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The measured glass transition is path and 
measurement method dependent



The glass transition is path-
dependent



The glass transition is path-
dependent

Tg depends on
rate or time



Path dependence of Tg and pressure effects on Tg



The glass transition is path-
dependent

Pressure dependence
depends on path of
glass formation

After McKinney and Goldstein, 1974



Isobaric measurements Isochoric measurements

Colucci et al, JPSB (1997)



The glass transition depends on the
measurement technique







The glass transition depends on the
measurement technique

After McKnight, et al, 1971



The Glass Transition is a Kinetic 
Phenomenon as Measured in the 

Laboratory

Structural Recovery:  The evolution of the non-equilibrium state
(or structure) of the glass towards equilibrium.

Physical aging is the response of mechanical (or other) property
to the changing structure of the glass.



The glass transition kinetics



Structural Recovery

• Must explain:

– Intrinsic isotherms (Nonexponential)

– Asymmetry of approach (Nonlinear)

– Memory (or crossover) (History   
effects dependent)



Down-jump experiments: Intrinsic Isotherms
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Intrinsic isotherms

After A.J. Kovacs, 1964

0 t

T0

Td = (v-v0)/v0



Intrinsic isotherms

Empirically, the intrinsic isotherms can be described
by a stretched exponential expression with an exponent that 
depends on the magnitude of the T-jump from T0 to T.

d= d0exp[-(t /t)b]

Indicates a non-exponential decay, but data are insufficient to 
establish this definitively.



Asymmetry of Approach: 
Demonstration of Nonlinearity
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Asymmetry of Approach
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Memory Experiment: 2-step T-jump
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Memory Experiment: Requires more than a single relaxation time or a non-
exponential relaxation function

After A.J. Kovacs, 1964



The Tool-Narayanaswamy-Moyninhan (TNM) or Kovacs, Aklonis, Hutchinson, 
Ramos (KAHR) Models

• Non-exponential decay
– Sum of exponentials (KAHR)

– Stretched exponential (TNM)

• Nonlinearity
– Relaxation time depends on structure (time-temperature-structure 

superposition)

• Fictive temperature TF (TNM)

• Departure from equilibrium d (KAHR)

• History Dependent
– Boltzmann linear superposition in “reduced time” 



The TNM-KAHR Models of Structural 
Recovery

The Constitutive Equation:
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The TNM-KAHR Models of Structural 
Recovery

Retardation (relaxation) functions:

(KAHR) (TNM)



The TNM-KAHR Models of Structural 
Recovery

The Temperature Functions:
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The TNM-KAHR Models of Structural 
Recovery

The TNM differential form:
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Determination of the Fictive Temperature



The TNM-KAHR Models of Structural 
Recovery

How well do the models work?

Reproduce the asymmetry of approach

Reproduce the memory or cross-over experiment

Capture enthalpy overshoot in DSC experiments



The TNM-KAHR Models of Structural 
Recovery

After J.J. Tribone, J.M. O’Reilly and J. Greener, Macromolecules, 1986

PMMA in DSC experiments



The TNM-KAHR Models of Structural 
Recovery
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Figure 5.  Plot of asymmetry of approach experiments in a polycarbonate material aged into equilibrium
at temperatures Ti and then jumped to a final test temperature of T0 = 140 oC.  Points are for experimental

data and lines represent KAHR-model description of the data. See text for discussion. (Data after reference 19.)

C.R. Schultheisz and G.B. McKenna, 1997
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The TNM-KAHR Models of Structural 
Recovery



The TNM-KAHR Models of Structural 
Recovery

•Models are good representations of the kinetics of 
structural recovery, but do not capture all behaviors 

•Material parameters change as temperature range 
changes

•Fits not good for deep quenches
(> 25-30 oC in some experiments)
•Pressure-jumps are problematic as well
•However, these models are really the current
paradigm for describing structural recovery



Another Path of Structural Recovery: 
Experiments made possible by the 
plasticizing effect in polymers.



What is plasticization?

• According to free volume or configurational entropy
models of Tg, addition of small molecules of low glass 
transition to a polymer leads to a decrease in the Tg 
of the mixture.  If the small molecules are volatile, we
can take advantage to ‘rapidly dry’ the sample
through the concentration glass transition and search
for the same signatures as when one changes 
temperature rapidly.  In what follows it is shown that
glasses subjected to such ‘chemical activity’ or 
plasticizer jumps are only qualitatively like
temperature glasses.  Another strong instance of the 
path dependence of the glassy structure.



Examples of Plasticization

Poly--methyl styrene and its oligomer at different concentrations



Examples of Plasticization



The Chemical Activity Jump 
(RH example)
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Fundamental Hypothesis

The change of relative humidity (or CO2 pressure) has a 
similar effect to temperature changes on the structural 
recovery and physical aging. 



