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Department of Chemical Engineering, Texas Tech University, Lubbock, TX 79409-3121, USA 
 
 

Enthalpy recovery for a single polystyrene ultrathin film of 20 nm thickness is studied using 

Flash DSC over an extended time and temperature range.  Results are compared to a bulk sample 

of the same polystyrene using a similar experimental protocol and analysis procedure in an effort 

to determine the effects of nanoconfinement.  Examined is the cooling rate dependence of the 

glass transition temperature (Tg) of unaged films which informs the initial fictive temperature 

(Tfo) and thus the jump size (Tfo - Ta) for a given aging temperature (Ta).  Isothermal enthalpy 

recovery is investigated as a function of both Ta for various cooling rates and as a function of 

jump size at constant Ta.  The apparent activation energies at Tg and along the glassy line are 

determined and compared, as is the enthalpy recovery aging rate.  Although the apparent 

activation energy along the glass line is the same within experimental error as the bulk, the aging 

rate is found to be slightly faster in the ultrathin film.  Increasing the cooling rate prior to aging 

increases the aging rate.  The results are discussed in the context of the two competing factors 

which influence the aging rate, namely, the driving force and the molecular mobility.  The 

driving force for aging is dictated by the jump size or cooling rate, i.e., the value of Tfo - Ta.  The 

mobility, on the other hand, is dictated by the relaxation time at the aging temperature, which 

increases during aging from the value on the initial glass line to that at equilibrium.  The initial 

mobility in the glassy state is dictated by the jump size, being related to Tfo - Ta and the 

temperature dependence of the relaxation time along the glass line, whereas the mobility at 

equilibrium is dictated by Ta, Tg, and the temperature dependence and breadth of the equilibrium 

relaxation time.  
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Introduction 

Structural recovery occurs in the glassy state due to the non-equilibrium nature of glasses.  

During structural recovery, thermodynamic and mechanical properties spontaneously evolve 

towards their corresponding equilibrium values.  Such changes in properties may directly affect 

the reliability and integrity of glasses in practical applications and are important for the long-

term stability of glasses.[1-6] 

Nanoconfinement has been found to affect structural recovery [7-15], but rates are reported 

to be enhanced [16,17], retarded [10,11], or unchanged [8,9] relative to the bulk, depending on 

the material, type of confinement, and measurement technique.  In previous work [14,18-20] 

using Flash DSC (differential scanning calorimetry), we exploited the fast response time and 

high scanning rate to study the enthalpy recovery of high fictive temperature glasses at short 

aging times and high aging temperatures, thereby significant reducing the timescale of these 

generally labor-intensive experiments by more than two orders of magnitude.  In this work, the 

glass transition and enthalpy recovery behavior measured by Flash DSC of an ultrathin film and 

a thicker "bulk-like" film are further compared, particularly the competing effects of jump size 

and aging temperature on the aging rate.  Results discussed also include the cooling rate 

dependence of Tg, apparent activation energy at Tg and along the glassy line, and the evolution of 

the fictive temperature (Tf) as a function of aging temperature (Ta).  

 

Methodology 

Polystyrene of 1,998,000 g/mol and PDI of 1.02 (Sigma-Aldrich) is used, as in our previous 

works.[14,18-21]   Film and sample preparation methods have been reported,[14,18,19] and 

important protocols are repeated here for the sake of completeness.  Two sample film thicknesses 
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are compared, those of 20 nm and 1.1 µm for ultrathin and thin films, respectively, as measured 

by atomic force microscope in tapping mode.  Flash DSC sample masses were estimated to be 

approximately 5.0 ng for the 20 nm thick ultrathin film and 81 ng for 1.1 µm thick thin film 

based on the sample dimensions, density, and step change in heat capacity at Tg (∆Cp). 

The commercially available fast scanning calorimetry, Mettler Toldeo Flash DSC, was 

employed both for isothermal enthalpy recovery (aging) experiments and Tf  measurements on 

heating after aging, as well as after cooling at different rates ranging from 0.1 to 1000 K/s.  For 

all thermal histories, the sample was first held at 190 °C for 6 s to erase any prior thermal history.  

After a given thermal history, Tf was then measured on heating at 600 K/s.  For isothermal 

enthalpy recovery, samples were cooled at 1000 K/s to various aging temperatures ranging from 

50.5 to 120.5 °C and aged for times ranging from 0.01 to 60000 s.  After aging, samples were 

cooled to 30 K and then the heating scan was performed.  Limited aging experiments at high 

aging temperatures were also performed after cooling at rates of 0.3, 3, and 100 K/s. 

