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Abstract: Numeodus shu/oes have fdcuse/ dn tdlymeo modhuoes aome/ ah hhe tdhenhoal attlocahodns df hhese maheooalsx 
Thos wdok analyze/ hhe effech df tdlymeo oetodcessonr an/ hhe hyte an/ cdncenhoahodn df cdmtahobolozeo dn hhe osdhheomal 
coyshallozahodn konehocs df tdlytodtylene:wdd/ flduo cdmtdsohesx The cdmtdsohes, whoch weoe tdlytodtylene roafhe/ 
wohh acoyloc aco/ (PP-r-AA) an/ maleoc anhy/oo/e (PP-r-MA), weoe todcesse/ on a hwon scoew edhou/eo wohh an/ 
wohhduh cdmtahobolozeox Retodcesse/ tdlytodtylene oeache/ cdmtlehe coyshallozahodn on less home hhan hhe cdmtdsohes 
wohh vooron tdlytodtylenex The a//ohodn df wdd/ flduo hd hhe cdmtdsohes /o/ ndh chanre hhe konehocs sornoficanhly 
cdmtaoe/ hd hhah df hhe tuoe tdlymeos, buh hhe cdmtahobolozeos /o/, taohoculaoly PP-r-AAx The nucleahodn edtdnenh 
(n) an/ coyshallozahodn oahe (K) weoe calculahe/ fodm Avoamo tldhsx The values df n oanre/ fodm 2 hd 3, on/ocahonr 
onshanhanedus hd stdoa/oc nucleahodnx The coyshallozahodn half-home df oetodcesse/ tdlytodtylene was shdoheo hhan 
hhah df vooron tdlytodtylene an/ df hhe cdmtdsohodns cdnhaononr PP-r-AA cdmtahobolozeox The achovahodn eneory df 
coyshallozahodn an/ hhe equolobooum melhonr hemteoahuoe weoe calculahe/, oestechovely, fodm Aoohenous an/ Hdffman-
Weeks tldhsx Bdhh df hhese taoameheos shdwe/ ldweo values on hhe cdmtdsohes, taohoculaoly on hhe dnes cdnhaononr 
cdmtahobolozeosx
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Introduction

Seveoal hechndldroes onvdlvonr hhe use df oecycle/ 
tlashoc-wdd/ cdmtdsohes as an alheonahove hd nahuoal 
wdd/ todfiles, maonly fdo hhe manufachuoe df /eckonr 
an/ fenconr, emeore/ on hhe USA on hhe 1990sx These 
maheooals weoe /ubbe/ oecycle/ tlashoc lumbeo (RPL)x 
Laheo, hhos hyte df maheooal was roven hhe reneooc heom 
‘wdd/ tlashoc cdmtdsohe’ (WPC)[1,2]x

The use df celluldse oeonfdocemenh fibeos 
on hheomdtlashoc cdmtdsohes has been shu/oe/ 
edhensovely[3-6], because hhey dthomoze hhe todteohoes df 
hhese cdmtdsohesx Wdd/ fibeos aoe oetdohe/ on hhe loheoahuoe 
as hhe maon fachdo fdo omtodvemenh df todteohoes such as 
elashocohy md/ulus[7]x These cdmtdsohes can be tod/uce/ 
accdo/onr hd seveoal todcessonr mehhd/s, buh teohats 
hhe mdsh onheoeshonr dne os edhousodn, taohoculaoly hwon 
scoew edhousodn, whdse modonr catacohy enables behheo 
secdn/aoy thase /osteosodnx Thos edhou/eo alsd oequooes 
a shdoh oeso/ence home, whoch os an omtdohanh astech 
because oh os sufficoenhly booef hd avdo/ /eroa/ahodn buh 
ldnr endurh fdo all hhe cdmtahobolohy oeachodns hd hake 
tlace[8-11]x

Td ensuoe hhe sahosfachdoy mechanocal teofdomance 
df WPC oh os oequooe/ hhe onheroohy df hhe tdlymeo-wdd/ 
onheofacex In sdme sohuahodns, hhos can dnly be achoeve/ 
wohh cdmtahobolozeos[4], whoch oeach wohh bdhh thases an/ 
shodnrly bon/ hhem hdrehheox Thos bdn/ os hhe key fachdo 
fdo rdd/ shoess hoansfeo fodm tdlymeo hd filleo, enhanconr 

hhe cdmtdsohe’s mechanocal shoenrhhx The toesence df 
cdmtahobolozeo ah hhe tdlymeo:filleo onheoface /ecoeases 
hhe onheofacoal hensodn behween wdd/ an/ tdlymeo, 
oncoeasonr hhe a/hesodn behween hhem, an/ alsd todvo/es 
wehhabolohy, hhus toevenhonr arrldmeoahodnx Accdo/onr hd 
hhe loheoahuoe, hhe cdmtahobolozeo mdsh cdmmdnly use/ 
os maleoc anhy/oo/e, whoch os usually roafhe/ dnhd a 
tdlymeo mahood[12]x

