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The temperature dependence of hard elastic polypropylene fibre was studied in the temperature range 
-140°C to 20°C. The third yield point was found on the stress-strain curve below the glass transition 
temperature, as were the first and second yield points. The yield behaviours for the first and third points 
depended strongly on the temperature and changed remarkably at the glass transition temperature. The 
first, second and third yield behaviours were associated with, respectively, the initial deformation of the 
total stacked lamellar structure, the onset of unfolding of the lamellar crystal, and the deformation of the 
amorphous chains between lamellae after the lamellar separation. 
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I N T R O D U C T I O N  

It is well known that the well-developed stacked lamellar 
structure along the fibre axis can be obtained by 
stress-induced crystallization ~-4. Such lamellar structure 
exhibits a high elastic recovery with an energetic elasticity 
and is termed a hard elastic or springy material. In 
particular, the hard elastic material shows high elastic 
recovery even at temperatures well below the glass 
transition temperature (Tg) 5. Many papers and re- 
views *-12 of hard elastic fibres have focused on the 
relationships between the stacked lamellar structure and 
the mechanical properties. However, little attention has 
been paid to the hard elastic properties in the low 
temperature ranges, especially in the vicinity of Tg. In 
this paper, the hard elastic properties of polypropylene 
fibres are studied with special reference to the low 
temperature range from -140°C  to 20°C. 

EXPERIMENTAL 

Isotactic polypropylene fibres were prepared by high 
speed melt spinning 12'~3 with a take-up speed of 
1000 m min-  1 at an extrusion temperature of 230°C. The 
as-spun fibres were annealed at 140°C in the free state 
for 1 h. The density and birefringence of the annealed 
fibres were 0.908 g cm-3  and 0.021, respectively. 

Mechanical testing was carried out by straining the 
fibres at a strain rate of 0.6 min -1 in a tensile tester 
equipped with a temperature box which could be kept 
at temperatures ranging from - 150°C to 80°C with an 
accuracy of +__ I°C. Stress-strain curves were recorded 
for loading and unloading with the same strain rate in 
the temperature range from -140°C  to 20°C. The 
dynamic mechanical properties were measured at a 
constant frequency of 3 Hz and at a heating rate of 
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2°Cmin -1 in the range -130°C  to 20°C with a 
rheolograph (Toyoseiki Co.). 

RESULTS AND DISCUSSION 

Temperature dependence of stress-strain curve 
Figure 1 shows the temperature dependence of the 

dynamic modulus from -130°C  to 20°C. The storage 
modulus decreases gradually but drops markedly with 
rise in temperature above -40°C.  The loss modulus 
shows a clear single peak starting at about - 4 0 ° C  with 
a maximum at about - 1 0 ° C  and tailing off at about 
10°C. The glass transition temperature of isotactic 
polypropylene is generally found in a similar temperature 
range 14. 

Figure 2 shows the stress-strain curves measured at 
various temperatures from -1 0 0 ° C  to 20°C. At 20°C, 
the fibres show a typical stress-strain curve with the hard 
elastic characteristics showing the first and second yield 
points on the loading curve and a sharp decrease in stress 
followed by a plateau-like stress region on the unloading 
curve. The stress increases with decrease in temperature, 
clearly exhibiting a first yield point and subsequently a 
new yield point (the third yield point) which is found just 
after the first yielding. This can be dearly seen on the 
loading curve at - 100°C. The first and third yield points 
appear, respectively, at ,,~5% and ~ 1 5 %  of strain at 
temperatures below Tg; however, their strains strongly 
depend on temperature. The second yield point appears 
at ,-~75% strain but is not as clear as the first and third 
points. On the other hand, the abrupt stress reduction 
after the plateau-like stress region on the unloading curve 
becomes obscure and the residual strain increases with 
a decrease of temperature, especially below T s. 

