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Unique Microstructural Features of  
InnegraTM High Modulus Polypropylene Fibers 

 
Introduction 

 
Innegrity has developed a new class of high modulus polyolefin multifilament yarn1,2, 
which possesses an exceptional combination of high toughness and low weight. Produced 
at relatively high throughputs from commodity polymers, the cost/performance benefits 
of the yarn are substantial when it is used in tough, impact resistant composites where 
glass, carbon and aramid fibers are traditionally used. For example, hard, thermoplastic 
panels containing almost 80% Innegra S (Innegrity’s high modulus polypropylene yarn) 
and 20% aramid fibers display the same Level IIIA ballistic performance as panels 
containing 100% aramid fibers, but at about 40% of the cost.   
 
The high-modulus/low-density properties of Innegra S filaments arise from a number of 
unique structural and morphological characteristics imparted by Innegrity’s novel fiber 
forming process. The purpose of the present paper is to describe these characteristics in 
relation to fiber properties and to highlight structural differences between Innegra S high 
modulus iPP (HMPP) fibers and conventional iPP fibers. 
 
 

Structure and Morphology 
 
Crystallinity, Orientation and Fibrillar Structure  
 
A key aspect of the Innegra fiber-forming process is that the melt-spinning conditions are 
designed to crystallize the filaments while the polymer is in a highly relaxed, highly 
disoriented state. This permits high draw ratios and efficient chain orientation to be 
achieved in the subsequent drawing operation.  
 
The wide angle x-ray scattering (WAXS) 
pattern of a HMPP multi-filament yarn drawn 
to a draw ratio of about 16 (Figure 1) shows 
that the crystalline phase is in the stable !-
monoclinic form and, from the narrow arc 
widths of the reflections, it is clear that the 
fibers possess a high level of crystalline 
orientation. Utilizing standard techniques for 
determining the integrated intensities of the 
crystalline and amorphous scattering, it was 
also found that the degree of crystallinity in 
these highly drawn fibers is in the region of 80 
– 85%. 
 
The elongated equatorial scattering streaks in 
the small angle x-ray scattering (SAXS) pattern 

Fig. 1: WAXS from Innegra HMPP fibers 
(DR=16).
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(Figure 2) can be attributed to highly oriented, ‘needle-like’, fibrillar structures. Typically 
the extended chains (‘shish’) associated with such structures provide nucleating sights for 
secondary crystallization in the form of folded-chain lamellae overgrowth (‘kebabs’). 
Interestingly, however, the SAXS patterns of the HMPP fibers show exceptionally weak 
or absent meridional reflections, indicating that the morphology does not consist of 
alternating crystalline-amorphous regions and/or that the noncrystalline regions are so 
highly oriented that their electron density does not differ significantly from that of the 
crystalline regions. For comparison, the SAXS pattern of a conventionally spun-drawn 
iPP fiber is shown in Figure 3, in which meridional reflections are clearly present, and the 
equatorial streak is less-developed. 
  

              
Fig. 2: SAXS from Innegra HMPP fibers                              Fig. 3: SAXS from conventionally formed PP 
(DR=16).                fibers. 

 
Void Formation and Fiber Density 
 
Despite having a high level of crystallinity and orientation, the density of the HMPP 
fibers is about 0.67 g/cm3, which is well below the density of iPP in the amorphous state 
(0.85 g/cm3). The reason for the low fiber density is the presence of extensive crack 
formation (Figs. 4, 5, 6d, 7 and 9) which results in a large void volume. It may be noted 
that the visible cracks are too large to contribute to the elongated SAXS streaks of Fig. 2, 
but a contribution from voids that may exist on much smaller length scales is possible. 
 
