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The parameters affecting Young's modulus and the glass transition temperature have 
been investigated. Sample dimensions as well as the sample clamping have been shown 
to be critical. For  analysis at non-ambient temperatures the gas flow rate as well as the 
position of the sample thermocouple, are also important. 

Polymers are viscoelastic solids and as such their mechanical properties are 
both time and temperature dependent. For instance, when a polymeric body is 
subjected to a constant stress, the strain will increase slowly with time, i.e. the 
polymer will creep. Similarly if the polymer is stressed and held at a constant 
strain, then the stress will slowly decay with time, i.e. stress relaxation will occur. 
One of the best ways of investigating the viscoelastic properties of polymers is 
by means of dynamic mechanical analysis (DMA) in which the sample is subjected 
to a sinusoidal stress. This gives rise to a sinusoidal strain which lags behind the 
stress by a phase angle 6. From the recorded data modulus and damping values 
can be calculated. Creep, stress relaxation and DMA are all dependent on the 
rate of frequency of testing as well as the temperature. When DMA is conducted 
over a range of temperatures, the technique is more correctly referred to as dynamic 
thermomechanical analysis or dynamic thermomechanometry [1 ]. A number of 
DMA techniques are available, using different vibrational principles at various 
frequencies. These can be divided into four basic categories: free oscillation, 
resonance forced oscillation, non-resonance forced oscillation and wave or pulse 
propagation. 

An inherent feature of dynamic mechanical tests is that they are prone to appreci- 
able errors, arising partly from limitations in the theoretical methods of data 
analysis and partly from spurious external influences on the measured stiffness 
and damping [2]. Thus data obtained by different techniques as well as by the 
same technique at various laboratories, often shows large discrepencies. Read 
et al. [2] have prepared a monograph wherein they review the underlying theory 
of a number of techniques thereby elucidating the limitations in the basic model 
and in addition they discuss external sources of error. Wedgewood [3] similarly 
investigates the Rheovibron viscoelastomeler. 

One of the newest commercial instruments is the du Pont 981 DMA and to 
date there has been no extensive work published on its reproducibility. This paper 
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highlights the critical parameters, control of  which enables much greater accuracy 
and reproducibility to be obtained with the du Pont instrument. 

Experimental 

Material 
PMMA sheet, supplied by AECI, was used to evaluate the response of the 

instrument to a number of variables. 

Sample preparation 
Samples were cut from sheets of  PMMA and milled to the correct length and 

width. The sheet thickness varied slightly but areas of  constant thickness were 
chosen. For experiments requiring varying thicknesses, thicker or thinner areas 
on the sheet were selected or alternatively specimens were pressed on a Buehler 
mounting press at 130 ~ and 30 MPa for 10 minutes. 

There was no significant difference between samples of  the same thickness 
which were pressed or not pressed, provided there were no residual stresses. 

Instrumentation 
The du Pont 981 Dynamic Mechanical Analyser (DMA) with the 990 console. 
The du Pont 981 DMA has been described in detail elsewhere [ 4 -  7]. Essentially 

it is a driven oscillation resonant technique which measures the natural sample 
resonance frequency as well as the energy dissipation over a wide temperature 
range at constant amplitude. 

The resonance frequency is related to the Young's modulus of the sample via 
the equation. 

E = 

where: 
E =  

f =  
J =  
K =  
D =  
L =  
W =  
T =  

]- 4zc2f2 J -  K 

Young's modulus 
Resonance frequency 
Moment of  intertia of arm 
Spring constant of  pivot 
Sample clamping distance (see Fig. 1) 
Sample length 
Sample width 
Sample thickness 
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The dissipated energy or damping can be directly converted to tan 6 values: 

where: 

Vc 
tan 6 = f z  (2) 

V = damping signal 
c = system constant 
f = resonance frequency 

or loss modulus E "  = E tan 6. 
Both E "  and tan 6 curves show maxima when the test frequency equals some 

reciprocal average relaxation time. 
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Fig. 1. Schematic diagram showing clamping length (D), sample working length (L), sample. 
thermocouple distance (d) and cap screws (a) 

