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Atmospheric plasma treatment of polymer films and fibers:
Due to inherently low surface energy and chemical inertness polymers often require an additional 

processing step to modify their surfaces and enhance compatibility with other materials. For 

example, polymer-polymer and polymer-epoxy adhesion is key in maintaining the integrity of multi-

layered material systems. AFM investigation of plasma modified polymer film and fiber surfaces 

yields roughness values which aid in the engineering of interfaces. Roughness is characterized 

with respect to treatment times and gas partial pressures in plasma treatments. 

Advantages:  No vacuum requirements, Industrially scalable,          
Large area capability, Fast process speed
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Frequency: 90 KHz

Exposure time: 0.6 ï45 sec

Pressure: 1 atm

Plasma gases: O2/He, He/N2,Air, N2

3-D AFM images
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Morphological changes - AFM roughness results
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Samples that were treated under short exposure times exhibit increased roughness compared to that of the untreated film

50x50 microns

1 m

5x5 microns

400nm
Prolonged exposures (20 s) to air plasmas led to:

a)overall smoother surfaces (ridges and valleys 

are etched away)

b) textured morphology, with the appearance of 

small round features of increased roughness.

Treatment time = 0 s (no plasma) Treatment time = 23 s

Treatment time = 8 s Treatment time = 23 s

Evidence of the improved bond strength:  

T-peel testing
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Increase of over one order of magnitude in peel strength for 1.3 second 

exposure times for each plasma discharge type

Nitrogen

Air  (long)

Helium-oxygen

Air (short)

UHMWPE fibers, plasma 

treated in nitrogen

Treatment time = 0 s (no plasma) Treatment time = 2 s Treatment time = 7 s

Ultra high molecular weight 

polyethylene fiber images showing 

fibrils. Some fibers are shown as 

damaged either by the AFM tip, 

plasma treatment, or sample 

mounting.

Damage from TESP probe

Treatment time = 20 s Sample damaged 

during mounting or plasma treatment

�‡The surface modification of UHMW polyethylene in helium-oxygen, nitrogen and air dielectric barrier discharges was studied

�‡Major surface changes (including roughness) occur within sub-second time scales

�‡The discharge properties (power, treatment time) have an impact on the polymer surface properties

�‡The surface bond strength was significantly improved

Networked polymer system properties are greatly dependent upon the glass transition (Tg)
temperature with respect to the usage temperature. Fundamental studies of polymer films at temperatures close to Tg are performed to elucidate the effect of 

cooperative motions of polymeric chain segments within a network. Continuous observations of phase measurements on sub-micron length scales are compared 

with a theoretical treatment of the glass transition. The measurements, along with the theory, provide evidence for fast and slow relaxation modes occurring in the 

polymer films. 

Motivation
�• The goal of this research is to conduct experiments that prove the TFT

for traditional, amorphous polymers, in particular polystyrene (PS).

�• TFT spatio-temporal fluctuations described by a temperature dependent

�³�W�Z�L�Q�N�O�L�Q�J�´relaxation function or global autocorrelation function, C(t,T):

�—�&= vibrational frequency.

�—�� = universal constant = 2.00 x 10-24 J K-2 (3)

�—T = observation temperature.

Introduction: Twinkling Fractal Theory (TFT) (1)

�• Conceptual approach to understanding Tg of glass forming liquids.

�• Provides new insight to physical properties of glass forming liquids by

giving precise physical meaning to related concepts of:

�— Dynamic heterogeneity,

�— Cooperativity, and

�— Fractal structure.

Twinkling Fractal percolation

cluster near Tg.(1)

�• Liquid white regions in dynamic equilibrium with solid black fractal clusters.

�• Tg occurs when solid fraction Ps percolates at Pc. (1)Wool, R.P. J. Poly. Sci. B.: Polym. Phy. 2008, 46, 2765-2778.

(2)Orbach, R. Science, 1986, 231, 814-819.

(3)Campanella, A.; Wool, R.P. work in progress.

2-D height images reveal a potential 

percolated solid fractal structure 
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Tg of PS  = 100 C, Images of PS @ 85 C
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�‡ Blue channel of left image (fractal) D = 1.75-1.90

How can we physically observe the twinkling phenomenon over time?
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Twinkles observed in 1 -D X -t height images 

Temperature = 85 C Temperature = 100 C

Theoretical  and experimental C(t) �·�Vare in good agreement

1. Box, G.E.P.; Jenkins, G.M. Time Series Analysis: 
Forecasting and Control1976, 23-36.

2. R2 �•������������

Slope = -1/3

Slope = -4/3

Slope = -0.45

�‡ Slopes describe relaxation behavior2

�‡ -1/3 Ÿ short time, high ɤ

�‡ -4/3 Ÿ long time, low ɤ

�‡ ck = value of autocorrelation at kth lag

�‡ co = value of autocorrelation at 0th lag

�‡ xt = value of data at time t

�‡ xt+k = value of data at time t+k

�‡ N = total number of lags

Box and Jenkins C(t) employed1

�‡Strictly stationary stochastic process

�‡TFT AFM data fits criterion

�‡Segmented streaklines exist indicating dynamic heterogeneous behavior

�‡Solid fractal clusters longer lived at lower temperatures

Thermoplastic Elastomer Gels (TPE) (Physically Crosslinking Systems)

