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ABSTRACT 
Recent work has shown that nanoparticles can be ordered in semicrystalline polymers by 
controlling the crystallization rate, specifically by forcing them to migrate to the amorphous 
regions of the lamellar morphology. Here, we study the micromechanical behavior of neat 
polyethylene and silica/polyethylene nanocomposites filled with 15 nm brush-modified silica 
in the quenched and slow-crystallized organized state. The molecular response to loading in 
tension was monitored with Raman spectroscopy using the peaks associated with crystalline 
and amorphous regions. The addition of nanofillers dramatically reduced the shift in the 
amorphous peaks, indicating that in addition to carrying some load, the brush-modified 
nanoparticles may be acting as tie molecules that restrict amorphous deformation. The 
higher degree of lamellar organization and the organization of the nanoparticles also 
impacted the crystalline peak shifts, but more subtly.
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1. Introduction

Previous work has shown that during slow isothermal 
crystallization, growing crystalline fronts can organize 
NPs within amorphous regions of a semicrystalline 
polymer matrix [1–3]. In polyethylene oxide (where 
15–50 nm silica NPs are well dispersed in the melt 
state), NPs will organize if crystallized at a slow enough 
cooling rate at molecular weights up to 100 kg/mol [4]. 
In polyethylene (PE), similar results have been shown 
in very low molecular weight PE (4k). In high molecu
lar weight PE, polymer brushes are required to obtain 
good dispersion in the melt, and the organization is 
less perfect due to a competition between aggregation, 
and organization [1]. The achieved organization leads 
to changes in the nanocomposite mechanical and 
dielectric properties [1]. In this paper, we study the 
micromechanical behavior of neat polyethylene and 
nanosilica-filled polyethylene as a function of organiza
tion, particularly in the plastic region using in-situ 
Raman spectroscopy [5–8].

The ability to organize nanoparticles within 
the amorphous interlamellar regions of semicrystalline 
polymers relies on the balance between particle 
diffusivity and spherulitic growth rate [3,4, 9,10]. 
The growth rate at which these forces are balanced 
is described as the critical growth rate, Gc: When 
the growth rate, G� Gc the NPs are engulfed by 
the growing crystal, whereas when G� Gc they 
are rejected to the edge of the spherulites [3,4]. 
Maintaining a slow crystallization rate where G � Gc 
allows the particles to organize within the interlamellar 
regions of the growing spherulites in a process referred 
to as crystallization-induced nanoparticle organization.

In-situ Raman spectroscopy can be used to monitor 
the local molecular response to macroscopic strain. It 
is non-destructive and the Raman peak position is sen
sitive to applied strain [5–8]. This relationship was first 

quantified in depth by Wool [5] and Wool et al. [6] for 
high-density, ultra-high molecular weight, ultra-drawn, 
extruded polyethylene films. Stress was applied parallel 
to the c-axis direction of orientation, and Raman spec
tra were collected in the linear-elastic region in a step
wise fashion. A linear relationship between peak 
position and strain was found in the elastic region.

Kida et al. [7,8] expanded on this work by track
ing Raman peak location in-situ and for undrawn 
polyethylene. Incident laser light was polarized par
allel to the direction of the applied load. The shift 
in the Raman peak, Dv, is negative when the corre
sponding molecular structure is in tension and posi
tive in compression. They were able to correlate the 
Raman peak shifts with established plastic deform
ation mechanisms.

Figure 1 shows the Raman spectra for polyethylene 
with the accompanying table showing the relevant 
peak positions and molecular motion [5–8]. The anti
symmetric and symmetric C-C stretching modes at 
1063 and 1130 cm−1, respectively, are sensitive to the 
loading of the main chain. Both peaks are representa
tive of long trans-chains which are mostly found in 
crystalline structures. There is a strong peak at 
1300 cm−1 which represents the CH2 twisting mode for 
crystalline chains. There are three peaks in the 
1400 cm−1 region, all of which represent CH2 bending 
modes (1418, 1440, and 1460 cm−1). The 1418 cm−1 

band represents CH2 bending in exclusively ortho
rhombic crystalline chains and was used by Kida et al. 
[8] to track crystalline load sharing and orthorhombic 
lattice position. Load in intermediate amorphous 
chains is tracked with the 1440 cm−1 band. This vibra
tional mode is most sensitive to interchain interactions. 
The band at 1460 cm−1 represents the CH2 bending 
mode for the mobile amorphous fraction. In this work, 
the 1400 cm−1 peaks were not always distinguishable, 
and only the 1440 cm−1 peak was clearly observed and 