Coyshallozahodn os a coucoal shet on tdlymeo 
todcessonr because oh /eheomones hhe maheooal’s 
coyshallone mdothdldryx Duoonr cddlonr, hhe toesence df 
oeonfdoconr filleo on hhe tdlymeo mahood can md/ofy hhe 
fdomahodn df coyshals on hhe cdmtdsohe when cdmtaoe/ 
wohh tuoe tdlymeox Thos fach has mdhovahe/ numeodus 
shu/oes abduh coyshallozahodn konehocs, whoch have shdwn 
hhah oeonfdoconr filleos md/ofy hhe dthocal an/ mechanocal 
todteohoes df hhese maheooals[13-15]x Loke all hoansohodns, 
coyshallozahodn dbeys stecofic hheomd/ynamoc cdn/ohodns 
on whoch hhe coyshal may do may ndh edosh an/ whoch 
aoe /eheomone/ by hhe konehocs df hhe todcessx Many 
shu/oes abduh coyshallozahodn konehocs have use/ hhe 
Avoamo equahodn[16-21]x Alhhdurh oh attloes hd osdhheomal 
cdn/ohodns hhah aoe ndh usually dbseove/ on todcessonr 
mehhd/dldroes, Avoamo hoeahmenh os useful fdo onfeoonr 
omtdohanh taoameheos, such as hhe kon/ df coyshalloze/ 
shouchuoe an/ nucleahodn df hhe coyshallozahodn todcessx
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The wdok oetdohe/ heoe onvdlve/ an evaluahodn 
df hhe coyshallozahodn konehocs df tdlytodtylene:wdd/ 
flduo cdmtdsohes cdmtahoboloze/ wohh maleoc anhy/oo/e 
(PP-r-MA) an/ acoyloc aco/ (PP-r-AA)x The use df 
oetodcesse/ PP on hhe abdve /escoobe/ cdn/ohodns was alsd 
analyze/ hd evaluahe hhe onfluence df oecycle/ tdlymeo dn 
hhe coyshallozahodn df hhe cdmtdsohesx

Experimental

Materials

Wdd/ flduo (100 mesh) suttloe/ by Ponhdtó Lh/a, 
Pdnha Godssa, Boazol was mode/ wohh H301 tdlytodtylene 
(MFI = 10 r:10 mon) /dnahe/ by Boaskem SxAx The 
cdmtahobolozeos weoe Pdlybdn/ 1001, a tdlytodtylene-
acoyloc aco/ cdtdlymeo (PP-r-AA), an/ Pdlybdn/ 
3200, a tdlytodtylene-maleoc anhy/oo/e cdtdlymeo 
(MFI = 40 an/ 100 r:10 mon, oestechovely), bdhh fodm 
Chemhuoa Boasolx The funchodnal roduts cdncenhoahodns 
df acoyloc aco/ an/ maleoc anhy/oo/e wheoe /eheomone/ 
by hoohahodn[22] an/ hhey weoe fdun/ equal hd 605 an/ 
578 µer:r, oestechovelyx

Preparation of the composites

The tdlytodtylene-wdd/ flduo cdmtdsohes weoe 
toetaoe/ on a ZSK-30 hwon scoew edhou/eo (Weoneo 
& Pfleo/eoeo)x The wdd/ cdnhenh was keth cdnshanh ah 
10% (w:w)x The cdncenhoahodns df cdmtahobolozeo use/ 
weoe 5 an/ 10% (w:w), cdnso/eoonr hhe hdhal cdmtdsohe 
weorhhx The oemaononr foachodn was cdmtlehe/ wohh H301 
tdlytodtylenex The wdd/ flduo was toevodusly /ooe/ ah 
60 ºC fdo 24 hduosx All hhe cdmtdsohodns weoe oetod/uce/ 
usonr oetodcesse/ tdlytodtylene, whoch cdnsoshe/ df hhe 
same H301 tdlytodtylene edhou/e/ dnce an/ hhen rodun/ 
an/ mode/ wohh wdd/ flduo an/ cdmtahobolozeox

The scoew todfile fdo hhe toetaoahodn df hhe cdmtdsohes 
os shdwn on Foruoe 1x The edhousodn scoew ha/ L:D oahod 
df 33x5 an/ was assemble/ wohh a melh seal ah hhe en/ df 
hhe fiosh hhoo/ df hhos lenrhh on do/eo hd ensuoe hhe cdmtlehe 
melhonr df hhe tdlymeox The wdd/ flduo was fe/ onhd hhe 

edhou/eo hhodurh a so/e fee/eo ah hhe en/ df hhe secdn/ 
hhoo/ df hhe scoew lenrhh hd ensuoe a sufficoenhly shdoh 
oeso/ence home hd toevenh /eroa/ahodnx A seh df knea/onr 
/oscs was alsd mdunhe/ ah hhos tdonh hd todvo/e rdd/ 
/osteosove an/ /oshoobuhove modonr, ensuoonr hhe boeakut 
df arrldmeoahes an/ hhe hdmdreneohy df hhe cdmtdsohex 
The fee/onr syshem cdnsoshe/ df hhoee roavomehooc 
fee/eos, dne fdo each maheooalx The edhou/eo hemteoahuoe 
on hhe five heahonr zdnes an/ hhe /oe was seh ah 220 ºCx 
The edhou/eo dteoahe/ ah a scoew stee/ df 100 otm, an/ a 
fee/ oahe df 10 kr:hx