A

A polystyrene

B poly (ethylene-co-butylene)

CH3- (CH2)n- CH3

Mineral Oil

n~ 15-50

1.0 m

600nm

350nm

Unique advantages

1.Self assembly for microstructural control

2.Self healing ability

3.Preferential phase modification (A, B, A/B interface)

�‡Chemistry

�‡Filler decoration
Opportunities

�‡Enhanced toughness / durability

�‡Hierarchical structures

�‡Controlled transport (electrical, thermal, mass)

Power spectrum comparison of gels

100% triblock versus 75:25 (triblock:diblock)
*Percentages here pertain to polymer content.

All samples contain 80% mineral oil (MO)

Micelle period and distribution increase with increasing diblock

Diblock Additives and Microstructure Changes

micelle period ~27-37nm micelle period ~45-125nm

100 % triblock (80% MO) 75 % triblock / 25% diblock (80% MO)

Macroscale rheology & AFM - stress relaxation

1.5 m

10 m/s

75% strain

3 hr hold

25 m/s

50% strain

17 hr hold

No strain

Phase

3o

1o

Example of stress relaxation holds
(100:0) is approximately 1134 seconds, 50% nominal strain 

Morphology of 100:0 investigated by AFM
�‡ Stress relaxation experiments (rheometer)

�‡ Samples sliced open

�‡ AFM performed on center of sample

�‡ Imaging in the same plane as the strain direction

Non-aqueous polymer gels find application in a growing range of areas. Gel 

properties can be tuned by varying polymer chemistry, solvent type, polymer-solvent ratio, and gel 

structure. Thermoplastic elastomer gels are physically associating systems which are solvent-

swellable and temperature-reversible. These gels are based on ABA triblock copolymers whose 

structure can be better understood through AFM imaging. Additionally, rheology, instrumented 

indentation and AFM are employed to perform macro- to microscale rheological studies.

�7�U�L�E�O�R�F�N���F�R�S�R�O�\�P�H�U���³�6�(�%�6�´�����.�U�D�W�R�Q���*�������������V�W�\�U�H�Q�H-ethylene butylene-styrene, ~30% styrene content

�'�L�E�O�R�F�N���F�R�S�R�O�\�P�H�U���³�6�(�3�´�����.�U�D�W�R�Q���*�����������+�����V�W�\�U�H�Q�H-ethylene propylene, ~37wt% styrene content

Carbon Black N351, carbon filler with ~35nm primary particle size

Triblock and mineral oil 75:25 triblock:diblock Triblock with 1% carbon black

*All samples contain 80% mineral oil Figure from www.firstdefense.com

Background and Motivation: Replacement for Ordnance Gelatin

Figure from www.perma-gel.com

�7�K�H�U�P�R�S�O�D�V�W�L�F���H�O�D�V�W�R�P�H�U���J�H�O�V�����7�3�(�*�¶�V��
(Physically crosslinking systems)

Tunable gel for ballistics applications

�‡ kinetic energy of a projectile (energy loss)

�‡ projectile deformation and fragmentation

�‡ qualitatively evaluate the type, amount, and location of potential 

tissue disruption

Materials characterization needed for tissue/bone/organ models

�‡ Rate and temperature dependent compressive behavior

�‡ Effect of solvent / filler type / chemistry on mechanical properties

Microstructure of filled gels

*Concentrations are weight % of polymer 
(before 80% mineral oil is added.)

1% carbon black*

decreases modulus ~10%

0.01% carbon black*

�‡coexistence of filler and micelles

�‡coexistence of single particles and aggregates

Microstructure of processed gels

100% triblock 

*Contains ONLY 20% mineral oil (MO)

10 m topography scan 1 m zoom: non-spherical micelle

Overall Concept(1-2)

Conceptual illustration of the TFT.

Hi -res scans show micro - and nano - structure

10% nano-silica filler* images show coexistence of filler/micelles, and of particles/aggregates

Hydrophobic silicaHydrophilic silica

AFM �² deformation recovery
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45.8 minutes

Stretched exponential parameters:

Initial depth D0= 250 nm 

(assumed & fixed)

= 0.25

= 25.2 seconds

D=D0{exp[(-t/ ) ]}

Recovery Relaxation 

~ 25 seconds

1. Poke & hold with AFM tip

2. �,�P�D�J�H���W�K�H���³�Q�D�Q�R�L�Q�G�H�Q�W�D�W�L�R�Q�´
3. Re-image repeatedly