Figure 1. Raman spectra showing a schematic of symmetric/antisymmetric C-C stretching and CH2 scissoring bending modes 
for PE with associated Raman peaks (1063, 1130, and 1440 cm−1, respectively). The table labels the full set of peaks [4,6,7]. 
vas: anti-symmetric stretching, vs: symmetric stretching, vt: twisting, d: bending, x: wagging.
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reported. There is an additional C-C stretching peak 
for amorphous chains at 1080 cm−1, but it is too weak 
experimentally to effectively follow.

Tensile plastic deformation of PE is characterized 
by local deformation in both the crystalline and 
amorphous phases. While the details are still under 
discussion in the recent literature, local cavitation, 
lamellar kinking and fragmentation, accompanied 
by shear deformation in the amorphous layers 
(Figure 2), as well as interlamellar separation, are 
the mechanisms operating in the plastic region. 
Recent work [11,12] has shown that modification of 
the amorphous regions by swelling with small mole
cules can impact the local deformation by limiting 
cavitation. While this does not alter the other oper
ating mechanism during deformation, cavitation 
enables slip localization and lamellar fragmentation 
at lower strains.

In the elastic region, Kida et al. [7,8] shows that 
the crystalline peaks do not shift indicating that the 
elastic stress is carried in the amorphous regions. 
They note a small upward peak shift (compression) 
just after yield, followed by a negative shift once 
drawing begins, suggesting a transition from com
pressive to tensile loading in the crystalline regions as 
Figure 2 suggests. The amorphous peaks were found 
to show a very small compressive shift in the elastic 
region, followed by a larger positive shift (compres
sion) after the first yield point and a negative shift 
(tension) once drawing begins. This indicates that 
there is a local lateral compressive stress in the 
amorphous regions due to lamellar micro buckling 
and the morphology preventing lateral shrinkage. As 
lamellar orientation and stretching occur, the stress in 
the amorphous regions is released. In this work, we 
study the impact of the nanoparticles on this local 
response in order to understand the impact of nano
particles on the micromechanical response of the 
composite.

2. Materials and methods

2.1. Materials

15 nm silica nanoparticles from Nissan Chemical 
were chemically modified using poly(cyclooctene-b- 
succinic anhydride) (p(CO-b-SA)) and n-octadecyltri
methoxysilane (C18-Si(OCH3)3) to create a bimodal 
population of grafted ligands (C-18 and a polymer 
chain). The grafted poly(cyclooctent) (PCO) chains 
were further reduced using p-toluenesulfonyl hydra
zide to form linear polyethylene (PE) chains. The 
number average molecular weight and graft density 
of grafted PE chains were characterized to be 84 kg/ 
mol and 0.136 chains/nm2, respectively. The particles 
were solution blended with a 50 kg/mol matrix to a 
loading of 33.4 wt% [13].

Prior work has shown that dispersion is enhanced 
if the matrix molecular weight is below that of a low- 
density brush [14]. The 50k molecular weight, Mw, PE 
with a polydispersity of less than 1.5, however, was 
too brittle to use in high-strain tensile experiments. 
To balance dispersion and ductility, a 100k Mw PE 
matrix was blended with the 50k Mw PE to create a 
model bidisperse matrix. This matrix was mixed in a 
Haake MiniCTW twin-screw compounder at 145 �C 
using an equal parts blend of 50k and 100k Mw PE. 
The screw rpm was ramped up from 20 rpm to 
75 rpm over 5 min to maintain 0.5Nm torque on the 
screws. The neat PE blend was then extruded and 
allowed to cool to room temperature.

