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Melting Behavior of Poly(Tetramethy1ene 
Succinate) as Studied by Time-Resolved Small 

Angle X-Ray Scattering 

EUI SANG YOOa, SEUNG SOON IMa and HYUN HOON S O N G b *  

"Department of Textile Engineering, Hanyang University, Seoul, S. Korea 
and bDepartment of Polymer Science and Engineering, Hannarn University, 

Taejon, S. Korea 

To elucidate the morphological origin of the multiple melting endothermic peaks found in 
DSC scans of poly(tetramethy1ene succinate), a time-resolved small angle X-ray scattering 
study utilizing a synchrotron radiation source was conducted. The results suggested that 
low-temperature endothermic peak can be attributed to the melting of secondary lamellae 
inserted between the primary lamella stacks, while the middle and high-temperature endo- 
thermic peaks were to the melting of primary lamellae. The middle one, however, was associ- 
ated only with the original ones but the high endothermic peak was with both the original 
ones and lamellae reorganized through the recrystallization process. A new small angle peak 
was observed in addition to the original peak during the late stage of melting process. The 
origin of the new peak was interpreted as a transient phenomenon resulted from the partial 
melting of primary lamellae prior to the complete melting. 

Keywords: poly(tetramethy1ene succinate); multiple melting endothems; real-time small 
angle X-ray scattering 

INRODUCI'ION 

Multiple melting endothams duting differential scadng dorimeter @SC) 
heatiog gcans have been observed in several semicrystalline polymers.'-'o In 
poly(cthyIem terephthalate) (PET) or poIy(ary1 ether ether ketone) (PEEK), for 
example, two melting endothermic peaks are obmd;  a low-teaperature 

andothennic peak a few degrees above the prior aystallization tempenturs and 
a high-temperature endothermic peak. Extensive studies have been cooducted to 

elucidate the origin of the multiple melting endothams. Among seved models 

* To whom correspondence should be addressed 
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proposed, dua~ or more ~ame~ar thicknws  mode^'*^" (ic~uding 
insation model) and melting-ncrystaUbion'~~~'* ore the two main models 

applied to aocount for the multiple melting endothams. However, evidences to 

support the diBcrcnt models am somewhat contradictory and the origin of this 

pheaomsnon still remains to be the mbject of debate. 

In the cotme of studying the melting behaviors of poly(tctnmethyene 
wrccinate) (PTMS) in our laboratory, we also observed the multiple melting 

endothsnns during the DSC heating scan of some particular samples. To 
W g a t e  the origin of the multiple endothenns, we conducted the time- 

resohred d angle X-ray wtttering studiea on PTMS samplea under the 
oonditi~n~ identical to those for DSC meacwemsntrr. In this report wc pment 
new observations in real-time SAXS intensities of PTMS upon melting, which 

support both the lamellar insertion and the melt-rccrystallization proceea. 

EXPERIMENTS 

Commercially available PTMS (6om Saehan Corporation) waa used for 
the experiments. The DSC was a PerkinElmaDSC 7 and the acannhg rate was 

5 Wnlin. 

Time-resolved SAXS experiments utilizing the synchrotron radiation 

soutcc w m  carried out at the Pohang Accelerator Laboratory (PAL). For the 
accurate temperahue control a tempmature jumping device, consisting of dual 

thsrmal blocks and a pneumatic piston, was utilized. The sample was initially 
kept at 150 "C for 5 min in the first thermal block, them was quickly moved to 

the sscond block at the CryStallLatian tsmpsntun by using a p d c  piston. 

SAXS intensities were collected simultaneously while the specimen crystallizss 
isothamally at the crystalliiion temperatures. After the crystdlization was 
completed, PTMS was cooled down to the room tmpenrture. The fully 
ayrdrllized specimen was then reheated &ow the medtii tcanpsrature at a rate 

of 5 "Umin. SAXS intmsities wen also collected during mdting procsss. All 
experimental conditions including the crystallization temperahue and the hsating 
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rate were identical to those used in the DSC meawmmts. Each S A X S  profile 
waa collected for 5 (~tc using a onadimensional position sensitive diode m y .  
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FIGURE 1. DSC heating thennogram of PTMS crystallized at 90 "C. Scan 
rate was 5 "c/min. 