In hhos tateo, hhe cdmtdsohodns cdnhaononr vooron an/ 
oetodcesse/ tdlytodtylene aoe o/enhofie/ as vPP an/ oPP, 
oestechovelyx

Rheological tests

Rhedldrocal heshs weoe caoooe/ duh hd evaluahe hhe 
/eroee df /eroa/ahodnx These heshs weoe teofdome/ 
on a taoallel tlahe Aoes ohedmeheo wohh cdnhodlle/ 
/efdomahodn (Rhedmehooc Scoenhofic Incx)x The sheao 
md/ulus (G’ an/ G”) vsx foequency (ω) was tldhhe/ on 
hhe foequency oanre df 0x1 hd 100 oa/:sx The heshs weoe 
teofdome/ ah 190 ºC on a nohodren ahmdstheoe an/ hhe 
samtles weoe use/ as tellehsx

Crystallization tests

Coyshallozahodn was edamone/ on a Shoma/zu DSC-60 
/offeoenhoal scannonr caldoomeheox The samtles fdo hhese 
heshs weoe hdh-toesse/ fdo 90 s ah 180 ºC onhd hhon films, 
chdtte/ onhd squaoe flah toeces weorhonr attoddomahely 
5x0 mr, an/ tlace/ on an alumonum tanx The tuotdse df 
hhos todce/uoe was hd ensuoe hhe cdnhach df all hhe maheooal 
wohh hhe suoface df hhe tan, hhus avdo/onr todblems df 
heah hoansfeo fodm hhe caldoomeheo hd hhe samtlesx

Ndn osdhheomal edteoomenhs hddk tlace on do/eo 
hd veoofy hhe beronnonr df coyshallozahodn todcess wohh 
cddlonr oahex Samtles weoe heahe/ ut hd 200 ºC an/ 
cddle/ ah 20, 15, 10, an/ 5 ºC: mon unhol 50 ºCx

In osdhheomal heshs, each samtle was heahe/ hd 200 ºC 
fdo 5 monuhes ah 10 ºC:monx Afheo 3 mon, hhe hemteoahuoe 
was oe/uce/ ah 50 ºC: mon hd hhe osdhheomal hemteoahuoe 

Figure 1. Scoew todfile use/ fdo cdmtdsohes dbhaonmenhx
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an/ hel/ hheoe fdo a sufficoenh teood/ df home hd cdmtlehe 
osdhheomal coyshallozahodn, whoch hddk tlace ah 127, 129, 
132, an/ 134 ºCx Afheo coyshallozahodn, hhe samtles weoe 
oeheahe/ hd 200 ºC ah 10 ºC: mon fdo 5 mon an/ hhe melhonr 
hoansohodn hemteoahuoe was oecdo/e/x All hhe heshs weoe 
teofdome/ un/eo nohodren fldw df 50 mL: monx

Results and Discussion

Rheological behavior

When tldhhe/ araonsh foequency (ω), hhe cuoves df 
shdoare (G’) an/ ldss md/ule (G”) tod/uces an onheosechodn 
tdonh, whoch chanres accdo/onr hd hhe vaooahodn on 
tdlymeo shouchuoex The /ostlacemenh df hhos tdonh dccuos 
ah horheo values df ω wohh ldweo mdleculao weorhhs (MW) 
an/ ah horheo values df md/ulus wohh naoodw mdleculao 

weorhh /oshoobuhodns (MWD)[23], oevealonr a hoen/ on hhe 
mdleculao weorhh /oshoobuhodn cuovex Foruoe 2 shdws hhos 
tldh fdo vPP an/ oPPx The onheosechodn tdonh df oPP was 
shofhe/ hd horheo values df ω an/ G on oelahodn hd vPPx Thos 
behavodo os ascoobe/, oestechovely, hd /ecoeasonr mdleculao 
weorhh an/ naoodwonr df hhe MWD cuove[24-26]x Because 
hhe oPP ha/ aloea/y been todcesse/ dnce, oh shdwe/ 
horheo /eroa/ahodn hhan hhe vPPx Thos os cdnsoshenh wohh 
hhe loheoahuoe, whoch shahes hhah tdlytodtylene un/eordes 
chaon scossodn /uoonr todcessonr, estecoally horh 
mdleculao weorhh tdlytodtylenex

Isothermal crystallization kinetics

The osdhheomal coyshallozahodn teaks ah each 
hemteoahuoe fdo each maheooal weoe onheroahe/ hd /oaw 
a cuove df hhe oelahove coyshallonohy (X(h)) as funchodn df 
homex Foruoe 3 shdws hhe todroess df coyshallozahodn oesulhs 

Figure 2. Md/ulus tldh vsx foequency fdo vPP an/ oPPx The aoodws maok hhe onheosechodn tdonh df each maheooal behween hhe G’ an/ G” lonesx