The tan 5 maxima occurs at a higher temperature since it is governed by a 
larger but related relaxation time (h )  [8] 

where: 
z l  = ~/'EJER (3) 

z = relaxation time governing the loss modulus 
Eu = unrelaxed modulus 
E• = relaxed modulus 

In these experiments the peak in the damping signal was used as a measure of  
Tg since we were only interested in shifts in 7"#. From equation (2) we see that the 
damping signal is proportional to tan 5 provided the frequency remains constant, 
i.e. provided the sample dimensions remain constant. 
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R e s u l t s  a n d  d i s c u s s i o n  

Isothermal studies (room temperature) 

a) Sample mounting: 

The effect of varying the torque on the cap screws (Fig. 1) when mounting the 
sample in the sample clamp, is clearly indicated in Fig. 2. Obviously if the sample 
is simply clamped according to the operator's whim, then the modulus can vary 
by a factor of  2, i.e. a 100% variance in results. The curve indicates that a torque 
of  at least 7 N. cm. should be used. In all other experiments discussed, a torque 
meter was used to tighten the cap screws to 15 N. cm. 
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Fig. 2. Relationship between Young's modulus and the torque with which the cap screws are 
tightened 

If  the sample is made to fit exactly between the passive and driving arm, then 
alignment of the sample is not a problem. However, in practice the sample length 
is invariably slightly shorter and variances in Young's modulus may arise if the 
clamped length varies, as in Fig. 3. It is clear 1hat centering the sample in the 
clamp goes a long way towards reducing the variance, i.e. the same length of 
sample must be placed in each arm clamp. 

"Ihe non-parallel alignment (skewing) of a sample however had only a negligible 
effect on the sample modulus. 

b) Sample dimensions: 
DuPont recommend the use of samples 19, 25 or 31 mm long, 0.1-13 mm wide 

and 0.1 - 1.6 mm thick with an aspect (length: thickness) ratio of  greater than 10. 
However, consistent sample dimensions appear to be essential for reproducable 
modulus values as can be seen from Figs 3, 4 and 5. Fig. 4 shows that Young's 
modulus will vary with changing aspect ratio. The curve indicates that the most 
reproducible results can be obtained if one works within a ratio region of 14-  20. 
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Fig. 3. Dependence  of  Young's  modulus  on the actual sample length: �9 sample centered in 
c lamps;  o sample offset to one side 
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Fig. 4. Variation of  Young's  modulus  with aspect (length/thickness) ratio for two different 
sample lengths; �9 L = 12.23 ram; o L = 18.60 m m  
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Fig. 5. Variation of  Young's  modulus  with the width of  sample 
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Fig. 6. Relationship between Young's modulus and area of sample which is clamped: �9 data 
from Fig. 5; o data from Fig. 3 (centered sample) 

In addition it is seen lhat varying 1he lenglh whilst keeping lhe aspect ratio con- 
stant, will also affect the madulus. Fig. 5 shows a small but steady increase in 
modulus wilh an increase in the widlh of  lhe sample. It is interesting to note that 
if  one plots the area of  contact between the sample and the clamp versus the 
Young's  modulus for the data in Figs 3 and 5, then there is a reasonable correla- 
t ion between the two sets o f  data (Fig. 6). This seems to indicate that the varia- 
tions may be due to slippage at the clamps since the greater the clamping pressure 
and the greater the contact area, the greater is the recorded modulus. 