2.2. Polymer nanocomposite (PNC) production

For this study, the PNC was diluted through melt 
mixing to create a 50:50 50k and 100k Mw PE blend 
with 5 wt% core loading. This material was mixed in a 
twin screw extruder at 150 �C for 5 min. The screw 
rpm was ramped from 20 rpm to 60 rpm to maintain 
torque at 0.5 Nm. The material was extruded and 

Figure 2. Schematic representation of deformation behavior of HDPE crystals under uniaxial load including the compression 
created for lamella with a perpendicular orientation, the microbuckling and chain slippage that occurs after yield, and ultim
ately the lamellar fragmentation and drawing.
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allowed to cool to room temperature. Core silica load
ing was confirmed to be 5 wt% through thermogravi
metric analysis.

2.3. Compression molding

Blended PE samples were compression molded in a 
small hot press using a custom stainless steel tensile 
mold based on a modified ASTM D638 Type V 
standard at 0.5 mm thickness. The hot press was 
preheated to 160 �C and the sample pre-loaded into 
the mold. The material was then melted and pressed 
into the mold and held at temperature. Quenched 
samples were held at 160 �C for 5 min under pres
sure, after which the hot press was quickly air- 
cooled to room temperature with fans. Samples that 
would later undergo isothermal crystallization were 
held at 160 �C for 2 min and then quenched to limit 
degradation.

2.4. Isothermal crystallization

In order to determine the appropriate isothermal 
crystallization temperature to allow for nanoparticle 
organization (e.g. slower than Gc), melting tempera
tures and crystallization enthalpies were measured 
in a Netzsch DSC 214 Polyma. A range of tempera
tures a few degrees higher than the onset of crystal
lization were chosen for each sample and tested to 
identify which provided sufficiently slow crystalliza
tion over a �12-hour isothermal heating cycle to 
allow for particle organization. It was determined 
that for neat PE, 115 �C and for the PNC 117 �C 
achieved that result.

2.5. Small angle X-ray scattering (SAXS)

SAXS was performed on a SAXSLAB instrument 
using a Cu K a source with a photon energy of 
8.04 keV (k¼ 1.54 Å). A moving Pilatus 300k 
detector was used with a variable sample-to-detector 
distance that covers a q range of 0.004–0.2 Å−1. The 
resulting 2D detector images were processed and 

integrated into a 1D intensity profile I(q) using 
SAXSLAB’s saxsgui software.

2.6. In-situ Raman experimental setup

A similar method to that used by Kida et al. [7,8] for 
tensile testing of samples with in-situ Raman spec
troscopy was used (Figure 3). A Kammrath and 
Weiss Tensile/Compression stage equipped with a 
500-N load cell and flat grips was integrated into a 
custom Raman spectrometer by mounting the stage 
to a plate perpendicular to the spectroscopy table 
[15]. This allowed the laser light to be perpendicular 
to the sample in the tensile stage. Raman bands were 
excited with a 532 nm Torus laser polarized parallel 
to the direction of tensile loading. The beam was atte
nuated with an ND wheel to lower the power to 
24mW at the sample and focused through an infinity- 
corrected Olympus Ach 10x/0.25 NA long working 
distance objective. Each sample’s gauge thickness and 
width were measured with calipers before testing, 
while the gauge length was standardized by the mold 
dimensions.

The custom Raman setup is described in detail by 
Mustafa et al. [15]. Briefly, scattered light was directed 
into an Acton SpectraPro 2500i spectrometer con
trolled with LightField software from Teledyne 
Princeton Instruments (TPI). The light was dispersed 
in the spectrometer using a 600 gr/mm ruled grating 
and imaged with a PIXIS 400B CCD camera from 
TPI. The nominal resolution of the spectrometer is 
1.7 cm−1 at 532 nm using a 600 gr/mm grating. 
Raman spectra and tensile data were collected simul
taneously, with a 3 s spectral acquisition time and an 
elongation rate of 3 lm=s:

On initial setup, the laser light was focused with 
the objective’s micrometer stage. The sample was 
left in the setup with the laser on to allow fluores
cence to burn off. The spectra were observed and 
the objective re-focused every 30 min until the 
intensity of the spectra no longer decreased. At this 
point, the tensile test and Raman data acquisition 
were started in parallel. Since the tensile stage has 

Figure 3. Schematic representing the experimental setup for in-situ Raman spectroscopy of a specimen under tensile load.
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limited elongation capacity, the tests were stopped 
before the sample reached 150% strain.