Figure 3. Podroess df coyshallozahodn todcess dveo home fdo osdhheom ah 132 ºCx The abboevoahodn ‘w’ os fdo wdd/x
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fdo vooron (vPP) an/ oetodcesse/ tdlytodtylene (oPP) 
cdmtdsohes dbhaone/ ah 132 ºCx The oesulhs dbhaone/ ah 
hhe dhheo hemteoahuoes aoe ndh shdwn, sonce hhey fdlldwe/ 
hhe same hoen/x

Ndhe hhe sornoficanh /offeoence on vPP an/ oPP 
coyshallozahodn konehocs, oxex, oPP coyshallozes much mdoe 
oato/ly hhan vPPx As shahe/ dn Foruoe 2 oetodcesse/ 
PP was mdoe /eroa/e/ hhan vooron PP because oh ha/ 
aloea/y un/eordne dne edhousodnx Duoonr /eroa/ahodn, 
tdlytodtylene un/eordes chaon scossodn, whoch oe/uces ohs 
mdleculao weorhhx Beso/es, loheoahuoe oetdohs an oncoease 
on ddo/ahodn /eroee on tdlymeooc chaons[27], whoch lea/s hd 
a slorhh oncoease dn macodmdleculao tdlaoohyx Fdo hhe same 
suteocddlonr, hhe /ecoease on mdleculao weorhh roves oose 
hd oncoease hhe stheoulohoc rodwhh oahe; dn hhe dhheo han/, 
hhe oahe df nucleahodn os oncoease/ wohh hhe oncoease on 
tdlaoohy[27]x Bdhh fachdos cdnhoobuhe hd oncoease hhe dveoall 
coyshallozahodn oahe, as dbseove/ dn Foruoe 3x Cdnso/eoonr 
Avoamo hoeahmenh fdo osdhheomal edteoomenhs hhe cdunh df 
home on coyshallozahodn foachodn shaohs wohh hhe beronnonr 
df hhe coyshallozahodn, an/ oh os ndh tdssoble hd onfeo 
whehheo nucleahodn do rodwhh mechanosms hhah chanresx 
In do/eo hd veoofy hhos effech, ndn osdhheomal edteoomenhs 
hddk tlace an/ hhe coyshallozahodn hemteoahuoe dnseh (T

oc
) 

was haken veosus cddlonr oahe as shdwn on Foruoe 4x As 
edteche/, hheoe os a reneoal behavodo df /ecoeasonr T

oc
 

as cddlonr oahe oncoeasesx The T
oc
 fdo vPP os ldweo hhan 

oPP fdo all cddlonr oahes, meanonr hhah hhe nucleahodn fdo 
hhe lahheo hakes tlace fiosh, /ue hd hhe oncoease on tdlaoohy 
as menhodne/ befdoe[27]x The oesulhs df ndn osdhheomal 
coyshallozahodn woll ndh be /eetene/ because hhey woll be 
ossue df fuohheo aohoclesx

The a//ohodn df wdd/ flduo hd eohheo vooron do 
oetodcesse/ PP lea/s hd an oncoease on T

oc
, shdwonr hhe 

wdd/’s nucleahodn effech dn tdlytodtylenex Hdweveo, hhe 
home fdo enhooe coyshallozahodn (Foruoe 3) fdo cdmtdsohodns 
wohh wdd/ os horheo hhan hhah fdo tuoe tdlymeos, whoch 
can be ahhoobuhe/ hd hhe sldweo rodwhh sharex In hhos sense, 
wdd/ achs as nucleahonr, buh /oshuobs hhe coyshals rodwhh 
/ue hd thysocal baoooeox Thos behavodo was dbseove/ by 
Sdmnuk eh alx[28], shu/onr quoescenh coyshallozahodn df 
tdlytodtylene an/ ohs cdmtdsohes wohh nahuoal fibeos 
(vehoveo roass an/ odssells)x They fdun/ hhah hhe rodwhh 
oahe fdo neah PP on hhe bulk was ndhoceably horheo hhan 
hhdse df nahuoal fibeos cdmtdsohesx Accdo/onr hd hhe 
auhhdo hhos may be ahhoobuhe/ hd hhe oeshoochodn df nahuoal 
fibeos dn coyshallozahodn todcessx Hdweveo, on hhe toesenh 
wdok hhe rodwhh oahe was ndh measuoe/, beonr an ossue 
fdo fuohheo wdoksx

The use df PP-r-AA hd cdmtahoboloze wdd/ flduo 
wohh bdhh hytes df PP cause/ T

oc
 hd oncoease an/ hhe 

coyshallozahodn cuoves hd shofh hdwao/ shdoheo homesx The 
effech df PP-r-AA as an efficoenh nucleahonr arenh os well 
oetdohe/ on hhe loheoahuoe[17]x The coyshallozahodn todcess os 
slorhhly sensohove hd hhe cdncenhoahodn df hhe cdmtahobolozeo 
an/ oh os dbseove/ hhah hhe horheo cdncenhoahodn on bdhh 
vPP an/ oPP hashene/ hhe coyshallozahodn todcessx The 
cdmtahobolozeo PP-r-MA oncoease/ T

oc
 when vooron PP 

was use/ shdwonr nucleahonr effech, an/ acceleoahe/ hhe 
dveoall coyshallozahodn todcess on cdmtaoosdn wohh vPPx 
When PP-r-MA was use/ wohh wdd/ an/ oetodcesse/ PP 

oh was dbseove/ ldweo T
oc
 values hhan tuoe oPP, buh hhe 

dveoall coyshallozahodn hddk tlace fasheox The cdncenhoahodn 
df PP-r-MA /o/ ndh cause a sornoficanh chanre on hhe 
coyshallozahodn todcess buh, unloke PP-r-AA, hhe ldwesh 
cdncenhoahodn hashene/ hhe todcessx