Ti

Tg
Ta

Temperature

V

Review of Kovacs’ Thermal Experiments

T0=40°C

• A measure of structure is d (d =(V-V)/ V, V is the 
equilibrium volume). 

• Equilibrium is approached asymptotically
• The time to reach equilibrium increase as T decreases

Intrinsic isotherms
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down
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Asymmetry of Approach Experiments

• Asymmetry of approach needs a 
temperature 
up-jump and a temperature down-jump.

• Both jumps have the same magnitude and 
the same final temperature.

• The volume response after a down-jump and the 
volume response after an up-jump approach the 
equilibrium volume asymmetrically. 

• The reason for the asymmetry of approach is 
because the structural relaxation is dependent 
on the current structure. (Non-linear kinetics)



Tg
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Memory Effect (Cross Over)

•Sample relaxes at a temperature 
below Tg and is then heated up. 

•The relaxation is controlled such that 
the volume of the sample after heating 
to the final temperature is equal to the 
equilibrium volume

•After reheating, the sample will first 
increase in volume and then pass 
through a maximum and finally join 
the intrinsic isotherm to reach the 
equilibrium volume.

•This is due to a distribution of 
relaxation times. ( Non-exponential 
kinetics)



Experimental Set-up for RH-jumps

Valve
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RH signal Steam Temp. signal Heat flow Dry air Expl. signal

The sample is epoxy
Terminated DGEBA
(Dow Chemical) fully
curedwith amine terminated 
PPO (Huntsman).
Tg dry=72 C .

Films of approximately 40
mm thickness



Structural Recovery Experiments after 
Plasticizer Jumps

• Intrinsic Isopiestics

• Asymmetry of approach

• Memory experiment

• Comparison between intrinsic isopiestic and intrinsic 
isotherms—Anomalous kinetics

• Volume overshoot—anomalous behavior



Volume Measurement

• Measurement of length change

• Sample is isotropic

• Volume is calculated based on length

• A stress of 0.1MPa is added on the sample



Humidity Ramps : Volume Change during RH 
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30 40 50 60 70 80 90

0.984

0.986

0.988

0.990

0.992

0.994

0.996

0.998

1.000

1.002

1.004

=1.74±0.02x10
-4
/%RH


g
=2.09±0.02x10

-4
/%RH


l
=3.83±0.02x10

-4
/%RH

T=60
o
C

RH
g
=66%

 

 

V
/V

re
f.

RH



Structural Recovery: Intrinsic Isopiestics

10
2

10
3

10
4

10
5

10
6

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

10
2

10
3

10
4

10
5

10
6

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

a

T=60
o
C

          RH
0
-RH

1

 90%-60%

 90%-50%

 90%-40%

 90%-30%

 

 

d
 x

 1
0

0
0

b

T=65
o
C

         RH
0
-RH

1
 

90%-60%

90%-50%

90%-40%

90%-30%

 

 

d
 x

 1
0

0
0

t-t
i
 (s)



Structural Recovery: Memory Effect
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Asymmetry of Approach
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Structural Recovery: RH-Jump
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RH-Jump vs. T-Jump 
to the same final state

d0RH> d0T

d0RH> d0T

d0RH= d0T
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Extended TNM-KAHR Model
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• Temperature structure dependent relaxation time 

• Boltzmann Superposition 

The model is extended to the RH experiments by replacing T,Tr

θT and ΔαT with RH, RHr θRH and ΔαRH.



Comparison of Asymmetry Results:
T-jump and RH-jumps to same final conditions
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Physical Aging and CO2 Pressure Jump 
Experiments



Experimental system
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Hyper-Quench  vs Plasticzer-Quench: are they equivalent?
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• Both Hyper-Quench and 
Pco2-Quench have excess 
volume.

•Vapor preswelling and 
rapid thermal quenching 
seem to have nearly 
identical effects on the 
development of enthalpy 
relaxations during aging of 
PVC at 30°C and 0.5 MPa.

After: A. R. Berens and I. M. Hodge, Macromolecules, 15, 756 (1982). 
Based on DSC experiments.
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Hyper-Quench  vs Plasticzer-Quench: are they equivalent?

• The glass created by 
PCO2-jump is different 
from that created by T-
Jump.
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Structural Recovery after PCO2-jumps
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Figure 5: Volume versus PCO2 at (a) 62°C and (b) 65°C for the epoxy resin during 
the depressurization step. Figures 5a and 5b confirm that the epoxy/CO2 system 
shows a glass transition in CO2 concentration.
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Enthalpy Recovery after PCO2-Jumps
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annealing at 104˚C for 2 h and (b) carbon dioxide pressure glass transition obtained on 
depressurization after equilibrating the sample at 4 MPa 
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Summary

• Chemical activity jumps (RH or PCO2) exhibit 
similar behavior to temperature jumps.

– RH-jumps exhibit intrinsic isopiestics similar to 
intrinsic isotherms of Kovacs in down-jump 
conditions

– RH-jumps exhibit asymmetry of approach

– RH-jumps exhibit memory



Summary

• Chemical activity jumps (RH or PCO2) exhibit 
similar behavior to temperature jumps.

