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Abstract 

 
The crystal structure and morphology of solid state 

uniaxially oriented isotactic polypropylene (iPP) sheets 
was examined by X-ray diffraction, electron microscopy 
and DSC. The structure characteristics were influenced 
mostly by the sample orientation degree and the annealing 
process. 

 
 

Introduction 
 
Isotactic polypropylene (iPP) is a widely applied 

technical material mainly due to its versatility and 
relatively low price. The low mechanical strength is often 
improved by sample preferred orientation1,2. According to 
the classical model proposed by Peterlin3, drawn films and 
fibers consist of aligned lamellar blocks mutually 
connected through non-crystalline molecules or crystalline 
bridges. Several reports do not support his model and 
transition scheme of crystal lamellae into microfibrils4–6. 
They describe the melting of crystalline lamellae under 
tension followed by the recrystallization into oriented 
fibrillar structure. Here we refer to the preparation and 
structure characterization of iPP sheets unidirectionally 
oriented and subsequently annealed at various 
temperatures below the melting temperature and show that 
samples annealing taut or free results in a substantially 
different structure. 

 
 

Experimental 
 
Sheets of isotactic polypropylene (iPP) Mosten 

TB002 (Unipetrol, Czech Republic) were prepared in the 

Polymer Institute Brno (Czech Republic). The 
characteristics of the basic polymer are 98.3% isotacticity, 
number average molecular weight Mn = 67 kg mol–1. The 
sample TB was practically non-oriented, 1D oriented to 
extension ratio = 4,6 and sample 11 to  = 11. Samples 
were annealed taut or free at annealing temperature (Ta) till 
to 172 °C. Magnification in TEM micrographs shows the 
1 m bars and the extension direction the arrow. The 
experimental equipment and measurements details were 
described in ref.7,9. 

 
 

Results and discussion 
 
Figures 1 and 2 show typical X-ray diffraction spectra 

of our non-oriented TB (Fig. 1) and oriented samples 1D 
where the X-ray beam was oriented along (Fig. 2) to 
sample orientation direction. The scans measured in 
direction perpendicular to sample orientation direction 
were practically identical for the non-oriented sample TB 
(Fig. 1) but in the oriented samples measured in 
perpendicular direction the intensity was very low (Fig. 2). 
The X-ray scans of all oriented samples measured along 

ANNEALING OF UNIAXIALLY ORIENTED ISOTACTIC POLYPROPYLENE 

Fig. 1. Typical X-ray diffractograms of TB – iPP  – modifi-
cation original non-oriented and annealed at various Ta meas-
ured along 



Chem. Listy 108, s16–s20 (2014)                                                 Pokročilé teoretické a experimentální studie polymerních systémů  

s17 

orientation direction contained only (h,k,0) reflections, 
(h,k,1) were completely missing, in accord with the c – 
axis sample orientation in the extension direction. All 
samples (except of TB) represent highly uniaxially 
oriented iPP material of the most stable  crystal 
modification. 

The results of the sample crystallinity (X) and crystal 
size (L110) of the most intense reflection, 110, are listed in 
Table I. The tendency for the X and L110 values to increase 
with increasing Ta is apparent. The L110 value for the non-
oriented sample, was slightly higher (107 Å) than for the 
oriented samples indicating that the extension process 
decreases the original crystal size or changes tilt of 
molecules in the crystals. With increasing Ta the L110 
values increased for samples TB till to 143 Å and 1D to 
129 Å. In the other oriented samples the L110 values also 
increased with Ta, but to a lesser extent. 

Table I also shows the results of sample orientation 
degree on peak width (Or) and 040/110 peak intensity 
ratio8. It is evident that the starting sample orientation at Ta 
= 23 °C of our samples was slightly different due to 
different  values and the orientation degree was higher at 
higher X. Annealing decreased the orientation degree 
(increased values of the Or and 040/110) with growing Ta. 
Sample annealing, mainly above 140 °C, leads to crack 
healing (increased density) and recrystallization to highly 
oriented and crystalline structure.  

In summary, it is clear that the sample crystallinity, 
crystal size and orientation degree depend on two factors: 
sample extension ratio and annealing process. As to the 
annealing process, besides the annealing temperatures and 
time the decisive role plays the fact whether the samples 
are annealed in fixed (taut) or free position. Results in 
Fig. 3 and Table II confirm that oriented samples annealed 
free lose much of orientation and crystallinity, crystal size, 
melting temperatures which are lower than in taut 
annealed samples.  