2.7. Data analysis

Raman spectral data collection parameters were set 
using the software LightField. Spectra often had 
raised and non-linear baselines due to background 
noise. A GUI was created in MATLAB to fit base
lines within spectral windows to improve subse
quent fitting. The program fit a baseline for each 
spectrum and subtracted it from the spectrum to 
normalize the data. Baseline-subtracted spectra were 
exported to a second MATLAB program to fit the 
data [16]. This program averaged spectra based on 
user input and fit peaks using a sum of pseudo- 
Voigt functions, outputting peak locations and 
intensities (Figure 4).

3. Results and discussion

3.1. DSC and SAXS analysis

Results from DSC are shown in Table 1. Percent 
crystallinity (Xc) for composite samples was normal
ized by the weight fraction of filler and all Xc values 
were calculated using an equilibrium melting 
enthalpy of DHm ¼ 296 J/g [17]. No significant 
changes in crystallinity were observed across all 
samples (including neat polymers vs. nanocompo
sites, and across cooling protocols).

Lorentz corrected SAXS data is shown in Figure 5
with Lorentz corrected intensity, Iq2, as a function of 
scattering vector, q. The long period (Lp) of lamellar 
stacks within polymer spherulites, defined as the 
width of a crystalline lamella plus the width of an 
interlamellar amorphous region, was calculated from 
SAXS curves (Lp ¼ 2p=q). In both neat and PNC 
samples isothermal crystallization increased the long 

period. The long period of neat quenched and iso
thermal samples was estimated to be �26.5 nm and 
�33 nm, respectively. PNC quenched and isothermal 
samples show a long period of �26.2 nm and 
�38.4 nm, respectively.

The upturn of the scattering data at low q values 
from the PNC samples crystallized isothermally indi
cates the presence of structures larger than the long 
period, likely resulting from NP agglomerates. The 
peaks present in the PNC isothermal sample show 
that despite the aggregation evidenced from the 
upturn at low q, there is the interlamellar organiza
tion of some of the particles. This ordering also gives 
rise to the first reflection peak at �17.9 nm. While 
there may be some overlapping contribution from the 
scattering of the polymer long period, the electron 
density difference between silica and PE will be dom
inant over the contrast between the amorphous and 
crystalline PE electron density. These results are fur
ther supported by TEM images (Figure 6). The iso
thermally crystallized neat polymer has larger and 
more organized lamellae. The quenched PNC has 
small agglomerates, and the isothermally crystallized 
PNC is a mixture of small but elongated agglomerates 
and regions where the nanoparticles seem to be 
organized between the lamellar regions.

3.2. Tensile testing with in-situ Raman 
spectroscopy

Figure 7 shows a comparative plot for the engineer
ing stress-strain curves of the four samples and the 

Figure 4. Representative example spectrum fit for 1063 and 1130 cm−1 peaks. Blue circles are raw spectrometer data, red lines 
are the curve fit and baseline, and dashed black lines are estimated peaks. Overall, the standard errors of the center frequen
cies extracted from the peak fits ranged between 0.1 and 0.5 cm−1.

Table 1. DSC results for neat PE and PNC samples.
Sample Tm (�C) Tc (�C) DHm (J/g) Xc (%)

Neat quench 136.4 111.4 203 69
Neat isothermal 140.7 109.1 210 71
PNC quench 138.6 109.3 186 67
PNC isothermal 139.7 108.9 194 69
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Figure 5. 1D SAXS traces of neat PE and PNC samples for both quenched and isothermal crystallization processes.

Figure 6. TEM micrographs of the untested samples (a) neat polyethylene quenched (stained with RuO4), (b) neat polyethyl
ene isothermally crystallized for 8 h at 115 �C (stained with RuO4), (c) 5 wt% silica filled polyethylene quenched (no staining), 
and (d) 5 wt% silica filled polyethylene isothermally crystallized for 8 h at 114 �C (no staining).
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Young’s moduli for each. Young’s modulus was cal
culated as the slope of the stress-strain curve in the 
linear-elastic region. Isothermal samples have a 
higher modulus than their neat counterparts. Given 
the similar crystallinity, this may be due to the 
more organized lamellae. The PNCs show very simi
lar moduli to the neat polymer which is not surpris
ing given the small particle loading (5 wt%). The 
strain at yield, defined by the maximum in the 
engineering stress-strain curve, is about the same 
for the neat samples and the quenched PNC �20%. 
The isothermally crystallized PNC has a maximum 
in stress at �15% strain. The quenched samples 
reach a stress plateau at �60% strain while the iso
thermally crystallized PE reaches that stress plateau 
at �40% strain. The isothermally crystallized PNC 
plateaus at about 20% strain. The lower strain at 
yield and for the stress plateau is likely the impact 
of a defect, as the second sample showed a higher 
first yield point, but failed soon after. Thus, the iso
thermally crystallized samples are clearly more 
prone to failure. This does not, however, impact the 
overall conclusions from the work.

