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The behaviour of a quenched ethylene-propylene block copolymer cast film has been investigated during 
melting and recrystallization experiments carried out at heating and cooling rates of 10°C min-1. The 
experimental techniques used to follow the melting and recrystallization processes were differential scanning 
calorimetry (d.s.c.) and simultaneous small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering 
(WAXS). In particular, the WAXS results show that the melting of the material is preceded by a solid-state 
transition involving transformation of the quenched structure into the monoclinic ~ modification. This 
transition appears as an exotherm in the range 65-120°C on the d.s.c, melting trace. SAXS results show 
that an increase in the amount of long-range order occurs during this transition. The sample was then 
found to melt at 162°C. Upon cooling from the melt, recrystallization of the monoclinic ct modification 
was found to occur in the range 123-105°C without any apparent prior formation of the quenched structure. 

(Keywords: quenched polypropylene; monoclinic polypropylene; synchrotron radiation) 

I N T R O D U C T I O N  of samples at ambient temperatures following heat 

Since Nat ta  discovered that propylene could be polym- treatments at elevated temperatures. This transition from 
erized into a semicrystalline polymer, the structure quenched to monoclinic ~ modification can also be 
of isotactic polypropylene (PP) has been studied ex- observed on differential scanning calorimetry (d.s.c.) 
tensively z-5. The monoclinic ct form, described by Natta  2, traces obtained from the melting of quenched PP. An 

exothermic d.s.c, peak is seen as the sample is heated 
predominates and a typical wide-angle X-ray scattering above 80°C 1~16. Vittoria 15 has stated that this exotherm 
(WAXS) scan of this form is shown in Figure 1. 

Upon rapid quenching from the melt, a disordered is due to the upper glass transition which has been 
phase of PP is obtained, intermediate in order between suggested ~7 for isotactic polypropylene. On annealing of 
the amorphous and crystalline phases. The structure of the quenched form an endotherm appears on the d.s.c. 
this phase has not yet been fully resolved. Natta  et al. 6 trace 15'18. Zannetti et al. TM have reported that a 'pre- 
have described this phase as 'smectic'. Miller 7 and dominantly intramolecular transformation due to re- 
Corradini et al. 8 have both suggested that this phase is coiling of segments having different lengths and different 
essentially paracrystalline, exhibiting no long-range order, ternary helix spiralization is occurring and that the peak 
Gailey and Ralston 9 and Gesovich and GeiP ° have is due to melting of small crystalline regions formed by 
proposed that the quenched form consists of very fine annealing'. They suggested that these regions melt at 

temperatures which depend on their dimensions and 
crystallites of the hexagonal fl phase of PP. Bodor order as a consequence of the thermal treatments of the 
et al. ~ ,  however, assumed that the quenched form 
contained monoclinic PP and concluded that crystal-size samples. 

Although X-ray diffraction and d.s.c, analysis have 
line broadening was responsible for the characteristic been carried out in order to monitor phase trans- 
WAXS pattern, examples of which are shown in Figure 2. formations during the heat treatments and melting of 
Recently ~z, the quenched phase has been described as quenched PP, results from the two techniques have not 
'condis crystal', been correlated closely to one another. In addition, very 

Although the quenched form of PP is stable at room few results have been published on this transition with 
temperature, it transforms to the monoclinic crystal form 
on heating at temperatures above 70-80°C 12 15. Evidence respect to small-angle X-ray scattering (SAXS). The 

object of this paper is to report the results obtained from 
has been obtained mostly by X-ray diffraction analysis simultaneous SAXS/WAXS and d.s.c, experiments carried 

out under similar conditions on samples of quenched PP 
*To whom correspondence should be addressed film designed to monitor the transition from quenched 
t The Netherlands Research Organization (NWO) to monoclinic ~ modification in detail. 