Enthalpy recovery was monitored by following the fictive temperature Tf.  As introduced 

by Tool [22], Tf  is defined as the intersection of the extrapolated glass line and the 

extrapolated liquid line and is a measure of the structure of the glassy state or the departure 

from equilibrium. During structural recovery Tf evolves from an initial fictive temperature 

(Tfo or Tf') to a long-time limiting value (Tf∞) equal to the aging temperature (Ta) assuming 

that the extrapolated liquid line is reached at equilibrium.  The fictive temperature is 

calculated from Flash DSC heating scans by integrating the heat capacity using the area 

matching Moynihan’s method [23] or a simplified version [21] for the case when Tf is below 

the onset of devitrification , as mathematically defined in equations (1) and (2), respectively: 
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where Cpl is the liquid heat capacity, Cpg is the glass heat capacity, and Cp is the heat capacity of 

sample.    Compared to the original Moynihan's method (equation (1)), the simplified version 

(equation (2)) requires only the extrapolated liquid line and, thus, results in a more accurate Tf 

calculation when Tf is below the onset of the enthalpy recovery peak [21].  Since, the Tf 

calculation strongly depends on an unbiased liquid line (and glass line in the case of the original 

Moynihan's method), care was taken to ensure accurate lines are drawn by obtaining these from 

the average of ten unaged scans.  Then, each heating scan was superposed with this averaged 

unaged scan by minimizing χ2 method for regions away from the enthalpy overshoot and 

transition.[14,18-21]. 

The Flash DSC chip sensors were preconditioned and calibrated before the sample loading 

following the manufacturer recommendation without further additional correction.  In our 

previous work [14], this manufacturer calibration is found to be valid within 0.6 ± 0.7 K.  The 

calibration of isothermal temperatures for aging temperatures follows our prior Flash DSC work 

such that the actual isothermal temperature is 0.5 K higher than the program temperature. 

 

Results 

The comparison of Flash DSC scans for 20 nm thick ultrathin and 1.1 µm thick thin films are 

shown in Figure 1, as a function of cooling rate from 0.1 K/s to 1000 K/s.   The magnitude of 
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heat flow is directly proportional to the sample mass, which differs by approximately 17 times 

between 20 nm and 1.1 µm films, as reflected by the two scale bars.  With decreasing cooling 

rate, for both samples, the enthalpy overshoot shifts to higher temperature and its magnitude 

increases, leading to a lower value of Tf as cooling rate decreases.  The enthalpy overshoot of the 

ultrathin film is broader than the 'bulk-like' sample and this broadening is enhanced as cooling 

rate decreases, resulting in a Tg depression.  Although  the enthalpy overshoot peaks shown in 

Figure 1 are at the similar position (temperature) for both bulk and ultrathin film, devitrification 

begins much earlier (at lower temperature) for ultrathin film and the overshoot area is larger. 

Based on Flash DSC scans of Figure 1, the limiting fictive temperature Tf' which is found to 

be equivalent to Tg for a given cooling and heating rate [23], is calculated and the resulting Tf' as 

a function of the logarithm of the cooling rate q is plotted in Figure 2a for the 20 nm thick film 

and "bulk" data.  The Tf' of the 20 nm thick film is similar within experimental error to that of the 

bulk at high cooling rates, but significantly depressed from the bulk at slower cooling rates, with 

a 12 K depression at a cooling rate of 0.1 K/s.  The magnitude of the depression at the slowest 

rate is consistent with the results in the literature [24-26].  The dependence of the Tg depression 

on cooling rate is also consistent with our prior works [8,18,21] and the literature [27,28] and can 

be described by the Williams-Landell-Ferry (WLF) [29] expression.  The apparent normalized 

activation energy (Ea/R =  ∂ ln q / ∂ 1/Tf') is 71 ± 3 and 105 ± 3 kK for the 20 nm thick film and 

the bulk, respectively, at the nominal Tg (measured at 0.1 K/s) and the corresponding fragility 

(m) values are 85 ± 4 and 122 ± 4.  The same data can be used to obtain the average relaxation 

time at Tg, as shown in Figure 2b, based on the relationship between the cooling rate and 

relaxation time from Hodge (τ = RTg
2/qEa) [5], which can be derived from an effective time 

assumption.  It should be noted that the relaxation time is not simply the inverse of the cooling 
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rate, and making such an assumption results in an underestimation of τ by nearly 30% for the 

bulk film and twice that for the 20 nm-thick ultrathin film. 