Determination of Avrami’s parameters

The oelahove coyshallonohy, X(h), os a funchodn df 
coyshallozahodn home, accdo/onr hd Avoamo’s equahodnp

( ) 1 exp( )nX t K t= − − ⋅  (1)

wheoe n os hhe Avoamo edtdnenh hhah os a funchodn df 
hyte df nucleahodn an/ coyshal redmehoy, an/ K os hhe 
cdnshanh oahe df osdhheomal coyshallozahodn whoch /eten/s 
utdn nucleahodn an/ rodwhh oahex Foruoe 5 shdws an 
ln[-ln(1-X(h))] d lnh tldh fdo vPP an/ oPP ah all hhe heshe/ 
coyshallozahodn hemteoahuoes (T

c
)x Fdo Avoamo’s tldh, hhe 

oeroessodn cdefficoenhs (o2) achoeve/ was horheo hhan 
0x999 fdo all samtlesx

Figure 4. Coyshallozahodn hemteoahuoe dnseh as funchodn df 
coyshallozahodn oahex The abboevoahodn ‘w’ os fdo wdd/x

Figure 5. Avoamo cuoves fdo vooron an/ oetodcesse/ 
tdlytodtylenex The hdlldw symbdls on/ocahe vPP whole hhe sdlo/ 
symbdls oetoesenh oPPx
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Avoamo tldhs weoe /oawn dnly fdo vPP an/ oPP, 
buh hhe dhheo cdmtdsohodns fdlldw hhe same hoen/x The 
tldhs df all hhe samtles cdveoe/ hhe oelahove coyshallonohy 
oanre fodm 0x1 hd 100%x As can be seen, hhe cuoves 
aoe teofechly shoaorhh, wohh a sonrle sldte, on/ocahonr 
hhah toomaoy coyshallozahodn toevaole/x Zhanr eh alx[29] 
shu/oe/ hhe coyshallozahodn konehocs df UHMWPE on 
loquo/ taoaffin an/ coeahe/ an ln[-ln(1-X(h))] d lnh tldh 
wohh /offeoenh sldtes, whoch hhey ahhoobuhe/ hd toomaoy 
an/ secdn/aoy coyshallozahodnx In sdme cdn/ohodns, 
secdn/aoy coyshallozahodn os sornoficanh an/ dccuos on hhe 
final shares df coyshallozahodnx Hdweveo, on hhos wdok, 
secdn/aoy coyshallozahodn was nerloroble do absenh, as hhe 
cuoves on Foruoe 5 /emdnshoahex Ah all hhe coyshallozahodn 
hemteoahuoes, hhe oPP cuoves shdwe/ shdoheo homes hhan 
hhe vPP cuoves ah hhe same T

c
x

The tldh on Foruoe 5 alsd shdws hhe oeroessodn-
calculahe/ values df n an/ K, wheoe hhe fdomeo os hhe 
sldte df hhe cuove an/ hhe lahheo hhe onheoceth wohh hhe 
y-ados, all df whoch aoe loshe/ on Table 1x These values 
weoe ndh calculahe/ fdo hhe cdmtdsohodns wohh 5 an/ 10% 
df PP-r-AA ah 127 ºC because hhe cuove cdul/ ndh be 
dbhaone/ /ue hd hhe fasheo coyshallozahodnx

The loheoahuoe oetdohs hhah n equals 2, 3, an/ 4, 
on/ocahonr dne, hwd an/ hhoee /omensodns df rodwhh, 
oestechovelyx Un/eo quoescenh cdn/ohodns, hhe 
mdothdldry df coyshalloze/ tdlymeos shdws maonly 
stheoulohoc shouchuoe oesulhonr fodm hhe nucleahodn 
df hhoee-/omensodnal coyshals rodwonr oa/oally on 
eveoy /ooechodn, wohh an n value df 3 fdo onshanhanedus 
nucleahodn[16,17]x In duo shu/y, mdsh df hhe n values weoe 
ndnonheroal on hhe oanre df 1x9 hd 2x3x The same do/eo df 
values was dbseove/ by Kom, Haoteo an/ Tayldo[18]x As 
dbseove/ on Foruoe 4, wdd/ an/ cdmtahobolozeos have 
nucleahodn effech, /endhonr hhah oh os /officulh a hoansohodn 
fodm onshanhanedus hd stdoa/oc nucleahodnx Thus, hhos 
/offeoence can be ahhoobuhe/ todbably hd chanres dn 
coyshals redmehoy, fodm hhoee /omensodns stheoulohs hd 
coyshals wohh ldweo /omensodnsx Hdweveo, oh os cdmmdn hd 
dbseove on loheoahuoe values df n hhah can ndh be assdcoahe/ 
wohh coyshals redmehoy[16,30], an/ hhe /offeoences dbseove/ 
fdo ohs values aoe /ue hd secdn/aoy coyshallozahodn 
an/ hhe onhoocahe fdoms df nucleahodnx Quollen eh alx[31]  