0032-3861/94/07/1352-07 
© 1994 Butterworth-Heinemann Ltd 

1352 POLYMER Volume 35 Number7 1994 



SAXS/WAXS and d.s,c, analysis of quenched polypropylene. W. J. O'Kane e t  a l .  

. . . .  , . . . .  i . . . .  i . . . .  , . . . .  i . . . .  i . . . .  L . . . .  E X P E R I M E N T A L  

Materials 
l ] (} 

, The material studied in the experiments was an 
e thylene-propylene  block copolymer  containing ~ 7 %  
ethylene. The polymer  had been manufactured com- 

( ~ 0  } 1 l 
i 30 z3~ mercially by casting (chill roll temperature ~20°C),  
! l [ I (~ which resulted in the product ion  of a 50/~m thick film 

~ V ~ ~  withthestructureshowninFigure2. Thefilmwasdefined 
.~ ~lt[l ~1 by the manufacturers  as medical grade, the polymer  used 

to manufacture  the film having virtually no additives such 
= 
.~ as fillers, nucleating agents, etc. 

t SAXS/' WAXS experiments 
] The static X-ray diffraction experiments were carried 

1 out  at U M I S T  using a Philips horizontal  powder  X-ray J 
j ~ i! diffractometer system using Ni-filtered CuK~ radiation. 

d scans wer  co,,ect d over ap r,o  of  
~--20min between 20 values of 5 ° and 45 c using a step 
size of 0.025 ° . 

~ l  ; / Simultaneous SAXS/WAXS measurements were under- 
2~ ,A ~A×~;WA×~ taken on beamline 8.2 of the SRS at the SERC Daresbury SAXS/WAXS 

Labora tory ,  Warrington,  UK.  Details of the storage ring, 
. . . .  i . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . .  the radiat ion and camera geometry and the data col- 

5 10 15 2o 25 3o 35 40 45 lection electronics have been given in detail elsewhere 19. 
20 The camera was equipped with a multiwire quadrant  

detector (SAXS) located ~ 3.5 m from the sample position 
Figure 1 Typical WAXS diffraction patterns of the monoclinic :~ and a curved knife-edge detector (WAXS) that covered 
modification ofisotactic polypropylene obtained using 0/20 and SAXS/ 120 ° of arc at a radius of 0.4 m. A vacuum chamber  was 
WAXS cameras placed between the sample and detectors in order to 

reduce air scattering and absorption.  Both the exit 
window of the beamline and the entrance window of the 
vacuum chamber  were made from 15 #m mica; the exit 

. . . . . . . .  L . . . .  , . . . .  k . . . .  ~ . . . .  ~ . . . .  ~ . . . .  windows of the vacuum chambers  were made from 15/~m 
mylar  film and 10/tin K a p t o n  film for the WAXS and 
SAXS detectors, respectively. The WAXS detector had a 
spatial resolution of 50/~m and could handle up to 

100 000 counts s ~; only 90 ° of arc were active in these 
experiments, the rest of  the detector being shielded with 
lead. A beamstop  was mounted  just before the SAXS exit 
window to prevent the direct beam from hitting the SAXS 
detector, which measured intensity in the radial direction 
(over an opening angle of 70 ° and an active length of 
0.2 m) and was only suitable for i somorphous  scatterers. 

~" I¢- It had an advantage over single-wire detectors in that 
the active area increased radially, improving the signal 

~ to noise ratio. The spatial resolution of the SAXS detector 

~'=-~ /] " #  !I~ ~ countsWaS 500s/~ml. and it could handle up to ~ 2 5 0  000 

l The specimens for SAXS/WAXS were prepared by 
i ~ placing a stack of four discs, 5 0 p m  thick and ~ 8  mm 
i' / diameter polymer  sheets, in a cell comprising a Du  Pont  

// d.s.c, pan fitted with windows ( ~  7 mm diameter) made 
¢ \ from 5 # m  thick mica. The modified d.s.c, pans are 