A water influx technique, in which water under high pressure flows through an HPLC 
column containing the fibers, permits the density of the fiber to be estimated based on a 
fiber volume that does not include the voids. That is, it assumes all the voids are filled 
with water at the (~100 psi) pressure applied and provides an approximate density of the 
polymer alone. By this method, the polymer density of the fiber was found to be 0.93 
g/cm3, giving a “void density” of 0.26 g/cm3, or about 30% of the fiber volume. 
Moreover, with the amorphous and crystalline densities of polypropylene being 0.85 
g/cm3 and 0.95 g/cm3 respectively, the volume fraction crystallinity computed by this 
method is about 0.8, in good agreement with the WAXS measurement. 
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SEM images of the voids in the 
fiber surface (Figure 4) and 
along the fiber-axis cross-
section (e.g., Figures 6d, 7 and 
9) do not provide evidence that 
the pores are interconnected, but 
a number of cross-sectional 
views perpendicular and at 
about 45o to the fiber axis 
indicate a network of 
interconnected channels (Figure 
5). Given that the crack growth 
is largely confined to the fiber 
axis direction, it would indeed 
be expected that the cracks can 
only intersect across the fiber 
diameter. 

 
The high void volume results in an unusually high surface area of 1.5 m2/g, measured by 
BET, which is about eighteen times higher than would be expected from a void-free fiber 
of equal diameter and 0.93g/cm3 density. Put another way, the HMPP fibers, which have 

a measured mean diameter of 52 "m, 
have a specific surface area equivalent 
to fibers with a mean diameter of ~3 "m.  
 
The major advantage of Innegrity’s 
HMPP yarn lies in its combination of 
high modulus (~200g/d, ~15GPa), high 
tenacity (~9g/d, ~0.7GPa), high 
toughness (~0.7g/d, ~50MPa)  and low 
fiber density, and it is of significant 
scientific and practical interest to 
understand how the superior mechanical 
properties of these fibers are retained 
despite the existence of a high void 
volume.  The answer appears to lie in a 
unique structural feature of Innegra 
fibers revealed by SEM. 
 

Striations and Crack-Stopping Mechanism 
 
SEM images of Innegra S fibers consistently show a banded or striated structure (Figures 
4 and 6), which to our knowledge has never previously been observed in any fiber. This 
structure comprises quasi-periodic microscale fluctuations in intensity, with the high 
intensity (HI) striations having a longitudinal (fiber-axis) dimension of the order of 0.5 - 

Fig.4: SEM image of  Innegra HMPP fibers, showing surface 
porosity. 

Fig. 5: SEM images of Innegra HMPP fibers, cut at 
about 90o (left) and 45o (right) to the fiber axis, 
showing intersecting voids. 
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1 "m. The longitudinal cross-sectional view of Figure 6d shows that these striations are 
not merely ring-like surface features, but extend into the fiber core, often spanning the 
entire fiber diameter (~50 "m) and usually exceeding 10 "m in width.   
 

  
  (a)                                                                   (b) 

  
  (c)                                                                   (d) 
 

Fig. 6: SEM images of Innegra HMPP fiber at (a) x257, (b) x750, (c) x2000, and (d) x1000 in quasi  
cross-section view. 

 
Figures 6a, 6b and 6d suggest a quasi-periodicity along the fiber length of the order of 
several micrometers (probably averaging about 8 "m), although fainter high intensity 
(HI) striations are visible in the highest magnification image (Figure 6c) which appear to 
be spaced at more frequent intervals of about 1 "m.  
 
Atomic Force Microscopy studies reveal that the striations protrude significantly from the 
fiber surface (Figures 7a), and a 2D surface profile along the axial center line of the 
sampled section shows peak maxima in the approximate range 100 – 300 nm (Figure 7b).  
 
The extensive void formation in the regions of lower SEM intensity (LI) provides clues 
about the morphology of the HI and LI regions. For example, large cracks extend for 
several micrometers along the fiber axis in the LI regions supporting the view that these 
regions comprise an extended-chain microfibrillar structure in which cracks propagate 
between adjacent microfibrils. As mentioned earlier, it is also probable that there is little 
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or no lamellae overgrowth on the 
fibrillar backbones in the LI regions, 
since SAXS meridional reflections 
are absent or very weak. 
 
Most importantly, the well-
developed HI regions appear to halt 
the propagation of the cracks 
formed in the LI regions (Figure 6d 
and Figure 8). Despite the high 
levels of strain in the drawing 
process, the cracks do not extend 
into the HI regions. This crack 
stopping mechanism is likely to be a 
key contributor to the high tensile 
properties of the fiber, impeding 
catastrophic failure, while the 
stabilized cracks confer unusually 
low fiber density.  
 