Representative Flash DSC scans are compared in Figure 3 as a function of aging time for 20 

nm and 1.1 µm thick films after cooling at 1000 K/s and aging isothermally at 100.5 °C.  With 

increasing aging time, the enthalpy overshoots grow in magnitude and shift to higher 

temperatures, similar to the effect of decreasing cooling rate in Figure 1.  The developing 

enthalpy overshoots in both Figures 1 and 3 are due to a continuously decreasing mobility 

associated with the decrease in enthalpy and volume which occurs due to relaxation during 

cooling for Figure 1 and due to relaxation during isothermal aging for Figure 3.  For the longest 

aging times in Figure 3, the Flash DSC scans for a given sample superpose and the values of Tf 

level off at approximately Ta = 100.5 °C within experimental error, indicating that equilibrium is 

reached for both the 20 nm and the bulk sample.  Compared to the bulk, the Flash DSC scans for 

the thin film show a broader transition on the low temperature side, with devitrification occurring 

earlier, again indicating the broader relaxation time distribution under nanoconfinement. 

The progression of enthalpy recovery for the 20 nm ultrathin film at aging temperatures from 

100.5 to 120.5 °C is shown in Figure 4a in terms of the evolution of Tf.  The initial Tf (Tfo or Tf') 

is the same at 116.6 ± 2.5 °C for all experiments since it is dictated by the cooling rate, which 

was 1000 K/s for these experiments.  Tf decreases during cooling and levels off at Ta for the three 

lowest aging temperatures of 100.5, 105.5, and 110.5 °C, resulting in Tf∞ = Ta within 

experimental error.  However, in case of Ta = 115.5 °C, Tf∞ is lower than Ta at a value of 112.7 ± 

0.6 °C due to relaxation during cooling through the transition region after isothermal aging and 

prior to the heating scan where Tf was measured.  This behavior is consistent with that of the 
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bulk sample when Ta is in transition region and can be quantitatively modeled using the 

TNM/KAHR model of structural recovery assuming that the equilibrium liquid line where Tf = 

Ta is reached during isothermal aging.[18]  In addition, for Ta = 120.5 °C, Tf is unchanged from 

Tfo since the sample is in the equilibrium state, above the Tg region, at this aging temperature. 

The evolution of Tf due to enthalpy recovery at lower aging temperatures ranging from 50.5 

to 90.5 °C, is shown in Figure 4b.  Contrary to the case of high Ta, here, aging is not complete in 

the time scale of the measurements (60,000 s) and Tf does not level off.  The data in Figure 4b 

also show a distinct initial plateau where no aging occurs.  The length or time scale of the plateau 

or inductive time (tind) increases as Ta decreases, similar to our previous results for bulk films 

[19], indicating that the molecular mobility along the glass line (at constant Tf = Tf') decreases 

with decreasing temperature. 

The temperature dependence of the relaxation time along the glass line and the corresponding 

apparent activation energy in the glassy state can be obtained by aging time-temperature 

superposition.  The data of Figures 4a and b are reduced by aging time-temperature superposition, 

in which the Tf curves are shifted horizontally along the logarithmic aging time axis, taking 

90.5 °C as a reference.  The resulting reduced curves are shown in Figure 4c and are smooth and 

well superposed except after equilibrium is reached at the highest aging temperatures and Tf 

levels off to its equilibrium value.  The apparent activation energy along the glass line is obtained 

from an Arrhenius plot of the logarithmic shift factor (ln aT) as shown in Figure 5, along with 

previous data for the bulk [19] for aging temperatures from 50.5 to 110.5 °C.  The resulting 

apparent activation energy along the glass line is found to be 13.0 ± 1.2 kK from the slope of 

Figure 5,  the same as that of the bulk (13.2 ± 0.6 kK ) within experimental error, and consistent 

with our prior analysis of the temperature dependence of the induction time [14].  On the other 
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hand, the data for Ta = 115.5 °C, as represented by empty symbols, has a higher shift factor than 

expected, presumably due to the additional relaxation during cooling after aging at this 

temperature, as previously discussed. 