– PCO2-jumps exhibit intrinsic isopiestics similar to 
intrinsic isotherms of Kovacs in down-jump 
conditions

– PCO2-jumps exhibit asymmetry of approach

– PCO2-jumps exhibit memory



Summary, con’t
• Even though the structural recovery after relative humidity jumps 

looks similar to that after temperature jumps, their underlying 
kinetics are quite different.
– Both the total time to reach equilibrium and the instantaneous volume 

relaxation times for RH-jump conditions are longer than those from the 
T-jump experiment for down-jump conditions.

– Similar results pertain for the PCO2-jump experiments.

• V-T measurements after PCO2-jumps show quantitative differences 
from the temperature “hyperquench”.

• Have shown the first enthalpy recovery after PCO2–jumps.
– Intrinsic isopiestic
– Assymetry
– Memory



Structural Recovery at the 
Nanometer Size Scale

Simon, Park, McKenna, EPJE(2002)



• Ortho-terphenyl 

Tg ≈ 245 K (bulk)

• Imbibed into CPG matrix at 80oC

• CPG Matrix (Wolfgang Haller, NIST) 

Treated with hexamethyldisilazane

CPG diameters:

11.6 nm

25.5 nm

47.9 nm

A Typical Nano-geometry/Experiment



Comparison of structural recovery in bulk 

and in pores (with S.L. Simon and J.Y. Park)
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Isobaric Vitrification

Isochoric Vitrfication

H

T
Tg

Isochoric vs Isobaric Vitrification

}       H = (C pl - C vl) (Tf,measured – Ta)

Ta



Evidence of isochoric glass formation

Colucci, McKenna et al (1997)



Tf =  Ta + d/Cp

d = do e


dt

t
 

 
 

 

 
 

b

lnt = lntref  T(T Tref) (1 x)Td /Cp

Bulk Structural Recovery (TNM model)-cast in terms of d rather than TF
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)(...ln refP PP= t

Po =  Pref +  gKgT

Peq =  Pref +  lKlT

TNM model extended to isochoric aging 

and subsequent return to 1 bar upon heating

Tf - Ta = H/Cp = {-(Cpl - Cvl)T + d}/Cp

Tf –Ta = 0 as d 0



Assumptions used to model nanopore aging data

• Model parameters which describe the bulk recovery 

should describe the recovery in the  nanopores

• Two additional adjustable model parameters are 

needed: P and Tconstraint ≈ Tg of material in 

nanopores

• Values of material parameters needed for the 

calculations (Cpl, Cp, , , K, K, Vg) are 

obtained from the literature with Cv = Cp - VgTg2K

• Pressure relaxation is a) instantaneous or 

b) it relaxes at the same rate as the enthalpy 
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Values of the model parameters 

used for fitting the enthalpy recovery of o-TP

Parameter Value Values from literature for 

fitting the bulk response

h* (kcal/mol) 75 75

X 0.45 0.04 - 0.05

b 0.70 0.67 - 0.75

ln tref/s 5.5 5.8 - 6.2

p (bar-1)* 0.017 Not Applicable

p (bar-1)** 0.022 Not Applicable

* Pressure relaxes during aging at the same rate as the enthalpy

** Pressure relaxes to equilibrium value during quench



Literature values used in the model calculations of 

enthalpy recovery

Parameter Value Ref.

Cp (cal g-1

K-1)

0.13 Jackson and 

McKenna
Cpl (cal g-1 K-

1)

0.342 Chang and Bestul

l (10-4 K-1) 7.34 Naoko and 

Koeda
g (10-4 K-1) 2.57 Naoko and 

Koeda
Kl (GPa) 2.56 Naoko and 

Koeda
Kg (GPa) 3.70 Naoko and 

Koeda
Vg (cm3 g-1) 0.893 Naoko and 

Koeda



Discussion

• dTg/dP = 0.26 K MPa-1

• P needed to obtain the reduction in Tg observed would range 

from -22 to 36 MPa and the corresponding temperature at which 

constraints set in would be 10 - 40 K above Tg which is 

inconsistent with our analysis

• Isochoric vitrification cannot be the reason for the reduction in 

Tg for materials confined to nanopores

• Hence, the results of the current work are consistent with the 

original idea that the reduction of Tg in nano-pores is an 

intrinsic size effect



Summary

 Enthalpy recovery for o-TP in nanopores levels off 
at Tf,measured > Ta

 The time to reach equilibrium is shorter than for 
the bulk for aging a given distance below Tg

 The data can be quantitatively explained using the 
TNM model assuming isochoric vitrification near 
the reduced Tg

 Isochoric vitrification affects aging or structural 
recovery but it is not the cause of the reduced Tg.  
The reduction in Tg is due to an intrinsic size 
effect
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