Raman peak locations were measured in situ dur
ing the uniaxial stretching of samples. The crystalline 
CH2 twisting peak at 1300 cm−1 had a strong intensity 
in all samples tested. Peaks for PNC samples contain 
more noise than neat PE due to a high level of 
observed fluorescence. Shifts of 1063, 1130, 1300, and 
1440 cm−1 peaks for quenched and isothermally crys
tallized neat PE are shown in Figure 8.

In all samples, the crystalline peaks do not shift 
in the elastic region. In the neat samples, the 
1130 cm−1 peak is relatively stable. The 1300 cm−1 

peak (CH2 crystalline) shows a negative shift (ten
sion) between the yield and the stress plateau and 

then is relatively stable. The 1063 cm−1 peak (asym
metric C-C stretch) decreases constantly in the plas
tic region in the quenched sample. In the 
isothermally crystallized sample, there is an increase 
just after yield, followed by a rapid decrease, and 
then a linear slope consistent with that of the 
quenched sample. The increase in peak position 
suggests early compression on the lamella consistent 
with other work, followed by stress release and then 
a constant increase in stress/strain carried by the 
crystalline regions during drawing [8].

The 1440 cm−1 amorphous peak is strongly influ
enced by the surrounding peaks, but all are associ
ated with the amorphous region. In both neat 
samples, the 1400 cm−1 peak shifts immediately into 
compression in the elastic region. This compressive 
force is a result of the rigid crystalline lamella resist
ing shrinkage perpendicular to the direction of load 
during necking. The shift is steeper in the elastic 
region for the quenched sample suggesting that the 
lamellar disorganization due to quenching leads to 
earlier strain in the amorphous region. Both samples 
show a maximum in the 1440 cm−1 peak at about 
the point where the stress plateau begins, followed 
by a release of the stress. The increase in the 
1440 cm−1 is larger in the isothermal sample (and 
the stress plateau begins at a lower strain − 40%). 
The subsequent decrease is larger, though both sam
ples plateau at around 2 cm−1 shift. The rapid 
change of the 1440 cm−1 peak in the isothermally 
crystallized sample after yield indicates that the 
amorphous regions are rapidly loaded, and then as 
the lamella begins to break up and orient during 
drawing, this strain is released.

For the isothermally crystallized sample, both 
1400 cm−1 and 1063 cm−1 peak shifts less than in 

Figure 7. Example tensile test results for all samples, including the yield point and the Plateau. Young’s modulus (E) is in the 
legend.
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Figure 8. Stress-strain curve and Raman peak shift for quenched (a,b) and isothermally crystallized (c,d) neat PE. Plots com
pare shifts for crystalline (1063, 1130, and 1300 cm−1) and amorphous (1440 cm−1) peaks.

Figure 9. Stress-strain curve and Raman peak shift for quenched (a,b) and isothermally crystallized (c,d) PNC. Plots compare 
shifts for crystalline (1063, 1130, and 1300 cm−1) and amorphous (1440 cm−1) peaks.
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the quenched sample at low strain. After yield, but 
before the stress plateau, both peaks have a rapid 
positive peak shift. This indicates that the amorph
ous and asymmetric crystalline peaks experience 
compression at yield, which is subsequently released 
(and eventually becomes tensile in the 1063 cm−1 

peak) during drawing.
Figure 9 shows the results for the PNC. The big

gest difference between the neat and PNC samples 
is that the 1440 cm−1 peak does not shift signifi
cantly for the PNC samples. In the quenched sample 
it shows a small compressive shift and then a tensile 
shift, greatly attenuated compared to the neat sam
ples, and in the isothermally crystallized sample, no 