In addition to the apparent activation energy along the glass line, the aging rate can be 

determined from the evolution of Tf.  The aging rate can be quantified by the slope in the region 

where Tf decreases linearly with respect to logarithmic time [8]: 

 

a

f

td

dT
R

log
−=              (3) 

 

The units for the aging rate R are K per decade of the aging time and the minus sign is 

introduced to make the quantity positive.  Aging rates are zero above Tg, increase as Ta decreases 

and then plateau off or slightly decrease with decreasing Ta, as shown in Figure 6.  The aging 

rates of the 20 nm ultrathin film are comparable to the bulk film near Tg but slightly higher 

between 50 and 100 °C, with a maximum rate at approximately 80 °C.  

The aging rate depends on the temperature jump size, the time required to obtain equilibrium 

(t∞, or the longest relaxation time) and the induction time.  To a first approximation, we can write 
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where the temperature jump size is the difference between the limiting fictive temperature Tf' (or 

the initial fictive temperature Tfo) and the aging temperature Ta.  In reality, equation (4) 

underestimates the aging rate due to the curvature of the Tf vs log time response at short and long 
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times, before and after the region where Tf is approximately linear with logarithmic time.  

Nevertheless, when aging rates are compared between nanoconfinement and the bulk, any 

change in Tg (or Tf') under nanoconfinement should be taken account, such that the comparison 

is made at the same distance from Tg, not at the same aging temperature.[8]  In this work, the Tg 

depression of the nanoconfined film is negligible for the cooling rate of 1000 K/s, and thus, the 

comparisons are made at the same temperature.  In contrast to our result here where aging rates 

are higher for the thin film below 100°C, stacked ultrathin films [8] and nanospheres [9] showed 

the same aging rates as the bulk when compared the same distance from Tg, whereas supported 

ultrathin films showed lower aging rates [10,11].  Whether the difference is due to the high 

fictive temperature glass created in this work by cooling at 1000 K/s, which is approximately 

three orders of magnitude faster than the cooling rates used in the other works [8-11], is unclear. 

For the results shown thus far, Tf' = 116.6 °C for a cooling rate of 1000 K/s.  We can change 

the jump size at constant Ta by simply varying the cooling rate.  For example, from Figure 2, Tf' 

is 106.7 ± 3.1, 96.7 ± 2.0, and 91.7 ± 3.2 °C for cooling rates of 100, 3, and 0.3 K/s.  The 

evolution of Tf as a function of aging time for a cooling rate of 100 K/s and Tf' = 106.7 °C is 

shown in Figure 7a as a function of aging temperature.  In this case, no aging is observed at Ta = 

115.5 and 120.5 °C because the material is in the equilibrium state above the glass transition 

region and relatively far above the Tg (or Tf') value of 106.7 °C.  At Ta = 110.5 °C, a small 

amount of aging is observed since Ta is in the vicinity of Tg (106.7 °C).  In addition, the long-

time value of Tf for the lowest three aging temperatures is below Ta due to the relaxation that 

occurs during cooling after aging.  As cooling rate decreases to 3 K/s and Tf' = 96.7 °C, as shown 

in Figure 7b, aging is only observed at 100.5 °C since the material is in equilibrium at the higher 
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aging temperatures.  Finally, for a cooling rate of 0.3 K/s and Tf' = 91.7 °C, shown in Figure 7c, 

no aging is observed for any of the aging temperatures investigated.  Combining the results of 

Figures 7a – c with Figure 4a shows three limiting behaviors depending on the jump size: 1) Tf∞ 

= Ta when Ta is far below Tf' (i.e., below the glass transition region), 2) Tf∞ < Ta when Ta is close 

to Tf' (within the glass transition region), 3) Tf∞ = Tf' when Ta is far above Tf' (above the glass 

transition region).  Similar behavior was observed and modeled for the bulk [18].  Perhaps more 

importantly, these results also support the Tg depression in the ultrathin film because no aging is 

observed for the thin film at temperatures where aging is observed for the bulk:  for example, for 

the bulk, aging is observed at 115.5 °C after 100 K/s cooling and at 105.5 °C after 3 K/s cooling, 

[18]  whereas no aging is observed under nanoconfinement in these conditions.  This result is 

unambiguous evidence of the depressed Tg in the nanoconfined sample. 