The melting scans (Table I) have a different shape 
depending on sample  and Ta.  At Ta = 23 °C the melting 
scans show only one wide melting peak (Tm = 165.4 °C) 
for the non-oriented sample TB, but 1–3 peaks or 
shoulders below Tm for samples annealed at higher Ta both 
oriented and non-oriented. The complex multistage 
melting confirms that the drawing process has 
mechanically splits the original broad crystal distribution 
into at least 2–3 different crystal populations with different 
Tm. The melting peaks or shoulders have the tendency 
shifting to higher Tm with growing  and Ta above 150 °C. 
The original sample structure is rearranged by drawing 
and the oriented chains improve their crystal size, 
crystallinity and Tm with increasing Ta. During annealing 
at Ta approaching the iPP melting temperature, the 
recrystallization of the initial structure or crystal size takes 
place towards improvement. Tm values of the partially 

Fig. 2. Typical X-ray diffractograms of iPP oriented sample 
1D measured along and perpendicular to the orientation di-
rection at various Ta 

Fig. 3. X-ray diffraction scans of the oriented sample 1D, Ta = 
23 °C, measured along the orientation direction. a – sample an-
nealed taut at 160 °C, b – annealed free at Ta = 160 °C, c – orient-
ed at 23 °C and annealed free at 170 °C  
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recrystallized material increase up to maximum of 173 °C. 
In this respect the Tm values increase similar as L110 values. 
In Table I the %X were values calculated from the melting 
enthalpy (H) values taking into account the H0 (100% 
crystalline iPP) 209 J g–1 according to Mezghani and 
Phillips6. The crystallinity values X, so calculated, lay in 
the range 50–63 % which is usual for iPP samples and 
different X measurement methods (Tab. I). The 
comparison of crystallinity from melting and X-ray data 
(in Tab. I) shows similar trend and the DSC crystallinity 
data are close to those measured by X-ray. The data based 
on density of highly oriented samples are affected by 
cracks and voids and are not presented here. 

The structure of the non-oriented films observed by 
light microscopy has shown spherulitic structure of 
relatively even diameter in the range of 5–10 m. The 
examination of iPP oriented sheets by electron microscopy 
disclosed a system of parallel fibrils (Fig. 4). In the sample 
11, not annealed or annealed at Ta below 140 °C an 
interesting phenomenon was noticed: silvering. Electron 
microscopy micrographs in Fig. 5 revealed in this sample 
besides usual parallel fibrils and voids, also sharp 
transverse cracks 3–15 m apart which cause the silvering. 
After annealing at higher Ta (160, 170 °C) the cracks had 
the tendency to healing (Fig. 6) and silvering disappeared. 

 

Table I 
X-ray diffraction and DSC melting analysis of the oriented iPP sheets  

Sample unoriented TB 

Ta 
[°C] 

 
[g cm–3] 

L110 
[Å] 

V 
[%] 

XX-ray 
[%] 

Or 
[°] 

040/110 Tm 
[°C, (%)] 

 H 
[J g–1] 

XDSC 
[%] 

23 0,883 107 0 55 7,4 0,56 165,4 (100) 98,0 47 

120 0,884 112 0 65   0,62 165,4 (93,2); 128,3 (6,8) 101,0 48 

140 0,886 125 0 72   0,64 165,3 (86,9); 146,8 (13,1) 114,4 55 

150 0,892 134 0 73   0,67 165,1 (67,4); 157,2 (32,6) 121,6 58 

160 0,894 138 0 78   0,65 167,9 (100) 118,0 56 

172 0,896 143 0 79   0,77 176,4 (17,8); 166,1 (82,2) 124,4 60 

Sample 1D,  = 4,6 

Ta 
[°C] 

 
[g cm–3] 

L110 
[Å] 

V 
[%] 

XX-ray 
[%] 

Or 
[°] 

040/110 Tm 
[°C, (%)] 

 H 
[J g–1] 

XDSC 
[%] 

23 0,881 104 0 48 3,6 0,49 168,4 (100); 154 (s) 106,7 51 

120 0,891 129 0 53 3,7 0,50 165,2 (100); 155 (s) 102,9 49 

140 0,886 125 0 57 4,0 0,54 167,4 (100); 158 (s) 121,2 58 

150 0,895 129 0 59 4,2 0,56 166 (83); 154,6 (17) 111,3 56 

160 0,909 124 0 64 4,5 0,65 170,3 (22,6); 167,5 (52,2); 
162,7 (25) 

131,0 63 

172 0,907 129 0 68 4,0 0,81 172, 3 (100) 123,6 59 

Sample 11/10,  = 11 

Ta 
[°C] 

 
[g cm–3] 

L110 
[Å] 

V 
[%] 

XX-ray 
[%] 

Or 
[°] 

040/110 Tm 
[°C, (%)] 

 H 
[J g–1] 

XDSC 
[%] 

