e Gl b a5 pd g 035 o
Dydse pamie gles Sllugi jpam (5 pheges G gxie ool
L "4 st alie 355 (oan DMA - (oeil o alin ey
Vb s 4 LSy als ¢ 35,0185 25.00 4 2.50 0.25 slo ,uils )6
e 3 (ot 5 oGSl 1 5 05 0o Jlae PVDF wigas Jsko
550 ol busie jlade jazin gl sbpld jo a5 005 o ol
B9 s Al piaens

a2g Bl Ll Wedoo pndi 5 @l (giluad @l w25
5o Uas bl Gl a5 o ls de2 g (gilwand ;o olacagame a5 cuils
g sl oo PVDF oy o9 (odad dacgogame ol 5l (S 058 oo gulis

ol Braet <P o,
Fig. 3 Periodic cell including 10 PVDF chains with 100 monomers at
the density of 1.53 gr/cm®

IS LPVDF ol | s nsise 100 o255 10 ok sisas Jobo 3 JSC
1.53 gr/cm?®

98


https://dorl.net/dor/20.1001.1.10275940.1397.18.2.43.2
https://mme.modares.ac.ir/article-15-9496-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.2.43.2 ]

bl 9 LB O SoXo

DMA 5 jiuisS $l905T (950 —Saolisd (5 ludzib 31 03Ul b 339kd O 3xkisg s roaks Lo olgd dslline

S b plgre gdae polie ST IS (n S ge Gloier &S 65 ¢ 5
3 sl a5 glallas 0ad o (silwand sl 4 bg e bade 51 Ko
asle) s tisle slaplass 5929 (o5 Slaps! slawd) piwaw (39 S o5
3979 oS (ilwdend diged oo 0 o5 (A8ly ladigas ;0 (0> 5 S5
a8 (H8ly diged ;5 (5,5k bl ale) (509,500 sla lsles 352 g o)l
Wgad Jobos r Comnd (555bads oy Gl (gliie gun 50 Conle
A3 o (5 5lwand

sork sl MDD g3loands 5l ol (25,8 — (25 Jloged "6 JS"
293 K sles g adl » 101 4 10° 10% o isS #,5 ,0 PVDF
RVI

ool 5l eads il PVDF Gl o5 5 Sl Jodo polis
Jode polie als o 23,5 F 5 Grels ool ool &5l)1 2 Jgoz j0 b loges
ol St g sl aalys JLis & 1, led 25 5 S
odgaze ;o Vb e 1,8 F5 ,0 MD (giluans i, 5l oolaul b ool
SVl Jgdo 5 ot aslol 1) aig; ol STl JKWLEL 2716 L 612
By e 5l Sl Jlade (oS (St 28 GRS EF 2 D)
CF ey S oo Slpsd o5 CBls azgi Wb adl g salys
W Gle WB a5 jebilen BT [19] e b Sygedy Gi,S
WS pl i medg ol MDD giluacs (o 09290 sl 5l 5L
4 |l Sl Jpie Ky ST s [19] a5 Lt
DS o ol 9,50 3 0 1) oz polie L MDD (g5luars 5l eael cewd
5 ol S oS sbay Lyyis MD s suds eslicad Jsko Jbsbls (1
SrSeiz jobar (Bly LSl 5 6ysk bl &5 cwl Jb sl
ol sk sloyandy 53 @ ims o Sl 1y ek (S ol
el J3E S el (SlSe lyS 1 55 S 5 55k Gblie JLa
4l ol Ll Glasy (Sadysly oliee b (e youdy 99 500 ©)le
S o opl g asl atils  glae Sl Jaaw wiilss oo cglaie (5,5b
2B (J5SUge Salys iloaned Glp ol s le wiged Jsho a5 oo
Al Ol 5 55 ek Sy 659 B ailioe (lanl i
ObSe S lopiy a4z 0 &5 Sjpo (nl 4 Swl Sse (SIS
g bl it g ] 58 55 o] SVl g il axls g i
39 ol S5 o Bados ol 0 ol colaiwl diges Jolw Jlisle aScpl 4
8, wezy oal b Ll el (ol Sl oo oy (S ams
B L oS Sgo ol & el oy Belate gl o enh scmlie

