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Enthalpic Relaxation and the Glass Transition in 
Polymer Blends 

James N. Hay* and Michael J Jenkins 

The School Of Metallurgy and Materials, University of Birmingham, 
Birmingham B 15 2TT, U.K. 

SUMMARY: The kinetics of enthalpic relaxation are reviewed and applied to the 
ageing of a range of blends made from polyether imide and polyether ether ketone. 
DSC has been used to follow the development of enthalpic relaxation and a Williams- 
Watt stretched exponential equation relating the extent of relaxation, $(t), to the ageing 
time t and an average relaxation time, T~', has been used to quantify the ageing 
process. 

where p' is inversely related to the breadth of the relaxation spectrum such that 
O<p>1 .O. The relationship was modified to incorporate non-linearity in the relaxation 
behaviour. $(t) was measured directly from the enthalpy change observed in the 
endotherms on heating aged specimens through the glass transition in the DSC. 

The PEWEEK blends were compatible over the full composition range in that they 
exhibited a single glass transition with a temperature that varied almost linearly with 
composition between those of the homopolymers. Enthalpic relaxation was found to 
be a useful technique for probing the molecular relaxations of polymer blends and 
confirming the degree of compatibility of the system. The p' values changed 
systematically with the blend composition between those of the homopolymers 
suggesting that the breadth of the relaxation spectra were similar in the blends to that 
in the homopolymers. 

Physical ageing was observed to embrittle the blends, and there was a close correlation 
between the extent of enthalpic ageing and the change in mechanical and impact 
behaviour. The yield stress increased and the elongation to break decreased 
progressively with $(t) in addition to a reduction in impact strength. 

The model of enthalpic relaxation and the kinetic relationships, outlined above, have 
been used to determine the onset of the glass transition temperature and subsequent 
progress of enthalpic relaxation at fixed ageing temperatures, for direct comparison 
with the change in specific heat observed in DSC experiments. Good agreement was 
observed between experiment and calculated glass transitions and the effect of 
variables, such as activation enthalpies, pre-exponential factors, non-linear factors 
such as X and p' and fictive temperature on the observed glass transition temperatures 
and the temperature range over which the glass transition occurred determined. 
Modifications to the model for the enthalpic relaxation have been suggested. 
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Introduction 

At temperatures below their glass transition temperature, Tg, amorphous solids are not in 

thermal equilibrium and physical properties which are greater than their equilibrium values 

decrease on storage towards the equilibrium values at rates which decrease with the 

temperature, and undercooling from the glass transition temperature. The change in material 

properties, such as yield stress, fracture toughness, creep compliance and Young's modulus 

with time is the phenomenon of physical ageing'. This change in material properties implies 

that physical ageing has considerable commercial importance in that material properties of 

thermoplastics are time dependent and for this reason has been widely studied. 

When a liquid is cooled a temperature is eventually reached when the conformational 

relaxations of the molecules are too slow for the equilibrium conformations to be achieved 

within the time scale of cooling and so they do not continue to follow the temperature 

decrease. A glass transition occurs at this temperature and the conformations adopted by the 

molecules become fixed at this temperature. The conformations are thus cooling rate 

dependent and in a polymer the long ranged segmental motion of the chains are considered to 

cease at this temperature. 

A useful concept in defining the onset of the formation of a glass233 is that of free volume, in 

that the change in free volume decreases to zero at the glass transition temperature, Tg, and 

there is a marked change in the coefficient of cubic expansion above and below Tg. This 

description of the glass foming process in kinetic in nature, and the measured Tg and free 

volume are cooling rate dependent. 

This description gives a ready explanation of physical ageing, as the progressive relaxation in 

material properties of a glass with storage as it slowly changes from those of the quenched 

glass towards the equilibrium liquid. 

This paper considers the effect of composition on the development of physical in polymer 

blends to determine if it can be used to assess the extent of miscibility of the components and 

determine the change in material properties .To this end the compatible system polyether 

imide/ polyether ether ketone was examined in some detail. 
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Experimental 

A commercial grade of PEI , Ultem 1000, was used as supplied by GEC Ltd. The grade hada 

number average molecular weight of 20 kg mol-'. It was dried prior at 140 "C for 4 h. prior to 

processing. 

