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Polymer glass Force 

Objective 
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Deformation of polymer glasses 
Polymer glasses: 
•  Low density 
•  Low energy input for molding 
•  Tough materials 
•  Major structural components 
  for new aircraft 
•  How does a solid “flow”? 
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Polymer glass deformation is a challenging problem 

1)  Non-linear (flow stress is 
not proportional to strain 
rate) 

2)  Non-equilibrium  
       starting state 
3)  Heterogeneous 
       dynamics near Tg 
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“rejuvenation” = 
pulling the system 
up the PEL 

Senden, et al. JPS:PPE 2012 

Meijer, Prog. Polym. Sci 
2005 

Berthier, Physics 2011 



The failure of linear viscoelasticity 

•  Maxwell model: 

 
•  Eg = 1700 MPa, dε/dt = 10-4/s,  
   τseg ≈ 20000 s  =>  3400 MPa 

   ~ 200 times too large! 

•  Eyring suggested (1939) that 
     molecular motions can be 
     accelerated by stress: stress 
     activation or “tilting” the PEL. 
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PMMA, Tg – 19 K 

Flow stress = Eg dε/dt  τseg 

+	


This barrier is lowered 
 by stress 

Constant stress implies 
 this potential 



Elastoplastic interpretation 
•  Develop a nonlinear model based upon the idea that stress (or 
some other aspect of deformation) accelerates molecular motion 
•  Qualitative elastoplastic interpretation (Eyring, Haward/Thackray): 
  
  
  

•  If this view is correct, then τseg,effective must be 200 times smaller 
than the undeformed τseg  
 
 
 
 
 

Flow stress = Eg dε/dt τseg,effective 
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Many efforts to model polymer glass deformation 
assume that segmental mobility is enhanced during deformation 

Mobility is enhanced by: 
• Stress (Meijer, Govaert, Tervoort, Buckley, Schweizer) 
• Strain rate (Larson) 
• Free volume (Knauss, Liechti, Caruthers) 
• Configurational entropy (Caruthers) 
• Configurational internal energy (Caruthers/Adolf) 
 
All of the above use enhanced mobility as a major element 
of the non-linear mechanical response.  Previous experiments 
give qualitative indications that this is true (Gleason, Argon…) 
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 Goals for an experimentalist 
•  Measure mobility during deformation of polymer glasses – 
this is the key quantity according to many models 
•  Understand plastic deformation on a molecular level. Is 
elastoplastic interpretation a reasonable starting place?  
•  Provide quantitative feedback for molecular theories 
•  Ultimately contribute to better modeling of mechanical 
properties 
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The rotational correlation times τc 
follow the temperature dependence 
of the dielectric relaxation time τα 

Rotational correlation 
times of probe 
molecule are strongly 
correlated with 
segmental dynamics 
of polymer 

Key concept for our experiments-- 
Probe reorientation reports on polymer dynamics 

Lee and Ediger, Macromolecules (2010) 
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Dye reorientation measured with photobleaching technique 
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r(t) = r(0)exp-(t/τ)β	




Strain and mobility are measured locally 

Local Strain 
 = (L(t) – L0)/L0 

Stretch the film 
200 µ 

200 µ 

L0 

L 

Measure mobility 
 of polymer in 
 these small 
 regions using  
 polarized photobleaching 

Sample: lightly 
cross-linked 
PMMA glass;  
Tg = 395 K; 2.5 × 
30 mm; 25 µm 
thick 
 

Tensile deformation apparatus 
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microscope 



Constant strain rate experiments 

• We built a “mini-Instron” on our confocal microscope 
• Perform optical mobility measurements during constant 
strain rate  
• Lightly cross-linked PMMA at 375 K, Tg – 19 K  
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Mobility during constant strain rate deformation 
• Mobility increases by a factor of 200 as sample yields, then remains 
nearly constant (for a linear experiment, mobility would be constant) 
• KWW β parameter increases as mobility increases 
• Factor of 200 consistent with elastoplastic interpretation => enhanced 
mobility allows flow 
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deformation begins 

local yielding 

Bending, Macromolecules 2014 



Comparison of different strain rates 

•  Pre-yield mobility 
changes rapidly, interpret 
as stress-activated mobility 
•  In all cases, mobility is 
nearly constant post-yield, 
while stress decreases – 
not simple stress control 
•  Larger strain rates result 
in larger mobility changes 
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Bending, Macromolecules 2014;  
Christison, Bending, Ricci  
(in preparation) 