23 0,796 101 10 51 3,5 0,34 171,2 (41,5); 167,1 (58,5) 111,3 53 

120 0,808 104 9 56 3,6 0,40 170 (s); 165 (s); 168,6 (100) 121,7 58 

140 0,827 101 7 49 3,9 0,41 168,3 (100); 162 (s) 118,3 57 

150 0,849 104 5 61 3,9 0,41 171,4 (40,2); 167,8 (52,9); 
156,5 (6,9) 

125,0 60 

160 0,867 118 3 68 4,0 0,43 169,8 (78); 163,3 (22) 125,3 60 

170 0,880 124 2 59 4,3 0,56 180 (10); 168 (90) 131,0 63 

23 0,796 101 10 51 3,5 0,34 171,2 (41,5); 167,1 (58,5) 111,3 53 

 – sample density, L110 – crystal size from the 110 peak width, V – estimated void %, Or – orientation degree where the 
azimutal 110 peak intensity decreases to ½ 040/110 ratio for unoriented iPP is 0.67 and decreases with sample orientation 
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Conclusions 
 
The results of structure evaluation of iPP uniaxially 

oriented sheets can be summarized as follows: the samples 
consist of 50–63 % crystalline, highly oriented, 
-modification iPP. The structure and property changes of 
the initial unoriented material were due to 1. elongation 
and 2. annealing. 

The uniaxial extension at 23 °C to  = 4.6–11 
transforms the lamellar spherulites into fibrils oriented in 
the extension direction. During this crystalline block’s 
conversion to elongated parallel fibrils also voids and 
cracks form. The crystallinity and crystal size values 
decreased due to extension only a bit, but the size 
distribution of the crystallites changed significantly as 
shown in melting process. The original smooth crystal size 

Table II 
Comparison of annealing sample 1D in taut and free position 

Ta  

[°C] 
Annealing type L110  

[Å] 
XX-ray 
[%] 

040/110 Tm  

[°C, (%)] 
 H  

[J g–1] 
XDSC 
[%] 

23 taut 104 65 0,45 168,4 (100), 154 (s) 98,8 47,3 

160 taut 124 78 0,44 170, 167.5, 163 131 63 

23→120 Ta → free 104 72 0,62 169.9 (100), 164 (s) 94,1 45 

23→140 Ta → free 120 71 0,63 168,7 (95), 156,2 (5) 109,7 52,5 

23→160 Ta → free, N.O. 118 67 0,45 167.2 (100), 163 (s) 105,5 50,5 

23 → 170 Ta → free, N.O. 91 66 0,45 177,8 (7), 168.2 (93) 111,3 53,2 

s – shoulder, N.O. – not oriented 

Fig. 4. TEM micrograph of the sample TB annealed at 120 °C 

Fig. 5. TEM micrograph of the sample 11 not annealed show-
ing transversal cracks 

Fig. 6. TEM micrograph of the sample 11 annealed at 160 °C 
showing healed cracks 
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distribution, characterized by a single broad melting peak, 
divided to 2–3 individual peaks and the whole melting 
range narrowed and the melting temperatures increased 
with  from 165,4 to 173 °C. The elongation process at 
room temperature obviously represents a relatively drastic 
breaking of the original lamellar spherulites to smaller 
crystalline blocks of different size and Tm. 

During annealing, further structural changes occurred 
and their extent depended on Ta for a given . In the non-
oriented sample the density, crystal size and melting 
temperature increased with increasing Ta. A similar 
situation was observed also in oriented samples, only the 
pertinent structural changes were a bit lower. The situation 
concerning density was complicated by voids formation, 
mainly in the highly oriented samples. The sample fixation 
obviously partially hinders the chain mobility at Ta below 
150 °C. At higher Ta the segmental mobility increases and 
the conformational changes took place similar as in 
unoriented sample. The enhanced segmental mobility at Ta 
above 150 °C was confirmed by the disappearance of 
silvering, which was due to transverse cracks oriented 
perpendicular to the extension direction (Fig. 4). At higher 
Ta the cracks and silvering disappear due to crack healing 
(Fig. 5). 

Thus for annealing we see the most important 
structural changes taking place at Ta above 140 °C.  

Our results confirmed that by choice of suitable 
conditions of the extension and annealing process the most 
important structural properties could be modified but the 
changes are rapid mainly above 140°C where the process 
is difficult to control. 

 

This article was written with support of Operational 
Program Education for Competitiveness co-funded by the 
European Social Fund (ESF) and national budget of 
Czech Republic, within the project Advanced Theoretical 
and Experimental Studies of Polymer Systems (reg. 
number: CZ.1.07/2.3.00/20.0104). 
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