PEEK, grade 450G, was supplied as a research sample by Victrex plc. This grade had a 

number average molecular weight of 40.7 and a weight average of 99.2 20 kg mof'. It was 

dried at 160 "C for 4 hours prior to processing. 

Blends were prepared by weight using an APV model MP2000 twin screw extruder with the 

zone temperatures of 380 OC and at high torque. The dried blends and homopolymers were 

compression moulded into 1 Sox 1 Sox 1 mm plaques using a George Moores Ltd hydraulic 

press at 380 OC for 2 minutes before quenching into ice water. The plaques were amorphous as 

measured by clarity, WAX ray scattering and DSC studies. 

A Perkin-Elmer differential scanning calorimeter, model 2, was used interfaced to an IBM 

compatible PC. The DSC was used to measure the thermal characteristics of the polymer 

blends, as described elsewhere4. Disc samples, 10 -20 mg, were cut from the moulded plaques 

and encased in aluminium pans. An empty aluminium pan was used as a reference. The 

temperature scale of the DSC was calibrated from the melting points of standard metal 

specimens, indium, tin and lead. Power calibration was achieved using the enthalpy of fusion 

of 99.999% pure indium. This was taken to be 28.45 J g-'. 

Tensile tests were carried out on an Instron Testing machine, model TT-BM, capable of 

exerting a maximum load of 2500 Kg at cross-head speeds between 0.05 to 500 mm.min-'. 

Dumbell test specimens BS 2782 type 301-A, were cut from the quenched plaques and aged in 

an oven as required. 

Dynamic mechanical thermal analysis was carried out using a Polymer Laboratories, DMTA 

model 3, at flexing frequencies from 0.033 to 90 Hz. Measurements were carried out on 2 mm 

thick beams in flexure as a function of temperature. A heating rate of 2 'C.rnin-' was used for 

all these studies. Dielectric thermal analysis was carried out on a Polymer Laboratories 

DETA. It measured damping factor, tan 6, dielectric constant, E', and loss permittivity, E". 

Measurements were carried out over the frequency range 0.02 to 200 kHz at preset 

frequencies, from - 150 to 300 OC. 
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Results and Discussion 

a) The Kinetics of Physical Ageing 

Hirai and Eyring’ developed a model for the change in volume, Vh, of a glass at constant 

temperature, T, below the glass transition in terms of the free volume and fictive temperature, 

Tf and the internal pressure, p’, in order to quantify the relaxation of a glass with time at some 

temperature T, such that both T’ and p’ become T and p at equilibrium. p’-p becomes the 

excess pressure arising from the non-equilibrium distribution of free volume and so 

where in terms of changes in the specific volumes, Ap is the difference in compressibility 

between the glass and liquid, and VO, VF and V are the specific volumes initially, at 

equilibrium and at some intermediate time t. The of change of fictive pressure at constant 

temperature, p’, occurs with a change in free volume, and 

where T is the relaxation time of the single process. 

There are two limiting solutions to equation 2 corresponding to, 

p‘Vh < RT i.e. - * 6t = (:).I 

and 

p’Vh > RT i.e. p’= exp( +) 
(3) 

(4) 

Since (V, - Vf)/(V, - Vf) = $(t), the extent the system is away from equilibrium, and inserting 

into equation 1 gives for equation (3) 
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4(t> = exp- (5) 
and for equation (4) 

where the change in volume is AV, = V, - Vf 

Petrie and Marshalf, consider that physical ageing is best described as a retardation process 

such that the relaxation time decreases with conversion. Accordingly, 

and 

Cowie and Ferguson" have modified the previous approaches by adopting a multi-relaxation 

model whereby physical ageing is not due to the relaxation of a single elementary process but 

to the relaxation of a distribution of processes, each characterised with their own relaxation 

time. Ageing is then the sum of all these relaxations with different time dependences, such 

that 

&) = c'=* r=-m p(s)exp- ( ;).Ii (9) 

p(r) is the distribution of states in the distribution and can be obtained through an inverse 

Laplace transform, p(z) = - L-' [&)I where L-' denotes an inverse Laplace transform. 