shift is observed. This suggests that the amorphous 
regions are not carrying significant stress or strain 
in these samples. The nanoparticles have polymer 
chain ligands that are designed to entangle with the 
matrix. Thus, with this entanglement between the 
chains grafted to the particles and the matrix chains, 
it is likely that the nanoparticles are acting to 
reinforce the amorphous region and due to the stiff
ness of the particles, they limit deformation in the 
amorphous regions. Since the quenched sample has 
larger agglomerates that are more widely spaced 
apart, this limits their impact, and thus, more of a 
shift is observed than in the isothermally crystallized 
sample.

Figure 10. TEM micrographs (unstained) of the fully drawn PNC samples (a) quenched, (b) isothermally crystallized at 114 �C.

Figure 11. Comparison of the Raman peak position across all 4 samples. (a) 1063 cm−1 peak, (b) 1130−1 peak, (c) 1300 cm−1 

peak, and (d) 1440 cm−1 peak.
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The crystalline peaks for the PNC quenched sam
ple are very similar to the neat sample. This indi
cates that the larger agglomerates have not impacted 
the crystalline deformation significantly but are car
rying the strain (instead of the amorphous regions). 
For the PNC isothermal sample, the crystalline peak 
shifts are about half that of the quenched sample. 
The combined results suggest that the semi-organ
ized and elongated particle clusters are carrying a 
significant amount of the load, reducing the load 
carried by the polymer.

Evidence of the deformation in the agglomerates of 
the quenched PNC and in the semi-organized nano
particles in the isothermally crystallized PNC is clear in 
the TEM of the fully drawn samples (Figure 10). These 
samples were cut parallel to the loading direction. They 
illustrate the better dispersion and more organized 
structure of the isothermally crystallized samples and 
the resulting chain-like organization of the nanofillers. 
This results in greater load-carrying ability in the plas
tic region.

Figure 11 compares each peak across each of the 
4 samples. Within the resolution of the Raman spec
trometer, there are no significant differences for the 
1130 cm−1 and 1300 cm−1 peaks. It is clear, however, 
that for the 1063 cm−1 peak, the isothermally crys
tallized PNC has a significantly lower slope in the 
drawing region (�0.02 wavenumbers/percent strain 
vs. �0.01 wavenumbers/percent strain). In addition, 
the amorphous peak (1440 cm−1) shifts significantly 
less for the PNC samples.

4. Summary and conclusions

The DSC results show that the crystallinity in all sam
ples is very similar (Table 1). Thus, any changes 
observed are due to changes in the morphology. For 
example, a larger long period is observed in isothermal 
samples (D � 33.0 nm) versus quenched (D �
26.5 nm). This same increase in a long period is 
observed in the PNCs. The low loading (5 wt%) would 
not be expected to significantly change the long period 
even if the NPs were well-organized in the amorphous 
regions. In the composite samples, scattering peaks are 
influenced by the presence of NPs. The upturn at very 
low q values of PNC samples indicates the presence of 
NP agglomerates. TEM micrographs support this but 
also show that in the isothermally crystallized samples, 
there is some alignment of nanoparticles within the 
lamellar morphology.

Kida et al. [8] reported that the crystalline struc
ture in PE lamellae remains stable until yield when 
the orthorhombic crystals begin to disorder and ori
ent into the direction of load. As a neck forms after 
the first yield point, the disordered crystals quickly 
orient, and inter-crystal spacing increases. In the 

present work, this is seen as the 1440 cm−1 transi
tions from a positive to negative direction of shift as 
the amorphous molecules transfer strain to the crys
tals which are orienting in the direction of load.

In the composites, the presence of the brush- 
modified silica nanoparticles significantly reduces 
the strain carried by the amorphous regions. This is 
surprising given the loading and the size of the 
nanoparticles. One hypothesis is that the brushes on 
the NPs entangle with the matrix chains and thus 
serve as significant tie molecules that transfer the 
load between crystals and limit the strain in the 
amorphous region. Support for this ansatz is that 
the particles stay connected during drawing, indicat
ing that they are entangled with each other in some 
way and, thus, likely also with the matrix.
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