\ 
I ~ described elsewhere z°. Loaded,  sealed pans were glued 
i ~ SAXS/WAXS to a J-type thermocouple  and placed in a spring-loaded 

holder in a L inkam T M H 6 0 0  hot-stage mounted  on the 
, "---~-.. optical bench. The silver heating block of the hot-stage 

. . . .  ~ . . . . . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  contained a 4 x 1 mrn conical hole which allowed the 
5 10 15 20 25 30 35 40 45 t ransmitted and scattered X-rays to pass through un- 

hindered. A nominal  heating rate of 10°Cmin -~ was 
2o used. Owing to the nature of the furnace there was a 

temperature drift across the sample chamber  which 
Figu re  2 Typ i ca l  W A X S  d i f f rac t ion  p a t t e r n s  o f  the  q u e n c h e d  modi t i -  necessitated direct measurement  of the temperature at 
cation ofisotacticpolypropyleneobtained using 0/20 and SAXS/WAXS the sample position in addit ion to the temperature 
cameras moni tor ing and control  of the furnace. 
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The scattering pattern from an oriented specimen of improved; and (ii) the divergence of the X-ray beam is 
wet collagen (rat-tail tendon) was used to calibrate the much smaller (0.25mrad compared to 14.0mrad for the 
SAXS detector and high density polyethylene, aluminium 0/20 camera). 
and an NBS silicon standard were used to calibrate the The time-resolved WAXS synchrotron radiation scan 
WAXS detector. A parallel-plate ionization detector obtained from the melting and recrystallization experi- 
placed before the sample cell recorded the incident ment on the PP film is illustrated in Figure 3. The figure 
intensities. The experimental data were corrected for is a plot of intensity 1(20, T) versus scattering angle 20 
background scattering (subtraction of the scattering from versus temperature T during heating and cooling at 
the camera, hot-stage and an empty cell), sample 1.67°C per scan in the temperature range 20°C to 200°C 
thickness and transmission, and the positional alinearity to 20°C. Only every other frame was plotted so that the 
of the detectors, individual traces could be clearly distinguished from one 

another. From the figure it can be seen that the melting 
D.s.c. experiments of the film occurs by a two-stage process: (i) a transition 

A Du Pont 2000 thermal analysis system equipped from quenched to monoclinic ~ modification occurring 
with a 910 d.s.c, cell was used for heat flow measurements at temperatures above 60°C; and (ii) subsequent melting 
to examine the polypropylene quenched to monoclinic of the monoclinic crystallites. 
transition temperature T~m, melting temperature Tm and Recrystallization appears to occur by a single-stage 
recrystallization temperature T~. The values reported process, this involving the formation of the monoclinic 
were taken at the peak of the transition. To reproduce phase as the sample is cooled to below 125°C at 
the SAXS/WAXS conditions, sample masses of 3.5 mg 10°C min- 1. This is as expected as the quenched form is 
were used in Du Pont d.s.c, pans at a heating rate of only obtained upon rapid cooling from the melt 21. 
10°C min-1. The purge gas used was dry nitrogen. The SAXS data collected along with the WAXS data 

during the melting and recrystallization experiments are 
RESULTS AND DISCUSSION shown in Figure 4 as a three-dimensional plot of intensity 

l(q, T) versus scattering vector q = (4n/2) sin(0/2), where 0 
Figures I and 2 show comparative patterns obtained from is the scattering angle, versus temperature T. SAXS 
a typical X-ray diffraction (XRD) apparatus (Philips 0/20 analysis yields information about structures with dimen- 
camera) and the SAXS/WAXS apparatus on beamline sions 10-1000 times larger than those revealed by WAXS, 
8.2 at Daresbury. The 0/20 scans were obtained over a i.e. superstructures of 1-100 nm in size. In solid synthetic 
period of 20 min, with the intensity being recorded every polymers stacks of crystalline lamellae, microfibrils and 
0.025 ° (20). In contrast, the SAXS/WAXS diffraction often macromolecular-like entities build up structures of 
patterns were obtained in 10 s, with the intensity of the a certain regularity which give rise to discrete maxima 
pattern being recorded every 0.175 ° (20). The SAXS/ in the SAXS curve 22. Initially, at room temperature a 
WAXS camera does not have the angular resolution of featureless SAXS pattern is obtained (Figure 4), indicating 
the 0/20 apparatus, but the scans obtained by the that the quenched form exhibits no long-range order and 
SAXS/WAXS apparatus are of superior resolution to the a small electron density fluctuation. As the sample is 
0/20 camera because: (i) the signal to noise ratio is heated to above 65°C (where the transition from 