Equation 5 has only been solved for a limiting case in a closed analytical form and $(t) is 

approximated by the stretched exponential form of the Williams-Watt1' relaxation function, 

such that 

( r12 1 
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where T is an average relaxation time and p is an inverse measure of the breadth of the 

distribution of relaxation processes such that ( O<p>l.O ) , and for P=l.O a single relaxation 

process is involved and as Ph-0 the broader is the relaxation spectrum. 

It has been pointed out by Hodge13 that the average relaxation time, T, is time dependent and 

not constant, i.e T = d  ,where p is the relaxation time shift factor of Struik'. 

This leads to a Williams -Watt function which accounts for non-linearity in the relaxation 

process, 

where P I = (  1 -p)P and TI=( 1 

Despite the comments made by Hodge equation 11 is identical in time dependence to 10 since 

1-p is constant, i.e. close to 1 .O for most retardation process in polymers' and does not lead to 

a time dependent TI. 

The concept of a non-linearity parameter, x, such that O<x>l.O, in physical ageing was 

introduced by ToolI4, Narayanaswamy'' and Moynihan et aL7 for inorganic glasses in a 

modified form of the Arrhenius dependence of T' with ageing temperature, T, i.e. 

where AH is the activation enthalpy for the relaxation process, A is a pre-exponential factor 

and Tf is the fictive temperature as defined above. Equation 12 separates the temperature and 

structure dependences of the relaxation time. 

The success or otherwise of these various rate expressions in describing the enthalpic 

relaxation of PEI and its blends with PEEK has been considered in some detail. 
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b) The Kinetics of Enthalpic Relaxation. 

The enthalpies of the glass, Hg(T), and liquid, Hi(T), have different temperature dependences, 

see Figure 1 and Tg is defined as the temperature at which Hg(T)=Hl(T). 

/ liquid 

Temperature 

Figure 1. Temperature dependence of enthalpy 

Since the heat capacities Cp for the liquid and glass are also temperature dependent, i.e. 

Cp = dWdT = a + bT + etc. (13) 

where a and b are constant, the difference in heat capacities, ACp is temperature dependent. 

The step change in heat capacity between the liquid and the glass at T g  , i.e. ACp(Tg), is then 

ACp (Tg) = Aa + AbTg (14) 

where the Aterms arise from the difference in the value of the a and b parameters for the liquid 

and the glass at Tg. From Figure 1 it can be seen that the enthdpic relaxation at temperature, 

Ta, is accompanied with a progressive decrease in enthalpy of the glass from an initial value of 

Hg(Ta) to a final value at equilibrium of H(Ta). The maximum change in enthalpy is, 

AHmax = Hl(Ta ) - Hg(Ta) = HI(Tg) - Hg(Tg) + Aa(Tg - Ta) + Ab/2(Tg - Ta)(Tg + Ta) 

Since, 

Hl(Tg) = Hg(Tg) and (Tg + Ta) ~2 Ta 
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then 

AHmax = Aa(AT) + Ab(AT) Ta 

z C p . A T  

where 

AT = (Tg - Ta) 

In terms of enthalpic relaxation, the extent of relaxation towards equilibrium, is 

P 
&)= [ 1-- f i ) = e x P ( - f )  

where AHt is the enthalpy change on ageing for time t, at constant temperature, Ta. 

c) Physical Ageing Studies on the Blends. 

The thermal response of the 5050 PEVPEEK blend, determined by DSC, is shown in Figure 2 

as a plot of specific heat against temperature. It was typical of all the blends in showing 

several transitions. A glass transition was observed by a step change in heat capacity at 450 

K, followed at about 50K higher temperature by an exotherm due to crystallisation of the 

PEEK component and at an even higher temperature by melting of the crystalline PEEK. 