Figure 3 shows a schematic illustration of the 
stress-strain curve obtained at temperatures well below 
Tg. In the loading curve (OABCDE), A, B and D 
represent the first, third and second yield points, 
respectively. The loading curve can be divided into four 
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Figure 3 Typical stress-strain curve for hard elastic fibre. A, B and 
D denote the first, third and second yield points, respectively 

stages. In stage 1 (OA), the fibre exhibits a nominal 
Hookian behaviour (so-called initial Young's modulus) 
followed by the clear yield point A which can be strongly 
related to the whole stacked lamellar structure 
constructed with the lamellar crystals and the amorphous 
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layer. In stage 2 (AB), many investigations have shown 
that the separation of the stacked lamellae leads to 
microvoid formation after the first yielding 4-12. The 
appearance of the third yield point at temperatures below 
Tg suggests that the lamellar separation occurs first and 
then the glassy amorphous chains between the separated 
lamellae are deformed. In other words, there are two 
factors involved in the lamellar separation process: 
adhesive fracture mechanics 15, and the deformation of 
amorphous molecules between lamellae. The deforma- 
tion of the amorphous layer may be associated with the 
deformation of tie chains, folded chain loops, cilia and 
floating chains (which are unattached to any crystalline 
region) between lamellae and others 16. The adhesive 
fracture commences at a critical yield stress and leads to 
void opening. The amorphous contribution to the yield 
behaviour is strongly dependent on temperature, 
especially at the glass transition region from the glassy 
state to the rubbery state. At temperatures below Tg, the 
amorphous contribution to the stress may be larger than 
the adhesive fracture energy and thus the stacked lamellae 
may separate before the yielding of the glassy amorphous 
molecules, which is similar to the yield behaviour 
generally observed in a glassy polymer 17. Consequently 
it could be thought that the stress strain curve shows 
the first and the third yield behaviours. 

In stage 3 (BCD), the lamellar separation with large 
horizontal void formation predominates and the 
interlamellar tie chains are oriented to the extension 
direction. The second yield point D is the signal of the 
onset of plastic deformation of the crystal lamellae, that 
is the onset of unfolding of lamellae 7'~1'12. In stage 4 
(DE), plastic deformation predominates with pulling of 
fibrils from lamellar crystals. The residual strain increases 
drastically from this stage and the elastic recovery 
becomes very poor 11,12 

The unloading curve (EFGH) can also be divided into 
three regions which are characterized by the steep stress 
reduction region (EF), the plateau-like stress region (FG) 
and the cascade-like stress reduction at the end of the 
unloading curve (GH). OH is the residual strain, and the 
elastic recovery is defined as the ratio of (HI/OI). It is 
clear that the temperature dependence of the stress-strain 
curve is strongly related to Tg. 

Temperature dependence of modulus and yield stress 
The moduli El, E 2 and E 3 were calculated from the 

slope of OA, CD and AB, respectively, and the yield 
stresses °1, o.2 and a 3 were obtained from the points A, 
D and B, respectively, on the stress-strain curve (Figure 
3). (E2 may not be strictly defined as the modulus, but 
is dealt with as a nominal modulus in this paper.) The 
values of modulus and yield stress thus obtained are 
plotted against temperature in Figures 4 and 5, 
respectively. With decreasing temperature, the moduli E1 
and E 3 change significantly at the glass transition regions 
from 0°C to -40°C,  while the modulus E 2 shows almost 
linear temperature dependence. E 1 is much larger than 
E 2 and E 3. The value of E1 varies from ~5  to ~ 17 GPa, 
E 2 from ~0.1 to ~ 0 . 3 G P a  and E 3 from ~0.1 to 
~0.6 GPa with decreasing temperature from 20°C to 
_ 1 0 0 o c .  

The yield stresses o.1, o.2 and o- 3 show almost linear 
temperature dependence. It is interesting to note that the 
a2-temperature relationship extrapolates to zero near 
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Figure 4 Temperature dependence of moduli of E 1, E 2 and E3, 
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Figure 5 Temperature dependence of yield stresses tr t, a 2 and tra 
obtained from the points A, D and B, respectively, in Figure 3 

the melting temperature. 0" 2 is the yield stress in the 
direction parallel to the fibre axis of hard elastic fibre 
and is associated with the necking stress of the stacked 
lamellar structure. The value of a2 is about 10 times 
larger than that of the generally observed yield stress for 
the non-oriented crystalline polypropylene t 8. This might 
be caused by the angular dependence of the yield stress. 
The yield stress in the directions parallel and 
perpendicular to the fibre axis of oriented polypropylene 
are reported to be ~255 MPa and 29 MPa, respec- 
tively t9. That is, the yield stress parallel to the fibre axis 
is about 10 times larger than that perpendicular to the 
fibre axis. It is also interesting to note that the 
temperature dependence of tr 1 shows a break point in 
the glass transition region and fits the extrapolated line 
of a3 above Tg. This suggests that in the temperature 
regions above Tg the adhesive fracture energy is much 
larger than the amorphous contribution to the yield 
stress, because the amorphous chains are in the rubbery 
state. The amorphous contribution to the yield stress 
increases with decreasing temperature, especially below 
Tg. In other words, the lamellar separation and the 

yielding of the amorphous chains between lamellae occur 
independently. 

