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Why NIST Cares ?

Bimodal PE Blend under stretching 
- Microscopic chemical imaging
- Measure component distribution
- Analysis of chain orientation

Phase transitions of polyethylene
- Will talk today

www.nist.gov…
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Deuterated HDPE 
LLDPE



Outline

Chemical and orientation imaging of mechanical failure region
- Goal: high performance materials;
- Microscopic chemical imaging:

- IR & Raman imaging;
- Coherent anti-stokes Raman scattering imaging

- principle & advantages;
- Demonstrated capability on LLDPE/HDPE blend;
- Stretched bimodal PE blend;
- Measured component distribution;
- Analyzed chain orientation;
- Found the key!
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LLDPE chains
for anchoring



Upgrading Water Pipes: Polyethylene (PE)
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Polyethylene (PE) pipes:
• lower cost for materials and installation 

(trenchless)
• negligible corrosion
• predicted service life of up to 100 years

Jan 11, 2010 - water main break in Washington DC

> 240,000 breaks per year, leaks wasting 
1.7 trillion gallons of water and costs 
$2.6 billion/year US tax-payers’ money

Some water mains in DC are >150 years old

Blending with branched LLDPE component is to increase the resistance 
to slow crack growth – the prevailing failure mode in today’s PE pipe for 
potable water distribution.
WHY & HOW it works?



Bimodal blend linear medium MW deuterated HDPE and short chain 
branched high MW LLDPE

Limited Chemical Contrast of Current Imaging Techniques
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AFM, TEM, SEM, X-ray, …

No chemical contrast Chemical identification

IR Imaging, Raman Imaging, … 

HDPE 
LLDPE

Chemical information from each component;
Both crystalline and amorphous segments;
Spatially resolved.



Microscopic Chemical Imaging

• Collect thousands of IR spectra simultaneously;
• Spatially resolved chemical information (distribution);
• Spatial resolution ~4 um.
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Mid-infrared spectroscopy, Near-infrared spectroscopy and 
Raman spectroscopy
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 label-free
 non-invasive
 chemical identification

Advantages:

256×256 um2, 64×64=4096 pixels

Ying Jin, etc. Applied spectroscopy 65 (4), 454



Image of Orientation Function 

orientation function of  PLLA block

Dchroic ratio R=A∥/A⊥

unpolarized light

7

PLLA
R(C ) 1f = 2        
R(C ) + 2

Ο −
−

Ο

f=-0.5（θ=90o）

f=0

The lamellae periodically twist along the radial growth direction
of the spherulite and the orientation of the PLLA chains change
accordingly in between concave and convex bands.

θ

256 um



Rapid Characterization of Complex Materials
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• CARS is a form of spectroscopy.
• It is sensitive to the same vibrational signatures of molecules as seen in 

Raman spectroscopy.
• It employs multiple photons to address the molecular vibration, and 

produces a coherent signal.

CARS: Coherent anti-Stokes Raman Scattering

 negligible water background 
 signal enhancement of >103

 free of fluorescence background
 rapid Raman imaging (30 ms/pixel)
 requires a small amount of sample
 Spatial resolution ~ optical diffraction limit (0.4 um lateral; 1.1 um axial)

Coherent Raman Advantages:
Ground state
Vibrational state

Stokes

Virtual state

IR Raman

Stokes

Pump Probe Anti-Stokes

CARS

Lasers Measure



Spectral Identification of (deuterated) HDPE and LLDPE
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D-HDPE H-LLDPE H-LLDPED-HDPE

Spectrally separable!



C-C stretching mode
H-LLDPE (red)
D-HDPE (green)
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Co-crystallization
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0

2.5

10 µm

In-phase undulation suggests co-crystalization of 
H-LLDPE and D-HDPE.

The lack of multiple peaks in the heat flows is 
suggestive of a single lamellar distribution formed 
from co-crystallization of the two components.



CARS Imaging of a Mechanical Failure Region
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crazing tip

After stretching

10 um

Chemical and orientation imaging of mechanical failure region

50% LLDPE
50% Deuterated HDPE

Stretching direction

Melt-pressed



CARS Composition Distribution Image
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Composite Image

CARS composite image

Phase separation between HDPE and LLDPE
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43.68 um × 78.62 um

LLDPE
CH2 stretching 
(2858 cm-1, red)

HDPE
CD2 stretching

(2127 cm-1, green)

10 um



Microphase Separation of HDPE
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CARS composite image
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Chains along Stretching Direction
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Stretching direction

S
tretching direction

Chain oriented in the stretching direction
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Higher orientation for HDPE
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Summary

• Phase separation between HDPE and LLDPE;
• Less dense region rich in LLDPE component;
• Higher orientation in less dense region;
• Higher orientation for HDPE.

Chemical and orientation imaging of mechanical failure region
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LLDPE chains
for anchoring
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Thank you for your attention!
Questions?



Broadband CARS Microscopy by NIST
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• H-LLDPE: high MW (Mw ≈ 1x106, MN ≈ 2x105), short chain (hexyl) branched 
(5 to 7 branches per 1000 CH2 units)

• D-HDPE: medium MW (Mw ≈ 2.9x105, MN ≈ 1.07x105), linear high density (deuterated)

• 50:50 (by weight) blend of D-HDPE and H-LLDPE (mole ratio of CH2 and CD2 is 16:14). 

Sample
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HDPE 
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(a) Unpolarized and (b) cross-polarized bright-field images of 
spherulitic structures formed in the polyethylene (PE) blend film.



Quantitative Image of Chain Orientation of Both H- and D-PE
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