Correcting for the heat capacity differences between the crystalline and amorphous PEEK the 

enthalpies of crystallisation and fusion were equal and so the original samples were 

amorphous. In all the blends only one glass transition was observed. The values were 

measured on the quenched blends using the procedures outlined by Aras and Ri~hardson'~, 

which was equivalent to equating the enthalpy of the liquid and the glass. 

I a 
450 500 550 600 650 

Temperature/ K 

Figure 2.  A DSC analysis of a 5050 PEEK:PEI blend 

The measured values of Tg for an individual blend varied with heating rate at constant sample 
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weight or with weight at constant rate due to thermal lags in the calorimeter and a correction 

was made for thermal lag by extrapolating to zero rate with constant sample weight. The 

corrected Tgs measured on the quenched samples varied with composition between the two 

homopolymers, PEEK at 418 and PEI at 489 K. The presence of a single glass transition 

observed at all blend compositions and varying progressively with composition is 

characteristic of a completely miscible blend system, see figure 3. These corrected values of 

Tg obtained on heating at constant composition also varied with rate of cooling prior to the 

measurement. Arrhenius plots of log(coo1ing rate) against the reciprocal of the Tg were linear 

with slopes equivalent to activation enthalpies for the glass forming process which varied with 

composition but between 800 -1200 kJ.mol-’. 

I m A’ 

500 

,/’ ,/* 
480 - 

m A” 

,/‘ 460 - 

440 - 

420- ,/” 
/ 

i’ , . , . , , , . , . 
0 20 40 60 80 loo 

Welghl x PEEK Welghl x PEEK 

Figure 3. Variation of Tg with composition of the blends 

The temperature dependence of the heat capacities of the various blends were also measured 

on quenched and aged glasses from well below Tg and on the liquid above Tg but below the 

crystallisation temperature. This limited the temperature range above Tg due to the onset of 

crystallisation of the PEEK component. Corrections were again made for thermal lags as 

described above. The heat capacities were unaffected by ageing, see Table la. Linear 

dependences of heat capacity were observed for the glass and liquid phases and a least square 

fit used to determine the coefficients, a and b, at each composition, see Table lb, for, 

Cp = a + bT. 

From these values of the coefficients ACp(Tg) was determined for each composition. These 

values varied with composition reaching a maximum at 5050 blend of 0.297 J.g 

varying between the limits of 0.210 J.g -’ for PEI and 275 J.g 

and 

for PEEK, see Figure 4. 
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Table 1. Heat Capacities of the blends 

Wt%PEZ I U b A B I A ( l n l T ~ ) f S %  
60 
70 
80 
100 

-140 3.925 280 3.66 295 
-200 4.07 210 3.76 270 
-150 3.03 160 2.52 230 
-130 3.89 420 3.19 210 

. . 
0 300- 
0 

m .c 0 250- 

B c 
2 150- 
I 

l o o !  , , , . , . , . , . , 
0 20 40 60 80 100 

Weight % PEEK 

Figure 4. Composition dependence of the change in heat capacity at Tg 

$ . . .  

Quenched samples of the blends were stored in the DSC at various ageing temperatures, Ta, 

and for various storage times. On quenching the samples at 180 K.min-' to 300 K and 

subsequent heating an endothermic process was observed at the glass transition, which 

developed in size and moved to higher temperatures with increasing ageing time, ta. This can 

be seen for a 5050 blend in Figure 5 and is characteristic of all the blends studied. The area 

under the endotherm is the enthalpy recovered on reheating the aged material through the 

glass transition as shown in Figure 1 and is a measure of the enthalpy change, AHt. due to the 

amount of relaxation which had occurred on storage. 
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Figure 5. The development of the ageing endotherm with storage time 
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AHt, was determined by subtracting the area between the specific heat-temperature curves of 

the quenched and aged specimens, between two fixed temperatures on either side of the 

transition. The exponential increase in AHt, with time can be seen in Figure 6 as well as the 

effect of changing Ta. 

v 4  

- a  . 
w 

D 

The rate of development of AHt with time decreased with Ta, and reached a limiting value of 

AHma at long ageing periods. Using the limiting experimental values of AHt as a measure of 

AH,,,, the validity of equation 10 was determined from a plot of AH,,,, against AT. A linear 

relationship was observed up to AT values of 15-20 K, see figure 7, and marked deviations 

from the linear dependence was observed beyond this. 
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Figure 7. The temperature dependence of the maximum enthalpy 

The drop in value may reflect the greater storage times required to reach equilibrium and the 

AH,, observed were underestimated. The initial slope of the observed linear dependence was 

comparable in value to that of ACp as listed in Table 2, and so ACp.AT was a good estimate of 

m m , .  