It is assumed that a simple mechanical model is 
applicable to the modulus, as proposed in Figure 6, where 
E¢ is the axial crystal modulus and E a is the axial 
amorphous modulus. Ev is the axial modulus for the 
adhesive fracture and can be neglected after the first 
yielding. The axial elastic modulus E is given by: 

I / E  = X c / E  e -}- (1 - -  Xe)/(O~aE a -1- (1 - #a)Ev) (1) 

where X c is the volume crystallinity of the sample and 
~a is the fraction of amorphous phase between lamellae, 
which is constructed from the amorphous chains, such 
as tie chains, cilia, folded chain loops and floating chains. 
The first modulus E l can be expressed by equation (1) 
and the third modulus E 3 can be simplified to: 

l I E  3 =- X c / E  ¢ + (1 - Xe)/O~aE a (2) 

The amorphous chain contribution to E a can be 
divided roughly into two factors: the first is in the case 
of chains which are not attached to different lamellae 
(cilia, loops and floating chains) and the second is the 
tie chain contribution (Et). At temperatures below Tg, 
the amorphous chains are all in the glassy state and show 
yield behaviour (the third yielding). The region after the 
third yielding is attributed to strain or work softening 
and further extensions give rise to orientation and flow 
of amorphous chains. The orientation of amorphous 
chains, especially tie chains, can contribute to the slope 
of the stress-strain curve (E2). Therefore E 2 can be 
approximated to: 

1/E 2 = X¢/Eo + (1 - X¢)/flE, (3) 

where fl is the fraction of tie chains in the amorphous 
phase. 

Values of Ea, Et and Ev can be estimated from the data 
of moduli Et, E 2 and E 3 and the crystallinity (Xc = 0.68). 
Here, the degree of crystallinity and the crystal modulus 
of 42 GPa (ref. 20) are assumed to be independent of 
temperature. At temperatures well below Tg, such as 

- 100°C, it is also assumed that E~ and E t have the same 
value, of about 2 GPa, which is found for the glassy state 
of atactic polypropylene 21. The values of ~, and fl were 
estimated to be ~0.1 and ~0.04 respectively, on the 
basis of the modulus data at - 100°C. 

The values of the moduli thus estimated are plotted 
as a function of temperature in Figure 7. The moduli of 
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Figure 6 Mechanical model for stacked lamellar structure. E¢ is the 
axial crystal modulus of lamellar crystal, Ea is the modulus of 
amorphous phase between lamellae, E v is the modulus of the adhesive 
fracture, which is associated with lamellar separation. Xc and ~a are 
the volume crystallinity and the fraction of amorphous phase between 
lamellae, respectively 
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Figure 7 Temperature dependence of estimated moduli E~, E~ and Et, 
associated with adhesive fracture, amorphous contribution and tie chain 
contribution, respectively 

E a and E~ change clearly in the Tg region. The value of 
E a and its temperature dependence are consistent with 
those for the amorphous atactic polypropylene 2~. It is 
interesting to note that the temperature dependence of 
E t is much less than that of E a. The amorphous 
contribution to the temperature dependence of the 
modulus can be controlled by the type of amorphous 
chains, i.e. whether the chains are bridged from one 
lamella to another or are not attached to different 
lamellae. The latter type of amorphous chains show a 
similar temperature dependence to non-crosslinked 
amorphous polymers. The tie chain contribution to the 
modulus is similar to crosslinked rubbery materials. The 
distribution of the tie chain length can be related to the 
number-average molecular weight of the network chain 
between crosslinks. Therefore, the temperature depen- 
dence of the modulus is smaller the shorter the length of 
the tie chain. 