50 °C 
/ ~ J  ' .~2( 0 oC_.,if -c°°l 

I I I I 
I0 20 30 40 

2O 

Figure 3 Three-dimensional plot of intensity 1(20, T) versus scattering angle 20 (5°<20<45 °) versus 
temperature T in the range 20°C to 200°C to 50°C obtained during the melting and recrystallization of 
the quenched form of PP 
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Figure 4 Three-dimensional plot of intensity l(q, T) versus scattering vector q (0<q<0.1,~. 1) versus 
temperature T in the range 20°C to 200°C to 50°C obtained during the melting and recrystallization of 
the quenched form of PP 

quenched to monoclinic begins to occur), the order in q = 0 and q = ~ ,  and so is computationally difficult to 
the sample increases (indicated by the appearance of a achieve. In practice, a relative invariant Q' is calculated 
peak on the SAXS pattern). This order increases as the by summation of the area under the l(q)q 2 versus q curve 
temperature is raised and is characterized by the peak between the first reliable data point and the region in 
position in the Lorentz-corrected scattering pattern which I(q)q 2 becomes constant. Owing to the relative 
shifting from q = 0.06 A-  1 to q = 0.02 A-  1 (Figure 5a). nature of the intensity measurement, the value of Q' is 
This corresponds to a change in the d spacing from 105 A also only relative with arbitrary units. 
to 310A (d=2n/q*,  where q* corresponds to the For  the PP  sample studied Q' was calculated by 
maximum in the Lorentz-corrected I(q)q 2 versus q curve), integration between q = 0.02 A-  1 and q = 0.15 A-  1 and 
indicating that the long-range order increases as the the relative invariant as a function of time is shown in 
transition from quenched to monoclinic proceeds. The Figure 6. Although it is only a relative measurement, it 
long-range order then disappears completely as the can be seen from equation (1) that the invariant will have 
sample is melted. The continuous shift in the SAXS a maximum value at 50% crystallinity. Thus, as Figure 6 
pattern is consistent with a dynamic crystal structure shows, the invariant increases (and hence the degree of 
which is continuously reorganizing by lamellar thickening, crystallinity through the transition from quenched to 

Upon recrystallization the sample exhibits long-range monoclinic) as the temperature increases before falling 
order. However, in this case once the long-range order offrapidly as the sample melts, when any structure which 
is obtained, the d spacing essentially remains constant had existed is lost. As the invariant did not decrease at 
at d =  186A between 123°C and 23°C (Figure 5b), any stage prior to melting it is assumed that although 
indicating that the formation of the monoclinic ~t modifi- the crystal perfection of the PP was increasing, the sample 
cation is the major process occurring during crystal- ultimately d idno ta t t a in50% crystallinity. Upon cooling, 
lization at 10°C min-~ and that it is this phase which the relative invariant increases as the sample crystallizes 
results in the long-range order observed in the sample, into the monoclinic ~ modification and then decreases 
Further cooling of the sample to room temperature as crystallization proceeds, resulting in a sample which 
increases the amount of monoclinic phase present in the has a crystallinity greater than 50%. It should be noted, 
polymer, but does not alter the macroscopic charac- however, that although the relative invariant can detect 
teristics of the polymer structure, changes in crystallinity it cannot by itself detect and 

