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A modified strain transient dip test which involves the design of a load reduction apparatus to 
perform rapid step unloading and extrapolating to zero extension rate has been developed to 
measure the internal stresses (recovery and effective stress) of PVC under uniaxial tension. 
This simple technique appears to be consistent with other internal stress measurement tech- 
niques. It was found that the effective stress approaches a limiting value with applied strain 
and an extrapolated yield point could be defined. The limiting value is a function of the strain 
rate during the initial load application. The general increase in applied stress (at fixed applied 
strain) with crosshead speed was attributed to the increase in magnitude of the effective 
stress. The maximum peak ratio of effective over recovery stress, at each crosshead speed, 
could indicate that it was the energy-dissipating part of the material that played a dominant 
role in the early stages of the deformation while the energy-storage part dominated the latter 
stages. 

1. I n t r o d u c t i o n  
In order to investigate the deformation of materials, 
numerous authors [1-4] have partitioned the applied 
stress (O'ap) into internal stress components, namely 
effective stress (aef) and recovery stress (a,e). Math- 
ematically this can be expressed as 

aap = O'er 4- are (1) 

The recovery stress is responsible for restoring the 
deformed material into its original state, while the 
effective stress is responsible for bringing about the 
rate-activated deformation process of  viscous flow [5]. 

The importance of such a partition of the applied 
stress is that it allows one to study in detail which 
stress component is responsible for, or plays a major 
role in, the ultimate failure of the material. However, 
measurement of these stress components is not easy as 
it depends on numerous factors such as applied load 
and strain, sensitivity of equipment and the type of 
model used to interpret the results [6]. 

In the continuing effort to study how aa and are are 
related to failure, the present work reports on the 
variation of  these two stress components with defor- 
mation of polyvinyl chloride (PVC) under uniaxial 
tension. Special attention is given to the technique of  
measuring these internal stress components. 

1.1. Measurement of internal stress 
components 

Extensive work has already been carried out to deter- 
mine the recovery and effective stresses in metals [3, 4, 
7-9]. However, in the field of polymer science, this is 
less extensive. The recovery/effective stress measure- 

merit techniques in polymers have been mainly derived 
from those developed for internal stress measurements 
of metals [1]. At present, there are three commonly 
used techniques in the measurement of  the recovery/ 
effective stress. These techniques are: 

1. The strain transient dip test [9-12] which is mainly 
used for specimens subjected to constant load (creep) 
conditions. 

2. The stress transient dip test [1, 2, 4, 13] which is 
mainly used for specimens subjected to a constant 
strain rate. 

3. Stress relaxation methods [8, 14] which are mainly 
used for specimens subjected to constant strain con- 
ditions. 

The latter two techniques have been adequately 
described by the many authors cited in the references 
above. Only the strain transient dip test, which is 
relevant to this paper, will be described in detail in the 
section below. 

1.2. Strain t r ans ien t  dip tes t  
The strain transient dip test is sometimes referred to as 
a stress reduction test [15, 16] or a stress dip test [17]. 
It has two main advantages over the other methods 
mentioned above. Firstly, only a simple loading creep 
apparatus is needed and secondly, the test can be done 
in a relatively short time. It has only been applied to 
metals and there does not seem to be any cited literature 
that employs this technique on polymers. As such, the 
discussion on the strain transient dip test will be based 
mainly on those experiments that have been applied to 
metals. 
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From the literature, there are two different methods 
of determining the internal stress of metals using the 
strain transient dip test. The reasons for the different 
techniques apparently lie in the different strain tran- 
sient responses observed for each material and also in 
differences in the sensitivity of the equipment used [3, 
9, 10, 15, 16, 18, 19]. The two methods are 

(a) the alternate creep-creep-recovery method, and 
(b) the incubation period method. 

1,2. 1, The alternate creep-creep-recovery 
method 

Ahlquist and Nix [9] were among the earliest re- 
searchers to use this method. Basically, this method 
relies on the load reductions made during a creep 
experiment. The constant load applied to the speci- 
men is interrupted by a small reduction load. 