The disk-like strata of higher 
intensity presumably comprise a 
structure that resists crack 
 
 

         
 Fig. 8: SEM image of Innegra HMPP fiber in quasi cross-section view. 

50 "m 

13 "m

0.7 "m 

0.8 "m 

Fig. 7: (a) AFM contour map of the HMPP fiber surface, 
with z-axis expanded relative to the x and y axes to 
enhance visibility of the protrusions; (b) profile taken 
along the axial center line of the contour map. 

(a) 

(b) 
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propagation (and initiation), and it can be conjectured that the regions of higher intensity 
may have a more tightly packed crystalline or fibrillar arrangement. 
 
Further Characterization of the Fibrillar Structure  
 
In an attempt to shed further light 
on the fiber morphology and the 
structural differences between the 
two regions observed by SEM and 
AFM, additional AFM studies 
were performed at higher 
magnification. Figure 9a confirms 
the highly oriented, fibrillar 
structure of the fiber. Evidently, 
the fibrils exposed to the surface 
run uninterrupted through both the 
LI and HI regions, and the high 
magnification segment in Figure 
9b (with background subtraction 
and leveling) provides further 
detail, including an example of 
void formation between fibrils in 
the LI region.  
 
2D surface profiles were obtained 
perpendicular to the fiber axis 
along the red lines marked on 
Figure 9b (in the LI region and 
close to the peak maximum in the 
adjacent HI region). These profiles 
(Figure 9c) indicate that the fibril 
diameter in both regions is in the 
approximate range 30 – 80 nm.  
 
 
 
 
 
 
 
 
 
 
 
 

LI 
Region 

HI 
Region 

1

2

3 

4 "m 

 
 
500 nm 

(a) 

(b) 

Fig. 9: (a) AFM contour map of the 
fiber surface; (b) magnified area of a 
segment of Fig. 9a (in which the 
surface has been artificially leveled via 
polynomial  background subtraction to 
provide optimal contrast in the higher 
and lower regions simultaneously); (c) 
2D scans, moving down the  red lines 
marked on Fig. 9b. 

(c) 
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No difference in the structure of the LI and HI regions is discernable on the length scales 
resolvable by the atomic force microscope. However, the amplitudes of the fibrillar 
features at the fiber surface, as probed by AFM, are only a few nanometers and it is clear 
that the fibrils are closely packed and interconnected along their lengths. It is therefore 
possible that the difference in crack resistant properties of the LI and HI regions arises 
from differences in the nature and strength of connections between adjacent fibrils in 
these regions. 
 
One possibility is that the fibrils in the LI regions are mainly connected through a 
relatively small population of interpenetrating noncrystalline molecules, whereas fibrils 
in the HI regions are connected by crystalline bridges, possibly in the form of chain-
folded lamellae. Elucidation of the HI and LI structures will clearly require additional 
analytical studies involving other advanced techniques, such as TEM.  
 
Cracks with Nanofilament Bridges 
 
High magnification field emission SEM images of the cracks in Innegra HMPP fibers 
reveal another remarkable feature that to our knowledge has not been previously reported. 
The cracks are quite often bridged by ‘nanofilaments’ that appear to be highly strained 
and may be highly ordered (Figure 10 - 12). These nanofilament bridges appear in views 
of cracks taken along the fiber axis (Figures 10 and 11) as well as perpendicular to it 
(Figure 12). The nanofilaments typically have diameters in the range 30 – 100 nm and 
they often populate the full length of the cracks, which usually extend to several 
micrometers. They are no doubt formed as fibrils are pulled apart by the growing crack, 
and they presumably reflect the drawing-out of a relatively sparse distribution of material 
that interconnects the fibrils in the LI regions. It is also conceivable that the cross-linking 
structure of the nanofilaments may help to stabilize the cracks in the lateral direction, 
which would provide another mechanism for reducing the impact of the voids on 
mechanical properties. 
 