Two competing factors determine the rate of structural recovery – the driving force and the 

molecular mobility.  The driving force is proportional to the jump size and the mobility is 

dictated by the relaxation time at the aging temperature, which increases during aging from an 

initial value in the glassy state to the equilibrium long-time limit.  In terms of equation (4), the 

jump size is the numerator, whereas the aging temperature influences the denominator primarily 

through the value of the time required to reach equilibrium t∞, which depends on the equilibrium 

relaxation time and the breadth of relaxation time distribution (since t∞ is larger than average at  

equilibrium [14]).  Importantly the value of t∞ is independent (or nearly independent) of jump 

size for down jumps [3,18,30] although it does depend on Ta, Tg, and the temperature 

dependence of the equilibrium relaxation time distribution (through, for example, the WLF 

equation [29]).  On the other hand, tind depends on the aging temperature, jump size (Tfo - Ta) or 

cooling rate, and the value of Ea along the glassy line.  The competing effects of jump size and 
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aging temperature can be clearly demonstrated by examining the rate of aging as a function of 

logarithmic cooling rate, as shown in Figure 8.  As logarithmic cooling rate increases, the aging 

rate at a given Ta increases approximately linearly with a slope of nearly unity.  As shown in the 

inset, the aging rate as a function of Tfo appears to have a similar linearity, due to the 

approximately linear relationship between Tfo (Tf') and log q over a small range of log q.  On the 

other hand, at a constant cooling rate q, the aging rate increases as Ta decreases near Tg, with a 

maximum in rate reached, as shown in Figure 6, at approximately 80 °C for q = 1000 K/s.  Due 

to this interplay between the driving force and mobility, care must be taken when comparing 

aging rates for samples having different Tg values or when comparing results in the literature 

where very different cooling rates were used. 

 

Conclusions 

The enthalpy recovery behaviors of a single 20 nm film and a 1.1 µm thick film are 

investigated using Flash DSC.  The 20 nm ultrathin film has a broader glass transition region 

than the bulk, resulting in depressed Tg and a broader relaxation time distribution.  The ultrathin 

film also shows a higher temperature dependence of Tg on cooling rate and a reduced apparent 

activation energy and fragility at Tg.  Three types of limiting aging behavior depending both on 

magnitude and location of the temperature jump are observed, similar to previous results for the 

bulk.  However, due to its depressed Tg at low cooling rates, no aging is observed for the 

ultrathin film under several conditions (Ta = 115.5 °C after q = 100 K/s and Ta 105.5 °C after q = 

3 K/s) where aging is observed for the bulk – this is unambiguous evidence of the Tg depression 

in the ultrathin film sample.  The apparent activation energy along the glass line is the same 

within experimental error for the ultrathin film and bulk, but the aging rate is slightly enhanced 
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for the 20 nm ultrathin film between 50 and 100 °C, in contrast to results for low fictive 

temperature glasses in the literature.  The aging rate is shown to depend on two competing 

factors, namely the driving force or jump size (Tf' – Ta, or the distance from Tg) and the mobility 

or absolute aging temperature. 
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Figure captions 

Figure 1. Flash DSC heating scans as a function of the cooling rate (q) ranging from 0.1 to 1000 
K/s for the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm thick polystyrene thin 
film (red).  Inset shows the same data on a temperature scale from 50 to 150 °C. 
 
Figure 2. (a) Glass transition temperature as a function of the logarithm of the cooling rate (q) for 
the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm thick polystyrene thin film (red).  
(b) The equilibrium relaxation time as a function of Tf' for the same samples. The solid lines 
represent the WLF fits. 
 
Figure 3. Representative Flash DSC heating scans as a function of aging time at Ta = 100.5 °C 
after cooling at 1000 K/s for the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm 
thick polystyrene thin film (red). 
 
Figure 4. Evolution of fictive temperature during isothermal aging at (a) Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 °C and (b) at Ta =  50.5, 60.5, 70.5, 80.5, and 90.5 °C, both after cooling at 
1000 K/s for the 20 nm thick polystyrene ultrathin film.  (c) The reduced curves obtained from 
temperature-aging time superposition with 90.5 °C as the reference curve.  Lines are a guide to 
the eye only. 
 