The magnitude of E~ may be a measure of the 
contribution to the complex interlamellar structure. The 
interlamellar structure is composed not only of the 
amorphous chains discussed above but also of the a*-axis 
oriented crystals. The elastic crystal modulus parallel to 
the a*-axis lies at ~ 3 G P a  (ref. 20). The other 
contributions to E~ include the effect of van der Waal's 
forces, the free energy of the chain folded surface, the 
lamellar beam bending event, the flaw density distribu- 
tion, the initiation of propagating adhesive failure sites 
and others ~5. Detailed studies on E v to obtain 
experimental data are required for further discussion. 

Temperature dependence of strain at yield point 
Figure 8 shows three yield strains, el, /;2 and e 3 

corresponding to the strains due to the yield points A, 
D and B, respectively. The temperature dependence ol 
the yield strain shows a break point at the glass transition 
temperature for e I and e 3 but not for e2. Below Tg, the 
temperature dependence of el and e3 are very small, and 
the values of their slopes are ~7.5 × 10 - 6  K - 1  for e 1 
and ~ 2  × 10 -5 K -1 for e 3. Their slopes above Tg are 
larger: ~5.2  × 10 -4 K -1 for e 1 and ~ 1.6 x 10 -2 K -1 
for e3. On the other hand, the second yield strain shows 
linear temperature dependence, although the data are 
scattered. The value of the slope for e2 is ~ 3 x 10 -4 K -  1. 
The slopes could be associated with the thermal 
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expansion coefficient of the fibre. In fact, the values of 
the slopes for el and e3 below Tg lie in the same order 
as the thermal expansion coefficient, e, of polypropylene 
below Tg (e = 6.5 x 10 -5 K - l )  14. In addition, the values 
for el above Tg and for e2 are in the same order as 
above Tg (~ = 1.05-1.4 x 10 - 4  K - l )  le .  The value for E 3 
above Tg, however, is 100 times larger than ~. This high 
value may be caused by the large expansion of the voids 
between lamellae. These positive values are due to the 
intermolecular expansion of amorphous chains between 
lamellae. On the contrary, the expansion coefficient along 
the chain axis in the lamellar crystal shows a negative 
value of - 6 . 4 2  x 10 .5 (ref. 22). 

The yield strain of e 2 is closely associated with the 
onset of pulling out of fibrils from lamellae. In other 
words, ductility of amorphous tie chains between 
lamellae plays an important role in determining the 
critical second strain. Here, one could assume that the 
second yield strain is expressed as a function of the draw 
ratio of the tie chains between lamellae (2a): 

C, 2 = 2,1a/l o (4) 

where la and l o are the thickness of amorphous layer and 
the long spacing in the original stacked lamellar structure 
respectively. The ratio of la/1 o can be simply assumed to 
be ( 1 - X c ) ,  where Xc is the degree of crystallinity. 
Therefore, one could obtain the draw ratio of the tie 
chain (2a) from the experimental data of ~2 and X~. For 
example, e2 and Xc are 0.75 and 0.68 respectively, in this 
work so that the value of 2 a is ,-~2.3. If the value of 2 a 
can be applied to the stacked lamella of polyethylene 
fibre with ~ 90% crystallinity, ~2 is ~ 0.23 which is much 
smaller than the value for the hard elastic polypropylene 
fibre. The amorphous contribution to the hard elastic 
properties is thus an important factor. 

Temperature dependence of residual strain and elastic 
recovery 

The residual strain (OH) and the slope of the last stage 
on the unloading curve (GH), as shown in Figure 3, will 
be referred to as e4 and E 4, respectively. Figure 9 shows 
the temperature dependence of the residual strain (e4) 
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Figure 8 Temperature dependence of yield strains ~1, e2 and ~3, 
corresponding to strains due to yield points A, D and B, respectively, 
in Figure 3 
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and the slope (E4) after 50% extension. The values of e4 
and E 4 vary remarkably in the vicinity of Tg. The large 
residual strain below T~ indicates the frozen amorphous 
chains and the large temperature dependence suggests 
the large distribution of molecular conformational energy 
in the amorphous layer between lamellae. The shape of 
the stress-strain curve below T~ is similar to that for 

crazed polystyrene 23. This means that the amorphous 
chain contribution to the hard elastic polypropylene is 
similar to the crazed fibril contribution to the hard elastic 
polystyrene, because both are in the glassy state. 