PMMA, Tg – 19 K 

post-yield 



Comparison to MD simulations of coarse-grained polymer 
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Riggleman et al., Macromolecules 2009  

 
 

         

 
 

PMMA, Tg – 19 K 



Comparison to “molecular Eyring theory” of Chen and Schweizer 

15 Chen and Schweizer, 
 Macromolecules 2011  

PMMA, Tg – 19 K 



Post-yield mobility vs. strain rate 

•  Mobility increases 
systematically as strain rate 
increases 
•  KWW β parameter also 
increases, indicating more 
exponential relaxation and 
less heterogeneous 
dynamics 
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Christison, Bending, Ricci  
(in preparation) 



Quantitative comparison to Chen/Schweizer theory 

•  agreement with Chen/
Schweizer theory is 
excellent for mean 
relaxation time 
•  theory does not provide 
information about KWW β 
parameter 
•  theory does not consider 
heterogeneous dynamics; 
simulations do show more 
homogeneous dynamics 
during deformation 
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Chen/Schweizer theory 

Christison, Bending, Ricci  
(in preparation) 



Stress  
activation 

Rejuvenation 

“Molecular Eyring theory” of Chen and Schweizer 

18 Chen and Schweizer, 
 Macromolecules 2011  

• Theory has two mechanisms for 
mobility enhancement (stress 
activation and “rejuvenation”) 
• Early in deformation => stress 
activation 
• Late in deformation, stress drops 
while the amplitude of density 
fluctuations increases => 
rejuvenation also increases mobility 
• Constant strain rate experiments 
cannot separately test these 
mechanisms; reversing strain 
measurements will be used to do 
this  



Purely mechanical estimates of mobility 
• Would be useful to obtain mobility from a purely mechanical 
measurement 
• Caruthers proposes that this can be accomplished by observing 
stress relaxation after constant strain rate deformation. 
• Use initial decay rate of stress relaxation to estimate mobility 
during constant strain rate.   

Kim, Medvedev, and Caruthers, 
 Polymer (2013) 
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Mechanical mobility 

•  We utilized the Caruthers’ protocol with 
lightly crosslinked PMMA at Tg – 19 K	


•  τmech obtained from initial decay during 
stress relaxation (details shown at 
bottom 

•  τmech values are  similar to values 
reported by Caruthers 

•  We also measure segmental mobility 
optically throughout the constant strain 
rate deformation 

Bending (in preparation) 



Optical vs. mechanical mobility 

•  Prior to yield, optical 
mobility during deformation 
is qualitatively different 
than mobility obtained from 
mechanical measurements 

Bending (in preparation) 

mechanical 

optical 



Optical vs. mechanical mobility (2) 

•  Data shown for tests at three 
different strain rates, all at the same 
temperature 

•  Optical mobility shows a qualitatively 
different behavior 

•  Optical mobility converges to a 
common starting value while 
mechanical mobility does not 

•  Reasonable agreement in post-yield 
regime 

•  Perhaps part of τmech is purely elastic 
and not indicative of segmental 
mobility? 

Bending (in preparation) 

optical 

mechanical 



Summary 
• Segmental mobility can be enhanced by 
orders of magnitude during deformation 
• Theory, simulations, and experiments are 
coming together (last five years) => 
enhanced mobility and plastic flow are 
intimately connected 
• Chen/Schweizer theory accounts for mean 
relaxation time 
• Apparent distribution of relaxation times 
narrows during deformation. 
• Mechanical inferences about mobility do not 
necessarily match optical mobility 
measurements 
 
• Open questions: Reversible vs irreversible 
mobility changes, relationship to deformation 
of metallic and colloidal glasses 23 