RESULTS AND DISCUSSION 

A DSC heating thennogram of PTMS sample, isothumdy crystallized at 90 "C, 

is shown in Figure 1. Three distinct melting endothems, one small shoulder 

peak near 93 "C and two relatively strong melting peeks at 104 and 1 13 "C, can 
be noted. III our previous extensive study on t h d  behaviors of PTMS'~, it 
WM shown that the low endothm is associated with the melting of secondary 
lamdlar units of relatively thin lamellar thickness. Two strong middle and high 
cndothenns, on the other hand, can be attributed to the melting of primary 
lamdlar units of larger thicknw. The question still rerrmins whether the 
secondary lamellac are the inserted oms or the ones forming separate stacks, 
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and whether the two middle and high endotherms are associated with the dual 

lamellar thickness or the melting-recrystallization process. 

1 I 1  

FIGURE 2. Lorentz-corrected small angle X-ray scattered intensities at 

different temperatures measured upon heating PTMS which 

was crystallized at 90 "C. 

Selected Lorentz-corrected plots of SAXS profiles measured during the 

heating of the isothermally crystallized specimen at 90 "C are shown in Figure 2 

Upon heating marked changes in SAXS intensities and peak position are noted. 

In Figure 3, the long-period changes and invariant (Q) derived from the raw 

scattering curves in Figure 2 are also plotted. The feature found in long-period 

change is clearly demonstrating a multi-stage melting process. When the 

temperature reaches the crystallization temperature (90 "C) (this temperature 

coincides with the onset temperature of first melting endotherm), a break in the 

increment of long-period is noted Upon heating the sample fbrther above 90 "C, 

a higher increasing rate in the long-period can be seen, indicating a melting of 
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ditfaaa structural units. Again when the tempenrture reaches nau the onset 
point (100 "C) of middle endotham, we also note another break in long-period 
increment. A remarkable observation in this temperatwe range, however, is that 
a new small an@e peak at S - 0.25 nm" evolves. The two Scettering peaks 

coexist and disappear at the ssme time asthe crystals melt on f ink  increase of 

tempaature. 

-15 ! . , v 1 . , . , . 1 . , . , . 
YJ so w To 00 80 i o o i i o ~  D 

F I G W  3. Long-period and invariant (Q) changes daived from the small 

angle X-ray scattered intensities. 

B d  on the long-period changes obsaved in this par t iah PTMS 
crystruized at 90 "C. we may be able to divide the melting process into thra 
sub-stagm. First, below the crystalhation tanpunturc (90 "C), we note 
monotonic increasa of the SAXS peak intensity (Q) and the loag-period. This 
e d k t  is, in fact, thennally reversible on heating and cooling as long as the 
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tsmpenture is kept below the crystallization temperature. S i  reversible 

thamal behaviors in SAXS intensities of melt aystaui  sani-crystalline 

polymers and single crystal mats have been reporteed prsvi~udy.’*~’ According 

to ShuId6, the small angle intensity from ideally stacked lamelha CM be 
appmximatcd as 

Here. N represents the number of lamella units in the stack, p the peak order, d 

the long-spacing, I the lamellar thickness, and Ap is the density di&rence 
between crystalline and amorphous layer. The equation sugeests that the SAXS 
htcmity enhancement upon heating CM be attributed to the incnme of 

crystaUineamorphous density dii€crcnce ( Ap) or dectease in - . The sffect of 

Ap, however, found to be minimal. The increment in SAXS intemity was, then, 

interpreted as behg mainly due to the entropy driven thickening of intervening 

amorphous layer at the expense of lamellar thickness.14 However, in our 

observation, the increment in long-period is nearly 20% within this temperature 

range, which strongly suggests the melting of intervening lamellae in addition to 