  
      Fig. 10: Cracks spanned by nanofilaments (x4000)   
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      Fig.11: Crack spanned by nanofilaments (x30,000) 
 

  
           Fig. 12: Crack spanned by nanofilaments – fiber cross-section view (x7000) 
 

Triple-Melting Behavior 
 
DSC melting behavior of an Innegra S yarn (sample 18E) is shown in Figure 13.  At first 
glance, the scan appears to display double melting endotherms, but on closer examination 
it is clear that the melting profile between 145oC and 175oC can only be satisfactorily 
fitted to three overlapping peaks.  Deconvolution using a two peak routine and a three 
peak routine are compared in Figure 14, from which the superiority of the three peek fit 
(r2 > 0.999) is evident†. The peak maxima are at 155oC (Peak I), 160oC (Peak II) and 
166oC (Peak III). Although, at a given draw ratio, polymer properties such as molecular 
weight appear to influence peak position, this unusual triple melting behavior appears to 
be common to all Innegra HMPP fibers. Published DSC data for axially oriented iPP, 
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including conventionally formed 
iPP fibers, generally show 
double melting endotherms with 
the low temperature melting 
peak between about 153oC and 
159oC and the high temperature 
peak in the region 163 - 165oC 3-5. 
 
Figure 15 compares the DSC 
scans for HMPP fibers of 
different molecular weights, 
produced under the same 
spinning and drawing conditions 
(Draw Ratio = 16, Draw 
Temperature = 160oC). Sample 
18C has a lower melt flow index (higher molecular weight) than 18E, and, from the 
deconvoluted profiles (Figure 14b and 16), it appears that increasing molecular weight 
shifts all three peaks to higher temperature. In general terms, this implies a higher level of 
molecular ordering in the higher molecular weight fiber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14: Deconvolution of DSC scans of sample 18E with (a) a two peak routine, (b) a three peak routine. 

(b) 
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Fig. 13: DSC scan of Innegra HMPP fibers (18E), ramped 
at 20oC/min from room temperature. 
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The DSC literature contains 
numerous articles with different 
interpretations of multiple 
melting endotherms in polymers. 
In the case of oriented iPP 
containing only the !-crystalline 
phase, a widely held view is that 
the low temperature melting peak 
represents melting of original 
fibrillar crystals (or at least their 
lamellae overgrowth) and the 
high temperature melting peak 
represents melting of crystals that 
have recrystallized in the DSC. 
The recrystallization exotherm is 
swamped by the overlapping 
endotherms and is not visible in the scan††. This does not mean, however, that all of Peak 
II can necessarily be accounted for by melting of recrystallized material. Some Peak II 
crystals may also have been present in the original material.  
 
An article by Caldis et al.3 
indicates that crystals 
associated with the low 
temperature peak are !-
monoclinic with C2/c 
space group (!1), and 
these crystals melt and 
transform into a more 
stable higher-order !-
monoclinic crystal form 
(!2), belonging to space 
group P21/c, in which 
optimal up/down ordering 
of helices of opposite 
handedness permit closer 
chain packing. The higher temperature peak is associated with melting of the !2 
configuration.  In oriented iPP fibers, the enthalpic transformation from ! 1 to ! 2 seems 
to be confined to occur in the temperature region between 156oC and 163oC, whereas in 
unoriented PP the transformation starts at much lower temperature and progresses more 
gradually.  
 
If we accept this interpretation of double-endotherm melting behavior in oriented PP, it is 
difficult to deduce, in the case of Innegra HMPP fibers, whether Peak II or Peak III is 
attributable to the melting of the !2 crystal form. One possibility is that Peak II results 
from melting of recrystallized Peak I material, and that Peak III arises from melting of 
high melting point crystals that were originally in the fiber – i.e. were formed during the 
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Fig. 15: DSC scans of Innegra HMPP fibers of different 
molecular weights, having an MFI of 3.7 (sample 18E) and 
1.3 (sample 18C).
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Fig. 16: Deconvolution of the DSC scan of sample 18C (MFI = 1.3)
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drawing process, and co-existed with the Peak I crystals. These high melting point 
crystals in the original fiber might even be associated with the HI regions found in the 
SEM images, but proving or disproving this link will be challenging.  
 
Since concurrent melting and recrystallization are probably taking place during the DSC 
scan of Innegra HMPP fibers, DSC cannot reliably be used to measure their degree of 
crystallinity. Indeed there are a number of problems associated with the standard DSC 
method of determining polymer crystallinity which cause large errors6, and we are 
pursuing other techniques (in addition to WAXS) for evaluating the crystalline fraction of 
these fibers.  
 