Table 2. Comparison of AHmax and ACp.AT 

Using the Marshall and Petrie model, t was calculated as a function of the extent of 

relaxation, Q(t) and the values were observed to vary by several orders of magnitude over the 

course of the process, see Figure 8. 
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Figure 8. The change in relaxation time with conversion for a 30% PEI blend. 

From the Arrhenius relationship, 

-ln(r) = ln(A) + C(AHmax- AH,) 

where ln(A’) = ln(A) + AHdRT 

the C paramater and the activation enthalpies, AHa, were determined, see Table 3 . 

Table 3. Analysis of Enthalpic Relaxation Data 
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The values of C increased with increasing PEEK concentration and the activation enthalpies 

were similar to those determined from the cooling rate dependence of the glass transition, see 

Table 4. The characteristic feature of the Petrie and Marshall model is the large change in 

relaxation time, covering several decades, with the development of enthalpic relaxation. 

Table 4. Dependence of Tg of PEI on Cooling Rate 

The Cowie and Ferguson equation was also used to analyse the same experimental data, of 

Q(t) against t. Linear plots of log-[In $([)I against ln(t) were obtained consistent with equation 

11 , with slopes which corresponded to the value of p' and intercept at t=l of T'. In this 

analysis AH,,,= was taken to be the observed experimental limit of AHt. Reduced variable plots 

log-[ln Q(t)] against In(th') are shown for the blends in Figure 9. 

:', . 08 lo! 

I 
I 

': 

Figure 9. Reduced variable plot. Extent of enthalpic relaxation against reduced time 
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The superposition of the data was consistent with a constant p' value over the range of 

temperatures studies. The values of p', T' and AHmm were also determined by curve fitting the 

data, using them as adjustable parameters in a non-linear curve fitting procedure, the fitted 

values are listed in Table 5. The activation enthalpies were determined from the temperature 

dependence of T'. These values were consistent with those determined by the Marshall and 

Petrie analysis and also from the cooling rate dependence of the glass transition. 

Table 5. 
a) Using AHmax=ACp.AT 

Williams-Watt Fit of the Enthalpic Relaxation Data 

Average fJ' 1 

b) Using AHmax= Experimentally Observed Value 
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The p' values and activation enthalpies varied progressively with blend composition and were 

consistent with a compatible homogeneous system, in that similar studies on crystalline blend 

samples produced lower p' values, as low as 0.2 suggesting that heterogeneous systems 

produced very low values and those of the amorphous blends were consistent with a 

homogeneous system. 

Simulation of the Glass Transition. 

The dependence of the Tg on cooling rate has the same activation enthalpy as that of enthalpic 

relaxation and it has been suggested18 that enthalpic relaxation is an extension of glass 

formation. Accordingly the kinetic relationships for enthalpic relaxation have been used to 

model the formation of the glass on cooling. 

The liquid was considered to cool at a cooling rate, R, from a temperature T and the fictive 

temperature, Tf, was used to monitor the transition since if T=Tf then the system is a liquid. If 

T< Tf the liquid is converting to the glass and if Tf does not change with further cooling the 

glass has formed. 

A finite element calculation was used to follow the change in fictive temperature on cooling. 