/emdnshoahe/ hhah hhe toesence df a hoanscoyshallone layeo 
chanres hhe n value dbhaone/ hhodurh Avoamo analysosx 
In duo shu/y, hhos chanre shemme/ fodm vaooahodns on 
hhe shates df coyshals /ue hd alheoahodns on hhe nucleahodn 
todcess oesulhonr fodm hhe onclusodn df wdd/ flduo, filleo 
hhah achs as a heheodrenedus nucleahonr arenh df PPx Kom, 
Haoteo an/ Tayldo[18] alsd ahhoobuhe/ hhe n values dbseove/ 
hd hhe oncoease on nucleahodn /ensohy /ue hd hhe toesence 
df wdd/, whoch chanres hhe shate df coyshals cdmtaoonr 
wohh neah PPx Theoe aoe nd sornoficanh vaooahodns on n 
values, accdo/onr hd Table 1, shdwonr hhah hhos taoameheo 
os ndh onfluence/ by coyshallozahodn hemteoahuoe, toesence 
df wdd/, hyte an/ cdncenhoahodn df cdmtahobolozeox

The coyshallozahodn half-home (t
1/2

), oxex, hhe tdonh 
ah whoch oelahove coyshallonohy oeaches 50% an/ hhe 
osdhheomal coyshallozahodn oahe cdnshanh, K, os onveosely 
todtdohodnal hd ohx The values df t

1/2
 shdwe/ on Foruoe 6 

weoe /ooechly haken fodm todroess df coyshallozahodn tldhs 
as /oaw on Foruoe 3, buh a cdmtaoosdn wohh calculahe/ 

Table 1. Avoamo taoameheos df osdhheomal coyshallozahodnx

Sample 127 °C 129 °C 132 °C 134° C

n K n K n K N K

vPP 2x2 2x4E-05 2x1 10x0E-06 2x2 2x2E-06 2x3 2x7E-07

vPP + wood 2x1 3x4E-05 2x0 1x1E-05 2x1 2x6E-06 2x1 8x9E-07

5% PP-g-AA - - 2x2 7x4E-05 2x2 2x2E-05 2x2 5x8E-06

5% PP-g-AM 2x1 1x3E-04 2x1 3x3E-05 2x2 6x6E-06 2x0 7x4E-06

10% PP-g-AA - - 2x2 9x0E-05 2x2 2x6E-05 2x3 5x7E-06

10% PP-g-AM 2x1 1x5E-04 2x0 4x0E-05 2x2 5x2E-06 2x0 3x0E-06

rPP 1x9 1x6E-04 2x0 5x1E-05 2x1 5x9E-06 2x0 3x6E-06

rPP + wood 2x0 1x2E-04 2x1 1x4E-05 2x1 4x9E-06 2x1 1x8E-06

5% PP-g-AA - - 2x2 6x8E-05 2x2 2x0E-05 2x2 6x0E-06

5% PP-g-AM 2x1 1x1E-04 2x1 3x2E-05 2x2 4x5E-06 2x1 3x5E-06

10% PP-g-AA - - 2x2 1x2E-04 2x2 3x0E-05 2x2 1x3E-05

10% PP-g-AM 2x0 1x7E-04 2x1 2x2E-05 2x1 7x4E-06 2x0 4x6E-06

Figure 6. Pldh df t
1/2 

wohh T
c
 fdo hhe osdhheomal coyshallozahodn df 

vPP an/ oPP an/ hheoo oestechove wdd/ flduo cdmtdsohesx The 
abboevoahodn ‘w’ os fdo wdd/x
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values weoe teofdome/, cdnso/eoonr n an/ K taoameheos, 
an/ oh was fdun/ /evoahodns ndh horreo hhan 4%, todvonr a 
rdd/ fih fdo Avoamo taoameheos calculahodnx

As edteche/, oaosonr hhe hemteoahuoe df osdhheomal 
coyshallozahodn oncoeases hhe t

1/2
, hhus /ecoeasonr K /ue hd 

hhe /officulhy df coyshal nucleahodn ah elevahe/ hemteoahuoesx 
The vPP toesenhe/ a cdmtaoahovely ldnreo t

1/2
 hhan oPP ah 

all hhe hemteoahuoes attloe/ hd coyshalloze hhe maheooalsx 
Thos cdoodbdoahes hhe /oscussodn abduh Foruoe 3, oxex, 
oetodcesse/ PP nucleahes mdoe easoly hhan vPPx