Figure 5.  Arrhenius plot of the shift factor aT for the 20 nm thick polystyrene ultrathin film 
(blue) and the 1.1 µm thick polystyrene thin film (red).  The slopes represent the normalized 
apparent activation energy along the glass line.  The empty symbols are for Ta = 115.5 °C and are 
not included in the fit. 
 
Figure 6. Aging rate (R) as a function of aging temperature (Ta) for the 20 nm thick polystyrene 
ultrathin film (blue) and the 1.1 µm thick polystyrene thin film (red). 
 
Figure 7. Evolution of fictive temperature during isothermal aging at Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 °C after cooling at (a) 100 K/s, (b) 3 K/s, and (c) 0.3 K/s for the 20 nm thick 
polystyrene ultrathin film. Lines are a guide to the eye only. 
 
Figure 8. The cooling rate dependence of the aging rate (R) at Ta = 100.5, 105.5, 110.5, 115.5, 
and 120.5 °C for the 20 nm thick polystyrene ultrathin film. The inset shows the dependence of 
aging rate on initial fictive temperature.  Lines are a guide to the eye only. 
 
 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 16 

 

Figure 1. Flash DSC heating scans as a function of the cooling rate (q) ranging from 0.1 to 1000 
K/s for the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm thick polystyrene thin 
film (red).  Inset shows the same data on a temperature scale from 50 to 150 °C. 
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Figure 2. (a) Glass transition temperature as a function of the logarithm of the cooling rate (q) for 
the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm thick polystyrene thin film (red).  
(b) The equilibrium relaxation time as a function of Tf' for the same samples. The solid lines 
represent the WLF fits. 
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Figure 3. Representative Flash DSC heating scans as a function of aging time at Ta = 100.5 °C 
after cooling at 1000 K/s for the 20 nm thick polystyrene ultrathin film (blue) and the 1.1 µm 
thick polystyrene thin film (red). 
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Figure 4a. Evolution of fictive temperature during isothermal aging at Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 after cooling at 1000 K/s for the 20 nm thick polystyrene ultrathin film. Lines 
are a guide to the eye only. 
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Figure 4b. Evolution of fictive temperature during isothermal aging at Ta =  50.5, 60.5, 70.5, 80.5, 
and 90.5 °C after cooling at 1000 K/s for the 20 nm thick polystyrene ultrathin film. 
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Figure 4c. The reduced curves obtained from temperature-aging time superposition with 90.5 °C 
as the reference curve.  Lines are a guide to the eye only. 
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Figure 5.  Arrhenius plot of the shift factor aT for the 20 nm thick polystyrene ultrathin film 
(blue) and the 1.1 µm thick polystyrene thin film (red).  The slopes represent the normalized 
apparent activation energy along the glass line.  The empty symbols are for Ta = 115.5 °C and are 
not included in the fit. 
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Figure 6. Aging rate (R) as a function of aging temperature (Ta) for the 20 nm thick polystyrene 
ultrathin film (blue) and the 1.1 µm thick polystyrene thin film (red). 
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Figure 7a. Evolution of fictive temperature during isothermal aging at Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 °C after cooling at 100 K/s for the 20 nm thick polystyrene ultrathin film. Lines 
are a guide to the eye only. 
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Figure 7b. Evolution of fictive temperature during isothermal aging at Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 °C after cooling at 3 K/s for the 20 nm thick polystyrene ultrathin film. Lines 
are a guide to the eye only. 
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Figure 7c. Evolution of fictive temperature during isothermal aging at Ta = 100.5, 105.5, 110.5, 
115.5, and 120.5 °C after cooling at 0.3 K/s for the 20 nm thick polystyrene ultrathin film. Lines 
are a guide to the eye only. 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 27 

 

Figure 8. The cooling rate dependence of the aging rate (R) at Ta = 100.5, 105.5, 110.5, 115.5, 
and 120.5 °C for the 20 nm thick polystyrene ultrathin film. The inset shows the dependence of 
aging rate on initial fictive temperature.  Lines are a guide to the eye only. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 1

Enthalpy Recovery of Ultrathin Polystyrene Film Using Flash DSC 
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HIGHLIGHTS 

Enthalpy recovery for a 20 nm thick polystyrene is studied using Flash DSC. 

Compared to bulk, the thin film has a broader and depressed Tg.   

The thin film shows no aging for several conditions where aging occurs for the bulk. 

The aging rate depends on two competing factors: jump size and aging temperature. 

The aging rate is faster for the thin film at temperatures between 60 and 100 °C. 