The cooling rate, R, defined the dwell time, dt, at each temperature, T, and the extent of 

relaxation, d@, which develops at each temperature is defined by the Williams -Watts 

function, 

The relaxation time at each temperature is given by the modified Arrhenius relationship, 
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1 r' = .exp[ RT XAH + ( I - X ) M  

RTr 

The change in fictive temperature, dTf, accompanying a change in temperature, dT, was then 

calculated for each temperature, T, from, 

dTf = dT( 1- $(T, dt)) 

The relative change in heat capacity was defined as C'p=dTf/dT such that for the liquid C'p= 

1 .O and for the glass C'p = 0.0. During conversion C p  from liquid to glass Cp varies from 1 .OO 

to 0.0. The calculated fictive temperatures showed the classical variation with temperature 

expected, see Figure 10a, with two distinct temperature dependences corresponding to liquid 

and glass regions. 

2 3 0 1  
140 160 160 200 220 240 260 280 300 

TmpenlurelK 

Figure 10a. Variation of fictive temperature on cooling 

0 

Extrapolation of the two linear regions defined the Tg from their intercept. The fictive 

temperature heat capacities also exhibited the characteristic step function at Tg, see Figure 

lob. 
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140 160 160 200 220 240 260 280 300 320 

Temrame I "C 

Tg* / K 
279.72 
234.27 
187.27 
140.68 

Figure lob. Variation of fictive temperature heat capacity on cooling 

It was observed that the value of Tg varied with cooling rate as determined by the value of the 

activation enthalpy selected, but the individual values changed according to the values 

selected for In A, AHa and the X parameter, see Table 5. 

Table 5. 

a) 

The Effect of Selected Variables on the Calculated Value of Tg. 

Effect of varying the activation enthalpy, AHa. InA=-ll7, X=0.37 and p=0.38 

Id" . ..,..," I 

b) Effect of varying X. lnA=-ll7, AHa=258 kJ.mol-' and p=0.38 

246.91 246.42 
245.29 244.76 
243.02 242.82 
240.1 1 241.71 
236.01 238.39 
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c) Effect of varying In A. AHa=258 kJ.mol-', X=0.37 and p=0.38 

Ln A Tg*/ K 
-200 147.31 
-150 191.71 
-100 274.14 

Tg** I K 
148.17 
163.31 
191.84 

d) Effect of varying p. lnA=-117, AHa=258 kJ.mol-' and X=0.38 

Tg* I K 
259.02 215.73 
256.34 242.03 
250.73 250.69 

0.4 240.97 256.26 
218.04 258.74 

Tg** I K 

Tg* measured from intersection of fictive temperatures of liquid and glass 

Tg** measured by Aras and Richardson's method 

The effect of non-linearity in the enthalpic relaxation process on the shape of the glass 

transition and the temperature range over which it occurred was considered by altering the 

value of p' and X in turn. Lowering p', corresponding to a broader distribution of relaxation 

times, lowered Tg as defined by the temperature corresponding to 50% conversion, and also 

produced a wider temperature range over which the transition was observed, see Figure 11, 

from over 100 K for p' values about 0.2 and 30 K for value of 1 .O. 

I I 
I . I ' I ' 1 . U  

150 175 200 225 250 275 

Tempenlure/ 'C 

Figure 1 la. Variation of the fictive temperature heat capacity with temperature. Effect of p 
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The structure parameter X had a similar effect. It was not possible to separate either effects 

and the breadth of the glass transition was primarily determined by both X and p'. 

1.0 

% .= 0.8 
n 0 
2 
3 0.6 
r 
'u 
I 
2 0.4 

... 

+ ! 
,I 0.2 .- - 
LL 

0.0 

160 180 230 220 240 260 280 
Temperature I "C 

Figure 1 lb. Variation of fictive temperature heat capacity with temperature. Effect of X 

The progress of enthalpic relaxation was also calculated at constant Ta from the change in 

fictive temperature, using a constant relaxation time, 5. Endotherms developed at the glass 

transition as observed experimentally on ageing a glass, see Figure 12a. In the finite element 

calculations, time intervals, dt, corresponding to linear steps in +(t) were chosen and the glass 

was allowed to reach within 1 % of equilibrium. Correction was made to the 7 values to allow 

for the change in fictive temperature during conversion and the effect of the X parameter on 

the change in relaxation time, 5' 
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A T / K  
2 
10 

200 220 240 260 
Temperature I "C 

p used p calc 
0.37 0.35 
0.37 0.29 

Figure 12a. Variation of the endothermic ageing peak on Tg with extent of conversion 

20 

p', and z' were calculated for each assumed value of X, p, AHa, and A adopted in the 

calculation, see Table 6. 