the lamellar thurning. The intervening lsmellar units are probably hmal while 

loweaing temperature after the isothermal crystallization. When the tempaature 

is raised above the crystallization temperature (90 “C), the long-period incr#rse 

accdcnues and the Q m h e s  a plateau. RecaUing the DSC results shown in 
Figure 1, the melting at this stage is associated with the low endothenn and 

tbadbre the malting of secondary lamellae hrmed during the i s o t h d  
ayst.llizaion Again the amount of increase in the long-period also wrgsests the 

malting of lamellar inserted between the primary ImeUae stacks. The most 
unuaual observation, however. is that a new peak at S - 0.25 nni’ evolves 

during the next melting stage, where the middle utdothenn is locstsd. The new 
pak appcmncc at the onsct temperature of middle endotherm indicates that the 
psak is associated with the melting of the primary lamellac. The results also 
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imply that two dininct lamellar stacks of differart long-period coaist until the 
aystde an completely melted. To account for the origin of the new peak 

observed in the small angle X-ray scattering, it is possible to apply and compare 
two models previously mentioned. The dual lamellar thickness model, 
particularly the h e h r  insertion model" and the melting-=-on 

For the lamellar insertion model, where thin lamellar units an 

nni') should correspond to the average long-spacing of the two &mating units. 

Melting of lamdlae inserted within the thick lamelhe would have I& the stacks 

of thick or more stable ltunellae, causing the long-pdod to incmse and 

appearance of the new peak at S = 0.25 nm" (d = 25 nm). The above discuseion 

based on the lameltar insertion model, however, may not be su5cimt to explain 
our observation. The two small angle peaks still remain in the tempaahve range 

ioserted within the stacks of thicker lam ell^, the long-pdod Of 15 ~1 (S = 0.4 

O f  the high endoth- indicating both lamellar stacks having two di&Cnt long- 

periods are equally responsible to the high endothermic melting peak. There is 

also a clear evidence of substantial m c r y a h m  * 'on at this melting stage, as 
indicated by the shoulder in the curve of invariant (Q) (Figure 3). In the present 

CMC we may be able to adopt both the lamellar insertion and the melting- 

recrystallization model to account for the two middle and high melting 

eodotherms observed in DSC scan as well 8s the appearance of new peak in 
small angle X-ray scattered intensities. The new scattering peak appeared during 

the melting process then can be said to originate from the melting of lamellar 

insrrted, resulting in a new long-period. This state, however, is only a transient 

stage during the m e l t i  process of primary lamellae. At the same time, 

substantial amount of recrystallization takes place, as e v i d c n c a d  by the invariant 
plot in Figure 3. This recrystallization process, however, is not to form a 

completely new lamellar stack, ratha involves in noqpnking the existing 

l d a e  to become more perfect, stable, and thicker lamebe. The high 
endothum is associated with both the melting of these r e o m  and the 
original primary lamellae. 
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In summary, using a timemolved SAXS, we wc~e able to elucidate the 
morphological origin of the three melting endothermic peaLa found in PTMS 
cqmdlhd a! 90 "C. The low endothcnnic peak was interpreted aa a melting of 
seooaduylamallaethat are insertedbstweanthe primarylamellre stacks. The 
middle endothermic peak was associated with the d t i q  of primary lamdlac. 

But the high endothermic peak was originated 601x1 both the melting of ori@ 

lunellse and r e o m  lamellac formed by the rcclystalluat . ion process. A new 
mull angle peak was appeared during the late stage of melting procerrs. The new 
peak appeamce, however, was not ~soc iaed  with the rcaydhb * 'onprocess 
but with a transient melt& state when soma of the primary lnmellre am melting 

prior to the complete melting of whole lsmellac units. Crystallization 

mechnisma and detailed melting procesws of PTMS with Wrioua crystallization 
conditions am under Wher investigation. 
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