Immediately after a load reduction, a rapid contrac- 
tion (elastic response) is observed and, depending 
upon the magnitude of the reduction, the immediate 
extension rate (de/dt) can either be positive, negative 
or zero. The load that remains on the specimen, after 
a load reduction that produces the zero extension rate 
condition (Lr in Fig. 1), is then taken to be the recovery 
stress [20]. 

The creep indicated by a positive extension rate is 
thought of as being controlled by the effective stress. 
An understanding of the above responses to load 
reduction can be made by rewriting Equation 1 as 

O'er ~--- flap - -  O're (2) 

where a'ap = stress immediately after load reduction. 
If alp > a~¢, then from Equation 2 

act > 0 and de/dt > 0 (creep) (3) 

If O"ap < O're , t h e n  

aef < 0 and de/dt < 0 (recovery) (4) 

However, if O-~p = arc, 

aef = 0 and de/dt = 0 (5) 

As written, Condition 5 enables the recovery stress to 
be measured. The load that produces this zero exten- 
sion rate condition gives the recovery stress. From 
Equation 1, knowing O'ap and arc, act can then be 
determined. 

Here, it has to be pointed out that Condition 5 
depends on how one interprets the significance of the 

zero extension rate. This can be visualized by express- 
ing the total strain (ex) as the sum of the elastic (e0), 
anelastic (Ca) and plastic (ep) strains, that is 

~T = ec + s, + ep (6) 

Here ec is defined as the instantaneous (less than 1 sec) 
strain that is completely recoverable on stress removal; 
e, is defined as the non-instantaneous time-dependent 
recoverable strain on stress removal; and ep is defined 
as the permanent strain that does not change signifi- 
cantly with time, after the deforming stress is removed. 

Taking the differential with respect to time, Equation 
6 becomes 

~T = 8c + ga -+- ~]p (7) 

The strain transient dip test requires that iT = 0. 
Equation 7 then becomes 

ia + ip = 0 (8) 

(Re is by definition negligible in a creep experiment). 
There are two possible ways of interpreting Equation 

8, that is 

(i) by equation i,  = - i p ,  and 
(ii) by assuming that ~a "~- ~p ~--" 0.  

The first interpretation implies that one condition for 
a zero total strain rate could just be a balance between 
the anelastic and plastic strain rates. With such an 
interpretation it can be seen that the zero total exten- 
sion rate condition will not allow one to determine the 
recovery stress accurately. In fact, if the plastic strain 
rate is positive during the strain transient dip test, then 
the anelastic strain rate has to be negative in order to 
give a zero total extension rate. This can happen if the 
stress immediately after load reduction is less than the 
recovery stress (see Condition 4). Under these con- 
ditions, the stress that gives a zero extension rate 
condition will always be lower than the actual recovery 
stress. If  this model is used the recovery or effective 
stress can only be determined if there is some way of 
determining the plastic strain rate after the stress 
reduction. However, at present there is no known 
technique that can be used for this type of test. 

The second interpretation is easier to visualize than 
the first. It can be understood if one considers a model 
where (~ + ip) = 0; the effective stress has to be zero 
since ip = 0, and therefore the stress that produces 
the zero total extension rate condition actually deter- 
mines the recovery stress. 
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Figure 1 The al ternate  c reep-creep- recovery  m e t h o d  of  measur ing  
internal  stresses of  materials.  

1.2.2. The incubation period method 
The experimental set-up for this method is the same as 
for the previous method with the exception that the 
initial load reduction is large but not large enough to 
produce recovery and subsequent load reductions are 
made after creep recommences. A number of authors 
have found that an incubation time (At) always exists 
before creep recommences after a stress reduction [10, 
15, 17, 19]. The incubation period increases with 
subsequent stress reductions (Aa). A plot of the sum of 
stress reduction (ZAa) against the sum of the incu- 
bation period (EAt) will show that ZAa reaches a 
limiting value (ZAtrlimit). 
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Figure 2 Schematic drawing of the modified strain transient dip test. 