0.37 0.23 

Table 6. The Effect of Non-linearity on the calculated average p value 

50 

a) A comparison of p values calculated and used in the calculation 

0.37 0.14 

b) Effect of non-linearity on observed /3 values. 
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At small degrees of supercooling good agreement was observed between adopted and 

calculated values of p' but for values of AT=20 and greater the p' obtained by curve fitting 

deviated markedly from the value used in the calculations. This was also shown by the marked 

curvature in the log(ln(1- $(t)) plot against log t which should be linear with a slope of p' for a 

constant relaxation time. Non-linearity produced by the X parameter was apparent at 

supercoolings above 20 K, see Figure 12b. 

" 6 1  I 0 Beta =0.3 0.5 - 

0.0 - 

-0.5- 

gl -10-  

0 0  
-1.5- 

-1 -2.0 

J .  -r 

8 10 12 14 16 18 20 22 
Logrime lsemnb 

Figure 12b. A double logarithm plot for a supercooling of 50 degrees 

A single p' value cannot be ascribed to the overall process as it changes with conversion. non- 

linearity arising from the X parameter made itself apparent in the change in z' as equilibrium 

is approached. z', however, does not change as much as it does in the Marshall and Petrie 

model, from which it was apparent that ln(t) changed linearly with conversion over the 

complete process. The overall effect of a non-constant p' value is to produce curvature in the 

reduced variable plot and to reduce p. 

Mechanical Properties and Ageing. 

Tensile tests were carried out on the quenched specimens. All the blend samples were ductile 

exhibiting well defined yield and drawing stresses and distinct neck profiles which propagated 
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through the specimens until fracture by growth of an edge diamond. The yield stress dropped 

progressively from 9% 5 to 60* 5 M Pa with PEEK content, see Figure 13. 

20 40 60 80 100 
Weight% PEEK 

Figure 13. Variation of the yield stress with composition 

On ageing the yield stress increased progressively and at the same time the elongation to break 

decreased. The neck profile as shown by the increased rate in drop of the engineering stress 

with strain increased as the neck became more localised. Samples with high yield stresses 

fractured in a brittle mode. Crazes were observed prior to yield and brittle fracture was 

initiated from these to develop. SEM analysis of the fracture surfaces confirmed the presence 

of the craze initiated fracture mechanism. In all the blends the yield stress increased with 

storage time at various temperatures and developed with the increase in enthalpy of ageing 

and the ageing time, see Figure 14. 

120 

90 
-20 0 20 40 60 80 100 120 140 160 160 200 

Ageing Time I hours 

Figure 14. The change in yield stress with ageing time 
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Tensile yielding appeared to destroy physical ageing in that samples taken from the necked 

regions of the yielded material exhibited no ageing endotherms at Tg and appeared to be 

identical to the quenched sample to the DSC analysis. Similar effects were observed in the 

impact behaviour of the blends. PEI and the blends were observed to be notch sensitive and in 

a Charpy impact test at 0.25mm notch tip radius they fractured in a brittle mode with low 

impact strength, 3.5 J d .  Mixed mode fracture was observed at higher notch tip radius as 

yielding increasingly contributed to the impact strength. Ageing the specimens prior to 

notching and impact reduced the impact strength at the higher notch tip radii consistent with 

the increased yield stress and the general embrittlement of the materials on ageing. 

DMTA analysis of the blends showed that the flexural modulus, at 1 Hz and 298 K, changed 

progressively with composition from 3.4 f 0.3 to 2.6 k 0.2 G Pa for the quenched blends. No 

difference in the modulii was observed on ageing within the experimental scatter. The 

temperature corresponding to a maximum value in tan 6 was considered to be a measure of Tg 

at the imposed frequency. These temperatures at constant frequency varied with compositions, 

consistent with the DSC observations discussed above. The compositional dependence of the 

observed Tgs were fined to a Gordon-Taylor relationship incorporating two interaction 

parameters, K1 and K2, i.e. 