The melting and recrystallization results can also be monitor the actual transition from quenched to mono- 
analysed quantitatively in terms of the invariant 22 clinic, the growth in Q' being continuous. The differences 

1 ( ' °  1 in the values of Q'ax for the melting and recrystallization 
Q=  2rtie l(q)qZdq kqS(1- t~)(q  1 q2) 2 (l) processes are due to changes in the sample thickness 

zn~e caused by the melting of the specimen, and could not be 
where ~b is the fractional crystallinity of the sample, q~ readily corrected for with the current experimental set-up. 
is the electron density in the crystalline phase, r/2 is the The WAXS integrated intensity of the peak at ~ 22 ° 
electron density in the amorphous phase and ie is the (a combination of (111) and (131)/(041), referred to as 
Thompson scattering factor. The quantity Q is known (111) for simplicity) was also measured during the melting 
as the invariant (being independent of the size or shape and recrystallization experiments to monitor the changes 
of structural inhomogeneities). The absolute value of in crystallinity to a first approximation. From Figure 6 
the invariant requires absolute intensity measurements, it can be seen that the integrated (111) intensity curve 
thermal background subtraction, and extrapolation to mirrors the invariant results. As the sample is heated to 
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14 ' ' ' ' ' ' ~ ' ' ' ~ ' ' ' ' ' ' from the melt. Errors have arisen in the experiment owing 
a to 50% crystallinity being estimated at ~ 110°C during 

12 recrystallization. When corrections are carried out to 
account for the coefficient of linear thermal expansion, 
and to convert volume fraction of crystals to weight 

10 fraction, the weight fraction of crystals is estimated at 
61%, which is in good agreement with previous findings 23. 

8 The SAXS/WAXS results are reflected in the d.s.c. 
lq-' traces obtained from the melting and recrystallization of 

. ~  a similar sample of PP under comparable conditions 
6 (Figure  7). On heating the sample at 10°Cmin -1, an 

exotherm is observed in the range 65-120°C (Figure  7a). 
4 This corresponds exactly to the region on the WAXS 

scan over which the transition from quenched to 
monoclinic occurs. Above 130°C the PP began to melt 

2 "'...-.,.... and the sample was found to have a melting point peak 
of 162°C. On cooling at 10°Cmin -1, the sample was 
found to exhibit a smooth baseline until about 123°C 

0 ' I ' ' I ' ' ' I ' I ' ' ' 

where crystallization began (Figure  7b). Crystallization 
0 0.02 0.04 0.06 0.08 0.1 w a s  complete at 103°C, with the peak crystallization 

q/X' temperature T~ being estimated at 115°C. Below 100°C 
no further transitions were detected by d.s.c. 

10 , , , , , , , , , , , , , , , Analysisofthed.s.c. traces obtained enables the energy 
b involved in the transition from quenched to monoclinic 

=186. ~, ~ modification to be estimated at l l J g  -1, which is 
comparable with the value of 17Jg -1 obtained by 

8- Finchera and Zannetti 16. Discrepancies in the values 
Iq ~- obtained may arise from a number of sources, including: 

= (i) different heating rates may have been employed during 
6- melting of the samples; (ii) the areas under the curves 

may have been calculated between different temperature 
limits; (iii) the initial samples may have been quenched 

4- 

2- T=123°C 4 ~ ~  700 

0 ' ' ' I ' ' i ' ' '  i ' ' ' I ' ' ' ° ~ ;  6 0 0  

0 0.02 0.04 0.06 0.08 0.1 3.5 o,.¢~'2o ~" 

q/~<' ~= 500 
Figure 5 Selected SAXS patterns of intensity l (q)q  2 versus  scattering ~ 5 
vector q (0 < q < 0.1 A -  1) (a) in the range 60-200°C obtained during the ~ .~ "~ 
melting of the quenched form of PP and (b) in the range 123-110°C ~ 3 ~ .  == 