Thermal studies 

The modulus and damping curves were monitored from 30 ~ to 150 ~ . The major 
variables affecting the recorded position of  the glass transition temperature were 
the flow rate o f  the N 2 gas (Fig. 7) and the positioning of  the sample thermocouple 
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Fig. 7. Dependence of the glass transition temperature (Tg) on the flow rate of N 2 gas for 
various sample to thermocouple distances (d): �9 d = 4.45 mm; o d = 0.5 mm 
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Fig. 8. Dependence of the glass transition temperature (Tg) on the sample to thermocouple 
distance (d) for various flow rates: �9 flow rate = 2 1 m i n  - 1 ;  o flow rate = 3 .5  1 m i n  - 1 ;  �9 flow 

rate = 8 1 m i n - 1  

(Figs 1 and 8). Figure 9 is a schematic diagram of the heating arrangement. Heating 
occurs via the hot N2 which flow from the end of the heating block and by direct 
radiation from the heating block. Since polymers are poor thermal conductors, 
it becomes difficult to record the exact sample temperature. In the instrument 
the sample thermocouple is insulated to retard its response and in so doing the 
actual sample temperature is more closely matched. However, how well the match- 
ing occurs will depend on a number of variables. 

From Fig. 9 it is evident that increasing the flow rate of hot N2 should have a 
greater effect on heating the sample than on heating the sample thermocouple 
which is shielded to some extent by the sample. Thus the sample would reach 
its glass transition temperature at a lower recorded value. This behaviour is shown 
in Fig. 7. Similarly by moving the sample thermocouple away from the sample 
(increasing d [Fig. 1 ]) it becomes less shielded and hence will be heated more 
rapidly by the hot N2 gas flow, thus causing the recorded Tg to increase (Fig. 8). 

{c) H (bl 

(a) I 

Fig. 9. Schematic diagram of the heating arrangement showing heating of sample and thermo- 
couple by radiation and by gas flow: (a) heating block; (b) sample; (c) thermocouple 
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In an at tempt to determine the actual glass transition temperature, we inserted 
a thermocouple in a sample and compared the actual sample temperature to the 
sample thermocouple temperature at a variety of  flow rates. The results are shown 
in Fig. 10 where the temperature difference plotted represents the actual tempera- 
ture minus the sample thermocouple temperature. It  is seen that at low tempera- 
tures the sample temperature lead is greater for low flow rates, since heat loss to 
the sample f rom the decreased volume of  gas is greater and less hot air reaches 
the thermocouple. At higher temperatures radiation f rom the heating block plays 
a greater role and since it heats the ther~mocouple more readily than the sample, 
the sample temperature lead decreases and ultimately becomes negative, i.e. the 
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Fig. 10. Variation of the sample temperature lead (AT) versus temperature for various flow 
rates: * flow rate = 2 1 rain-a; �9 flow rate = 5 1 rain-l; x flow rate = 8 1 rain -1 

sample temperature lags behind the recorded temperature. At higher flow rates 
more heat is conveyed to the system by the N2 gas and as a result radiation effects 
f r o m  the heating block contribute less to the heating process. Thus the initial 
sample temperature lead is diminished and the point at which it becomes negative 
is delayed. 

In theory then it is possible to use Fig. 10 to correct the T9 values by adding 
the temperature difference to the observed temperature. In this manner we 
could obtain a Tg which is independent of flow rate and thermocouple-sample 
distance. Fig. 10 represents a particular thermocouple-sample distance but 
similar curves can be obtained at different values of  d. I f  d is increased, then 
the Tg versus flow rate curve will move upwards (Fig. 7) but the sample 
temperatures lead will decrease, resulting in the same value for Tg. Establishing 
a correction curve of this nature, is very tedious, and when simply comparing T9 
values, possibly pointless. It  does, however, emphasize the need to control the 
operating variables. Thus Fig. 10 shows that discrepancies of  the order of 4 ~ 
could exist between the ~ample ar~d the recorded temperature as in our case. 
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Furthermore it shows that the temperature difference varies with temperature 
and flow rate and can be both positive and negative. Finally it predicts that a 
transition in the region of 50 ~ would shift to higher values as the flow rate increases, 
since the sample temperature lead decreases with an increase in flow rate. This is 
the opposite of the behaviour shown in Fig. 7 where Tg is in the region of 120 ~ 
Tg is also seen to vary with a change in width of sample (Fig. 11). This cannot 
be ascribed to an increase in shielding of the thermocouple as such shielding 
should increase the sample temperature lead and therefore decrease the recorded 
Tg. Furthermore, differences in frequency as a result of different dimensions are 
small and give rise to negligible changes in Tg. The increase in T9 is probably 
associated with the increase in Young's modulus with width noted at room tem- 
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Fig. l l. Variation of the glass transition temperature (T9) with the width of the sample 