The plateau-like recovery region (FG) disappears 
below Tg. This region may be considered as a result of the 
thermal expansion stress due to the thermal motions of 
the amorphous molecules between lamellae. Such 
thermal motions cease below Tg and the plateau-like 
region then disappears. On the other hand, the 
cascade-like stress reduction (GH) at the end of the 
unloading curve above Tg is due to the formation of the 
rigid phase in the interlamellar region. During the 
unloading process above Tg, the highly strained 
amorphous chains between lamellae will be relaxed and 
subsequently crystallized to the a*-axis oriented crystals, 
or the inclined a*-axis oriented crystals will rotate 
perpendicular to the lamellar surface 7. Such a*-axis 
oriented crystals might be associated with the rigid phase 
between lamellae and can contribute to the cascade-like 
stress reduction at the end of the unloading curve. 

The temperature dependence of the amorphous layer 
between lamellae on elastic recovery is shown in Figure 
10. The temperature dependence of the elastic recovery 
shows two break points at about -40°C and about 
-100°C. The increase in the slope in Figure I0 below 
Tg is due to the same mechanism as for e 4 in Figure 9. 
However, the elastic recovery depends not only on the 
temperature but also on the degree of extension of the 
fibre. Below the critical extension (82) of  7 5 % ,  discussed 
above, the elastic recovery is more than 95% and its 
temperature dependence is small. On the contrary, above 
the critical extension, the elastic recovery decreases and 
its temperature dependence becomes greater. These 
results also arise from the deformation behaviour in the 
amorphous layer and the destruction of the lamellar 
structure. 

Changes in the temperature dependence of the elastic 
recovery at extension above 50%, found at about 
-100°C in Figure 10, could be related to the ductility 
of the fibres. That is, the elongation at break depends on 
temperature, as shown in Figure 11, in which a break 
point at about - 100°C is found. It is generally observed 
that the elongation at break is affected strongly by the 
7-relaxation, which is associated with the local mode in 
polypropylene molecules. The ?-relaxation temperature 
is reported to be about -80°C (ref. 14). Therefore, the 
break points at about - 100°C in Figures 10 and 11 are 
closely associated with the ?-relaxation mechanism. 

CONCLUSION 

The temperature dependence of hard elastic poly- 
propylene fibre was studied in the temperature range 
-140°C to 20°C. At temperatures above Tg, there were 
two yield points on the stress-strain curve, i.e. the first 
and second yieldings. However, below Tg the third yield 
point was found just after the first yielding in addition 
to the first and the second yield points. The behaviours 
of the first and third yielding depend strongly on the 
temperature and changed remarkably at the glass 
transition temperature. The first yielding is related to the 
whole stacked lamellar structure constructed with the 
lamellar crystals and the amorphous layer. After the first 
yielding, the separation of the stacked lamellae leads to 
microvoid formation. The second yielding signals the 
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onset  of unfolding of  l amel la r  crysta ls  and  its stress is 
a lmos t  equal  to the necking  stress. The  th i rd  y ie ld ing is 
assoc ia ted  with  the  de fo rma t ion  of  the  glassy a m o r p h o u s  
chains  be tween  the sepa ra t ed  lamellae .  The  t empe ra tu r e  
dependence  of the yield s t ra in  was in the same o rde r  as 
the the rmal  expans ion  coefficient of  po lypropy lene .  O n  
the un load ing  curve above  Tg, the p la teau- l ike  recovery 
region  can be cons idered  as a result  of  the the rmal  
expans ion  stress due to the en t rop ic  behav iou r  of 
a m o r p h o u s  molecules  be tween lamel lae .  At  the end of  
the un load ing  curve above  Tg, the highly s t ra ined  
a m o r p h o u s  chains  be tween lamel lae  will be re laxed and  
subsequent ly  crys ta l l ized to the a*-axis  o r ien ted  crystals ,  
or  the incl ined a*-axis  o r ien ted  crystals  will ro ta te  
pe rpend icu la r  to the  l amel l a r  surface. Such a*-axis  
o r ien ted  crysta ls  can con t r ibu te  to the cascade- l ike  stress 
r educ t ion  at  the end of the un load ing  curve above  Tg. 
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