.e ~**,~ , ~  400 ~" obtained during the recrystallization of PP from the melt ~ ° , ~ ° 
~ **D 

~o 

above 60°C the crystallinity increases as the transition -- ~¢°  
from quenched to monoclinic c~ modification proceeds. ~ 25 ~ '° 3oo 
Upon melting the sample becomes amorphous and the 
crystallinity drops to zero. On recrystallization the ~ 2oo 
crystallinity can be determined by correlating the < 
maximum in the relative invariant curve to the point at ~ ~ ~ _ _ _ _ _ _ _ _ _ ~  
which 50% crystallinity occurs in the integrated (111) e 
curve. As the molten state corresponds to 0% crystal- ° oo o~ 100 
linity, a linear plot of integrated WAXS intensity versus  "'2~ . . . .  : ~ 
crystallinity can be drawn and hence the crystallinity ~ .  
determined at any point during cooling. The sample was 
found to increase rapidly in crystallinity to 50% and then 1.5 ~ 0 
continue crystallizing at a slower rate, resulting in a 0 30 60 90 120 I50 180 210 
sample with an estimated crystallinity of ~75%.  This t i m e / 1 0 s  

value is higher than expected, indicating that this method Figure 6 Relative invariant and integrated WAXS (111) intensity 
is only approximate, although it can be used to monitor versus time obtained during the melting and recrystallization of the 
the rate at which the sample crystallizes upon cooling quenched form of PP 
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0 . 2 ~  . . . . .  ~ conditions (i) and (ii) above are not valid. During film 
0J \ a manufacture, nucleating agents were not added to the 

l \ polymer so as to avoid any crystallization processes 
-~ -02~ "1 occurring and thus produce a clear film, and hence 
~: condition (iii) is also not fulfilled. 

- 0 . 4 ~ 1  Synchrotron SAXS analysis has been carried out by 
E -0.611 ~1 ill! f,, Forgfies et  al. 28 to monitor the transition from hexagonal 
= to monoclinic in isotactic PP and they showed that the 

0 transition occurs in the range 13(~150°C, which is much 
higher than the transition temperature range observed 

5o . . . . . . . . .  1~0 . . . . . . .  1~i . . . . . . . .  200 in this experiment. Hence it seems very unlikely that the 
v/oc quenched form of PP is related to the hexagonal structure 

of PP described by Kieth et  al. 3. 
4 . 5  i i i i i I i i t I i i i i i i i i 

! b CONCLUSIONS 
- 3.5 , In summary, the WAXS, SAXS and d.s.c, results can all 

3 I,i be correlated and used to explain the melting and 
,~ 2~ I recrystallization processes occurring in a quenched 

I sample of PP under a given set of conditions. The results 
- )  

- " / for this experiment clearly show that the melting and 
1~ __~j ~ recrystallization processes can be divided into three 

distinct stages. 
1 

. . . . . . . . .  I . . . . . . . . .  

s0 ~00 L~0 1. The solid-state transition from quenched to mono- 
v/°c clinic c~ modification occurring in the range 65-12OC, 

Figure 7 D.s.c. curves obtained for (a) melting of the quenched form which results in a sample that is more structured, with 
of PP at 1 0 C m i n  x and (b) recrystallization of PP from the melt at a higher crystallinity and hence more long-range 
10°C min-  ~ order. 

2. The continuous annealing and melting of this mono- 
clinic ~ modification sample at a temperature of 162°C. 

to different temperatures, resulting in samples with 3. Recrystallization of the melt into the monoclinic c~ 
different thermal histories; and (iv) different grades of modification in the range 125-103°C, apparently 
material were used (Finchera and Zannetti ~6 used PP without any intermediate formation of material with 
homopolymer), the quenched structure. 

It can be concluded that the only transition as 
evidenced by d.s.c, and WAXS before melting appears to 
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