perature (Fig. 5) arm which, in fact, holds at all temperatures. Thus the inflection 
point and hence damping maximum or Tg will occur at higher temperatures. 

Changing the rate of heating from 0.5-  10 ~ rain -1 caused a negligible shift 
in the curves as did varying the proportional band. Scratches introduced onto 
the sample surface did not alter the modulus, highlighting the use of a non- 
destructive test rather than a destructive tensile test in which sample preparation 
is only critical in as far as the sample dimensions must be accurately reproduced. 

Quantitative tan 6 values will also vary with changes in clamping and sample 
dimensions (similar manner to that depicted for Young's modulus in Figs 2 -5 )  
and are being investigated more fully. 

In a preprint just to hand Lear and Gill [9] point to the need to give careful 
consideration to clamp end effects in all mechanical methods involving visco- 
elastic materials. They suggest a 1.5 % compression to compensate for slippage 
inducing tensile stress at the sample-clamp boundary surface. New data analysis 
equations are presented, incorporating sample and correction factors which are 
shown to lead to improved dimensional independence of E values for samples 
of aspect ratios in the region of 2 to 6. 

3". Thermal A n a l  24, 1982 



232 CONNOP et al.: MECHANICAL ANALYSIS USING A DuPONT 981 

Conclusion 

Since a n u m b e r  o f  var iables  affect bo th  the  Young ' s  modulus  and  the  glass 
t r ans i t ion  tempera ture ,  extreme care must  be exercised in compar ing  da t a  with 
tha t  ob ta ined  in separa te  exper iments  or  in o ther  labora tor ies .  I f  t rends  o r  shifts 
in peaks  are  to be  noted,  then  the accuracy can be great ly  enhanced  by :  

(i) keeping all  sample  d imensions  cons tan t  with an  aspect  ra t io  o f  between 14 
and  20; 

(ii) moun t ing  the  sample  consistently,  i.e. center ing the  sample  careful ly and 
t ightening  the cap screws to  a cons tan t  t o rque  o f  1 0 -  15 N . c m ;  

(iii) ma in ta in ing  a cons tan t  gas flow ra te ;  
(iv) main ta in ing  a cons tan t  sample  t he rmocoup le  posi t ion.  
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ZUSAMMENFASSUNG - -  ES wurden die den Young Modulus und die Glasfibergangstemperatur 
beeinflussenden Parameter untersucht. Die Probengr613e und die Packungsdichte der Probe 
erwiesen sich als kritisch. Ffir Analysen oberhalb der Raumtemperatur sind die Geschwindig- 
keit der Gasstr6mung und die Lage des Thermoelements in der Probe besonders wichtig. 

Pe3~oMe - -  Idcc~e~oBaHbI napaMeTpbi ,  3aTparHBa~oulae  MO~Iyab IO~ra ~ T e ~ e p a r y p y  C, TeKJIO- 

.06pa30BaHm~. IIHKa3aHo, qTO pema~onlHMH qbaKTOpaM~,I ZBJI~O:rCa pa3Mepb106pa3~aI~  JlepmaTeJI 

o6pa3IIOB. CKOpOCTb rlOTOKa r a 3 a  ~ n o J m x e n ~ e  TepMonapt, i  flB~atOTC9 TaKx e  BaMI-IbIMII ~YI~ 

a H aJm 3a  rIp~ ~eo6~,i,-mt, IX TeMnepaTypax.  
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