(Tg - Tgl)/(Tg2-Tgl) =(1+ K1) W - (K1 + K2) W2 + K2W3 

where W = (k W2/ (W1 +KW2), and K=K Tgl/Tg2 and K=pl/  p2. 

W 1 and W2 are the weight fraction of the components 1 and 2 with densities p 1 and 2 and 

Tgs, Tgl and Tg2. Negative deviation was observed with K1=0.320 f 0.005 and K2 = 0.1 11f 

0.002. The observed Tgs varied with frequency from which the activation enthalpies of the 

glass transitions were determined over the frequency range, 0.033 to 90 Hz, from the 

Arrhenius relationships. A similar study has been carried out” by DETA and the measurement 
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of Tg defined by the maximum in tan 6 extended over the frequency range 0.03 to 300 kHz. 

The activation enthalpies measured for each blend were very similar to those determined by 

DMTA, between 800 to 1250 kJ mol-’. 

Discussion. 

The activation enthalpies for glass formation and relaxation are very similar and independent 

of the method chosen to measure them. Accordingly a master Arrhenius plot incorporating all 

this data, i.e. the variation of Tg measured by DMTA and DETA at different frequencies, the 

dependence of Tg on cooling rate as measured by DSC, and the observed dependance of the 

enthalpic relaxation times on ageing temperature, was constructed by using a vertical shift 

factor on the log(?) axis. This is consistent with a Williams-Landel-Ferry equation” for 

relaxation times, t at temperature T and to at To, such that 

In( ?/to)= -C( T-To)/( C2+T-To) 

and superposing the observed linear dependences on one another at a reference temperature, 

To. This master curve, see Figure 15, defines the relaxation time of the glass at each 

temperature and over 10 decades of relaxation times are covered. The curve defines the 

measured value of Tg corresponding to the time scale of the experimental technique used in 

its measurement and implies that enthalpic relaxation is an extension of the glass formation 

process. 
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Figure 15. Master curve relaxation time and temperature plot for PEI 

Of the various kinetic relationships derived it is apparent that the Cowie-Ferguson approach in 

which a wide range of molecular processes are allowed to relax is the most powerful in 

modelling the glass formation process. The stretched exponential function does appear to 

account for the time dependence of the degree of conversion at various temperatures. The 

assumption of a constant average relaxation time for the ageing process appears to be invalid. 

However, incorporating the approach adopted by Hodge and O'Reilly does not change this 

assumption but mearly redefines a different average for the average relaxation time, r', and 

also for p'. Using the retardation model as outlined by Petrie and Marshall, in turn, does not 

appear to be helpful since it produces too wide a variation in the relaxation time with 

conversion. For the model it is observed to change by several order of magnitudes. The effect 

of non-linearity on the progress of the enthalpic relaxation as introduced by the structure 

factor, X, has been computed. Essentially as the glass relaxes, the fictive temperature, Tf, 

changes from a value close to Tg to the ageing temperature, Ta, and as defined by equation 12 

the average relaxation time changes. This depends on the degree of supercooling, i.e. the 

difference between Tg and Ta. At low values of AT the assumption of constant r a  is 

approximately correct and the modified stretched exponential function fits the data well and 
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the p and 'c determined from the analysis have some significance. This is not the case at high 

values of AT where marked deviations are observed with reduced values determined for p' 

and 'c. Most deviations occur in analysing the enthalpic relaxation data at high ATs. This has 

invariably been attributed to deviations in AHmax from ACp. AT and to the difficulty in 

determining AHmax at long storage times. The kinetic relationships have been used to 

compute the glass transition on cooling a liquid. The temperature range over which the 

transition is observed experimentally is closely related to the breadth of the relaxation 

spectrum, p, and to structure parameter X. It is apparent that these parameters could be 

determined directly from the breadth of the transition as determined by DSC. 
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