High Temperature Dimensional Stability 
 
Innegra HMPP fibers display high dimensional stability, with negligible axial shrinkage 
up to 70oC, and less than 5% shrinkage at 150oC (Figure 17). Conventionally spun-drawn 
polypropylene fibers typically shrink by about 30% at this temperature, and literature 
data indicate that the shrinkage of Spectra® 900 and Spectra® 1000 polyethylene fibers 
at 143oC is about 23% and 9% respectively7. 
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      Figure 17: Thermal shrinkage of Innegra HMPP fiber. (Mean of 5 TMA measurements.) 
 
The axial coefficient of thermal expansion (derivative of shrinkage/temperature plots) is 
roughly constant in the temperature range -50oC to 50oC, with a value of about -8 ppm/oC 
(Figure 18). At higher temperatures, the CTE is temperature dependent, increasing 
relatively slowly between about 60oC and 120oC, and much more rapidly as temperature 
is further increased. 
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       Figure 18: Coefficient of Thermal Expansion of Innegra HMPP fiber. (Mean of 5TMA measurements.) 
 

Tensile Failure Mechanism 
 
Conventionally formed polypropylene fibers (as with 
other melt spun fibers such as polyamide, polyester, 
polyethylene etc.) typically fail under tensile loading 
by ductile fracture8. At a certain stress level, a crack 
propagates into the fiber from a surface flaw, and 
plastic yield causes the crack to open into a ‘V-notch’ 
(Figure 19a). Increasing stress concentration and 
elongation on the unbroken side of the fiber finally 
results in catastrophic failure. A typical fracture 
morphology of this type of break is shown in Figure 
19b. 
         
On the other hand, when highly oriented, highly 
crystalline fibers, such as Kevlar® (para-aramid) or 
Spectra® (UHMPE) are subject to tensile loading, 
they break through the development of long axial 
splits. The increasing shear stress eventually 
overcomes cohesive forces between molecules, 
causing cracks to initiate and/or propagate in the 
direction of the highly aligned molecules and 
microfibrils. A crack that is slightly off-axis, or that 
merges with cracks that are consecutively closer to the 
outer edge of the fiber, will finally reach the surface 
and cause rupture.  

(a) 

(b) 

Fig. 19: Typical fracture mechanism 
and morphology of a conventionally 
formed polyolefin, polyester or 
polyamide fiber. Adapted from ref. 7. 
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The fracture morphology of Innegra HMPP fibers display fracture morphologies 
distinctly characteristic of the axial splitting mechanism, as seen in the SEM images of 
Figure 20. The highly oriented fibrillar structure of the fiber is also evident in these 
images of the split fiber.  
 

 

  
       Fig. 20: SEM images of a fractured Innegra HMPP fiber after  
       tensile loading to the breaking point.  
 

Concluding Remarks 
 
The unusual combination of properties of Innegra iPP multi-filament yarns include a 
modulus that is about 40% of the theoretical value of the perfect iPP crystal lattice, a 
toughness equivalent to gel-spun UHMWPE fibers, and a density lower than that of 
unoriented, amorphous polypropylene.  These properties are obtained from polymers of 
standard molecular weight via a novel, high-output, melt-spin/hot-draw process that 
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imparts unique structural characteristics to the fiber. Exploration of these features has 
begun to reveal the physical mechanisms by which the advantageous properties of 
Innegra yarns are achieved.  
 
Not only is there evidence for a highly ordered, extended-chain, microstructure with 
minimal chain-folded overgrowth, but SEM studies have revealed crack-resistant strata 
that form at quasi-periodic intervals along the fiber axis. It appears that, as a result of this 
crack-stopping morphology, the high void volume intrinsic to Innegra HMPP fibers are 
able to impart an advantageously low density without compromising the high 
performance mechanical properties of the fibers. A further contribution to crack 
stabilization may come from stressed, nanofilament bridges that span the width of the 
elongated voids. Another unusual observation is triple-melting peaks in the DSC scans, 
including a high final-melting maximum at 166-169oC. This behavior, although 
complicated by the likely concurrence of melting and recrystallization, may reflect the 
unique morphology revealed by SEM, but establishment, or otherwise, of a definitive 
connection will require more detailed studies. 
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