250 4
200 lﬂ.“n\,'r M
= 1 " q,‘.-u,
& 150 | Yok sm ("\,*.r',_‘_--."";"\
E- 4 .. -*-_‘,‘V': i" P L s - ""-.g;'. 3
w 11! ) ;f"‘f;\ '\:’ & - B I o
$ 100 | | 4
=2 ] l'f ----- 1E10
50 _F ,,,,,,,,, 1E9
A 1E8
0
0 0.2 0.4 0.6 0.8 1
Strain

Fig. 6 Stress-strain curve resulted from tensile test at 293 K and
different strain rates
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Fig. 5 Stress-strain curve resulted from tensile test at different
temperature and strain rate of 10° 1/s

DS G g it glales jo 1S (yge3T 5l Jole (S-S 5 S
10° 1/s

WCaaly y0 .ol 4.4 GPA o505 iges Jobo oyl (6 00 dlme Kby
4 w3 oe jop 395 5l L i plp 53 6shes lajeddy o5 513,
Gl &S (To) "Gl slos 5l S lales jo a5 coul &ygo ol
50 g el ol Loy oles (25 oo Lialpdl b sl 0 231 K PVDF
sl o e Grol38l L aslol jo 5 088 0 axlge (ugmere il S L Ty
cluisl b 55 MD 5l el ooty gl [15] ab oo (2alS o0 4
Gty 03¢ 350 40 Lol azas o plias 1) 18, s o] (SasST, o Uas
o5 slggesl Lol calas 3 MD I SVl Jgow (sl ousl
S5 eyl ) PVDF parligasa s o ool i Jabil ol o
ail JSbES 4 5 i 5L o5l 5o wlsioe o SVl Jgio 4 o
117,161

ol 4y ol Ay y9m3] Ll slos 4 SIS pacly les 25 53,
(18] 5 s LIS Ji3, el by oo 20lS dlas (2331 L a5 & 50
olie LMD 3l osal caws 4y (go0s Jlade auglin oSl Ll .ol Slgsean
Seslod lodands )3 0ad odlitul )5 £ 1n5 3N s92y (025
bl oy Jlade 5l S5 10" 4y 10 50> y0 (JsSUge
2 b sl ool o esel Cuss 4 Qled i polie CaS Gl e 052
6 18] Solite sloii,S 25 sl & st Bl i ol
ssalie 52 5 ity Slilagi VL (slales sl iomie ;s a2l Joid
el led Sliluogs 4 bogspe (LaS) Lits Sllug ol 45 055 o

Of alio Sl imusd 35000 Sz (15,5 polie » "5 JSA" s )51
GRS T A e i) a5 285 ami e 18] o i b
@7 093 50 e pmed JlE) b 093 Cillas (gleand @S 5o
2l i oo Lol b aS gl oo s S 50 2 0 uizmen )l
B glis o S5 i 45 jsb s « oS Bl 5l Ll il e ialS
3 )l 092s (25 se3l 5 MD (sileas (5el @l o k28

50 S 5903l MDD (g5lusads 5l oo dsles PVDF (Sl plos 1 Jgaz
10°1/s 16,8 &5 g cilisee slales

Table 1 Mechanical properties of PVDF calculated by MD simulation
of tensile test at different temperature and strain rate of 10° 1/s

MPa) sl s (MPa) ¥l Jsoue K) L
350.7 4238 1
303.4 4590 10
290.6 4192 100
214.8 4626 293

! Glass transition temperature
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Fig. 8 Stress-Strain curve of the PVDF cell obtained from DMA in
tensile mode for different frequencies
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Table 3 Viscoelastic properties of PVDF calculated by MD simulation
of DMA in tensile mode at 293 K and different strain rates
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Fig. 7 Calculated stress (points) for applied strain with 2.5 GHz

frequency to the PVDF cell obtained from DMA in tensile mode and
the fitted curve
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shear mode for different frequencies
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