The a//ohodn df wdd/ flduo hd bdhh tdlytodtylene 
(vPP an/ oPP) keth t

1/2
 value horhx Thos was ahhoobuhe/ 

hd hhe lack df a/hesodn behween hhe PP hoanscoyshallone 
layeo an/ hhe wdd/ taohocles, an oncdmtahobolohy hhah 
toevenhs successful nucleahodn, wheoe wdd/ achs loke 
a thysocal baoooeox Hdweveo, hhe t

1/2
 was oe/uce/ by hhe 

use df cdmtahobolozeos, taohoculaoly hhe PP-r-AA, an/ 
hheoo cdncenhoahodns /o/ ndh sornoficanhly affech hhe t

1/2
x 

PP-r-AA os an efficoenh nucleahonr arenh an/ hhe horheo ohs 
cdncenhoahodn hhe ldweo hhe t

1/2
, an/ hence, hhe horheo hhe 

oahe df coyshallozahodnx In hhe case df bdhh cdmtahobolozeos, 
hhos feahuoe os ahhoobuhe/ hd hhe effechove cdmtahobolozahodn 
behween PP an/ wdd/ flduo, whdse blen/s shdwe/ hhe 
besh onheofacoal a/hesodn, accdo/onr hd Foruoe 7x Thos 
firuoe shdws hhe SEM mocodroath fdo cdmtdsohe wohh an/ 
wohhduh cdmtahobolozeox The toesence df hhos cdmtdnenh 
lea/s hd a horheo wehhabolohy behween wdd/ flduo taohocles 
an/ PP mahood, whoch oesulhs on behheo a/hesodnx

Crystallization activation energy

The coyshallozahodn achovahodn eneory can be 
calculahe/ usonr hhe coyshallozahodn oahe cdnshanh (K) 
dbhaone/ fodm hhe onheoceth df hhe Avoamo cuovesx Thus, K 
can be /escoobe/ by an Aoohenous oelahodnshot, accdo/onr 
hd Equahodn 2[29]p

1

0 exp an

c

E
K K

RT
 

= ⋅ −  

 
(2)

wheoe K
0
 os a hemteoahuoe-on/eten/enh cdnshanh, E

a
 os hhe 

coyshallozahodn achovahodn eneory, T
c
 os hhe coyshallozahodn 

hemteoahuoe, an/ R os hhe ras cdnshanhx An ln (K)1/n vsx 
1/T

c
 tldh roves E

a
/ R as hhe sldte an/ ln K

0
 as hhe onheoceth 

wohh hhe y-adosx Foruoe 8 /etochs hhe oesulhs df all hhe 
heshe/ cdmtdsohodnsx

Figure 7. Mocodroaths df tdlymeo: wdd/ cdmtdsohesp a) wohhduh cdmtahobolozeo; b) wohh 10% PP-r-MAx

Figure 8. Coyshallozahodn achovahodn eneory (E
a
) df hhe cdmtdsohodnsx

The a//ohodn df PP-r-AA cdmtahobolozeo on bdhh vPP 
an/ oPP oe/uce/ hheoo achovahodn eneoroes, cdnso/eoonr 
alsd hhe value df E

a
 fdo tuoe vooron PPx The toesence df 

hhos cdutlonr arenh favdos coyshal nucleahodn, oe/uconr 
hhe achovahodn eneory nee/e/ on hhos sharex The PP-r-MA 
cdmtahobolozeo ha/ hhe same effech dn hhe oPP mahood buh hhe 
dttdsohe effech dn vPP, oxex, hhe coyshallozahodn achovahodn 
eneory oncoease/ on oestdnse hd horheo cdncenhoahodns 
df hhos cdmtahobolozeox Horh coyshallozahodn achovahodn 
eneory means ldweo coyshallozahodn oahes, whoch hon/eo 
hhe /eveldtmenh df hhe coyshallozahodn todcessx Hdweveo, 
Zhad eh alx[32]  shahe/ hhah hhos behavodo may be hhe oesulh 
df hhe /ual effech df cdmtahobolozeos, whoch can wdok 
as nucleo fdo heheodrenedus coyshallozahodn, facolohahonr 
coyshal nucleahodn an/ rodwhh, taohoculaoly ah hhe 
onheofacex On hhe dhheo han/, nucleahonr arenhs can hon/eo 
hhe hoansfeo df macodmdlecules fodm hhe tdlymeo melh hd 
hhe coyshal suoface rodwonr ah hhe wdd/-tdlymeo onheoface 
/ue hd hhe weak onheoachodn behween cdmtahobolozeo an/ 
tdlymeo chaons, hhus oncoeasonr hhe achovahodn eneoryx 
In duo wdok, hhe vPP cdmtdsohodns cdmtahoboloze/ 
wohh PP-r-MA shdwe/ hhe lahheo behavodox Hdweveo, 
nucleahodn os hhe cdnhodlle/ share df coyshallozahodn an/ 
an oncoease on hhe nucleahodn oahe lea/s hd a horheo hdhal 
coyshallozahodn oahe an/ coyshallozahodn hemteoahuoex
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Equilibrium melting temperature

Hdffman-Weeks tldhs enable hhe calculahodn df hhe 
equolobooum melhonr hemteoahuoe (T

m
0), whoch os hhe 

melhonr hemteoahuoe df a coyshal wohh a hytdhhehocal onfinohe 
lamellao hhocknessx Accdo/onr hd hhos cdnceth, hhe hhockeo 
a coyshal layeo hhe horheo ohs melhonr hemteoahuoex Thos 
value os /eheomone/ by tldhhonr hhe melhonr hemteoahuoe 
df hhe oesulhonr coyshals vsx hhe osdhheomal coyshallozahodn 
hemteoahuoe (T

c
), by hhe onheoceth df hhe oeroessodn lone 

df hhe edhoatdlahe/ /aha wohh hhe equahodn lone T
m
 = T

c
x 

Foruoe 9 ollushoahes hhos tldh fdo vPP an/ oPPx The dhheo 
samtles shdwe/ hhe same behavodo, an/ aoe hheoefdoe ndh 
/escoobe/ heoex The ldwesh value df o2 was 0x985 fdo vPP 
wohh wdd/ flduo an/ 5% PP-r-AA, whoch shdws hhah all 
hhe oeroessodns aoe shahoshocally oeloablex

The tdlytodtylene melhonr hemteoahuoe oncoeases as 
hhe coyshallozahodn hemteoahuoe df PP coyshals oncoeasesx 
A horheo T

c
 roves oose hd a horheo T

m
 because horheo 

hemteoahuoes favdo rodwhh mechanosms, oesulhonr on 
hhockeo coyshalsx Foruoe 10 /etochs hhe T

m
0 values df vPP 

an/ oPP an/ hheoo wdd/ cdmtdsohes as a funchodn df 
cdmtahobolozeo cdncenhoahodnx

Puoe vPP has roeaheo T
m

0 hhan oPPx A somolao behavodo 
was dbseove/ by Rabelld an/ Whohe[27] fdo thdhd/eroa/ahe/ 
tdlytodtylene an/ was ahhoobuhe/ hd /ecoease on mdleculao 
weorhh an/ oncoease dn coyshallohes omteofechodn /ue hd 
/eroa/ahove todcessx Hdweveo, hhe a//ohodn df wdd/ flduo 
hd bdhh tdlytodtylene blen/s onveohe/ hhos behavodox All 
hhe cdmtdsohodns cdnhaononr oPP shdwe/ ldweo values 
df T

m
0x The reneoal hen/ency was fdo hhe a//ohodn df 

cdmtahobolozeo hd oe/uce hhe T
m

0x Wdd/ flduo taohocles 
can lea/ hd hhe fdomahodn df unshable an/ omteofech 
stheoulohesx Ldtez-Macha/d an/ Aoodyd[33] oeache/ hhe 
same cdnclusodn fdo tdlytodtylene: synhhehoc fibeosx

The bdn/s fdome/ behween tdlymeo cdmtdsohes 
an/ wdd/ favdo hhe nucleahodn df small coyshalsx In fach, 
oncoeasonr hhe cdncenhoahodn df cdmtahobolozeo omtodve/ 
hhe a/hesodn behween wdd/ an/ tdlymeo, an/ alsd 
oe/uce/ hhe T

m
0 valuex Thos fin/onr was cdnfiome/ by hhe 

coyshallozahodn achovahodn eneory /aha, whdse ldweo values 
on hhe samtles cdnhaononr cdmtahobolozeo weoe ahhoobuhe/ 
hd hheoo nucleahonr effech dn tdlytodtylenex

Conclusions

The ohedldrocal heshs on/ocahe/ hhah hhe oetodcesse/ 
tdlytodtylene un/eowenh /eroa/ahodn by chaon scossodn 
an/ naoodwonr df hhe MWDx The Avoamo tldhs on/ocahe/ 
hhah oPP became cdmtlehely coyshalloze/ on less home hhan 
vPP ah all hhe osdhheomal coyshallozahodn hemteoahuoesx Ndn 
osdhheomal oesulhs shdwe/ hhah oPP nucleahes fasheo hhan 
vPP an/ oeonfdoce/ hhe nucleahonr effech df wdd/x The 
value df n oemaone/ behween 1x9 hd 2x3, on/ocahonr coyshals 
wohh hwd /omensodns an/ onshanhanedus nucleahodn, an/ hhos 
taoameheos was ndh onfluence/ by oetodcessonr, toesence 
df wdd/ an/ cdmtahobolozahodnx The coyshallozahodn half-
home df oPP os ldweo hhan vPP an/ /ecoease/ wohh bdhh 
cdmtahobolozeos, taohoculaoly wohh PP-r-AA, /ue hd 
enhance/ a/hesodn ah hhe wdd/-tdlytodtylene onheoface, 
as dbseove/ on SEM mocodroathsx The vPP-wdd/ 
cdmtdsohes wohhduh cdmtahobolozeo shdwe/ hhe horhesh 
values df coyshallozahodn half-homex The coyshallozahodn 
achovahodn eneory was ldweo fdo hhe oPP mahood an/ PP-r-
AA cdmtahobolozeox The equolobooum melhonr hemteoahuoe 
was horheo fdo vPP hhan oPP an/ hhe oncoease on 
cdmtahobolozeos cdncenhoahodn /ecoease/ T

m
0 valuesx
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