The recovery stress is then calculated by subtracting 
the limit ZAo'lim~t from the applied stress, that is 

O ' r e  = G a p  - -  ~ A o ' t i m i  t (9) 

and 

f i e f  = ZA°'limit (10) 

ations, it can be applied to tests in which the initial 
deformation is under a constant strain rate. The follow- 
ing section describes such a method. 

2. Experimental procedure 
2.1. Material and specimens 
The PVC came in rigid glass-clear pressed sheets of 
thickness I mm and designated "Sunloid A-100" by 
the supplier (Tsutsunaka Plastic Industry, Japan). 
This material was widely used for transparent cover- 
ings of chemical equipment and components of appli- 
ances which require high clarity and good durability. 

Test specimens conforming to ASTM D638, Type 
II were cut from the PVC sheet using a polymer router 
which had a cutting speed of 24 000 r.p.m. This high 
cutting speed was chosen because it gave a consistent 
and clean surface finish. 

1.3. Strain transient dip test as applied to 
polymers 

From Section 1.2, it can be seen that the question as 
to whether or not the strain transient dip test can be 
applied to polymers seems to depend upon how one 
interprets the strain transient dip tests with respect to 
the mathematical models and upon what type of strain 
transient responses are observed for the polymers. 

Recent work on the transient response of high- 
density polyethylene showed that no incubation 
phenomenon was observed [2, 6]. As such, the incu- 
bation period method for the determination of the 
recovery stress in polymers may not be appropriate. 
The alternate creep-creep-recovery method seems 
suitable. However, in order to avoid errors due to 
relaxation of the test specimen during testing, some 
modification may be needed. 

At this stage it is worth noting that the strain tran- 
sient dip test need not be restricted to only constant- 
load creep experiments. With special design consider- 
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2.2. Modified strain transient dip test 
The modified strain transient dip test involved small 
load reductions at regular intervals and simultaneous 
monitoring of the extension rate (see Fig. 2). Fig. 3 
shows a schematic drawing of the strain transient dip 
test apparatus which was designed to be used on an 
Instron Universal Testing Machine under constant 
crosshead speed. The total extension rate was recorded 
by a linear variable displacement transducer (LVDT) 
(Schaevitz model 500HR, Schaevitz Engineering, 
USA) placed parallel to the direction of uniaxial dis- 
placement. The signal from the transducer was con- 
ditioned via a signal conditioner and the output was 
recorded on a chart recorder. 

The load reduction unit had a bottom plate which 
was bolted to the moving crosshead, thus ensuring 
negligible movement between the load reduction unit 
and the moving crosshead during straining of the 
specimen. Four to five load reductions using dead 
weights were used. Preliminary experiments had to be 
carried out first to determine the total weight of the 
reduction load that would be required for each test. 

The strain transient dip test was carried out in such 
a way that when the applied load had reached a pre- 
determined value, the crosshead was momentarily 
stopped. Stoppers A and B (Fig. 3) were then released 

Figure 3 Schematic illustration of  
the modified strain transient dip 
test apparatus fitted on an lns t ron 
Universal Testing Machine. 
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so that the weight acting on the specimen was reduced 
to those on the supporting plates. The crosshead was 
then moved in the reverse direction at the maximum 
crosshead speed of 50 cmmin -1, so that the weights 
acting on the specimens could be decreased incremen- 
tally. This was made possible by adjusting the stoppers 
below each supporting plate to increasing distance so 
that upon the reversal of the moving crosshead, the 
stoppers touched and lifted the first supporting plate, 
followed by the second, third and fourth. 

Six crosshead speeds ranging from 0.05 to 2.00 cm 
rain -1 were used. One specimen was used for each 
series of load reductions. This is because structural 
elements that give rise to the recovery stress may 
themselves relax [1]. In such a case, if more than one 
series of load reductions is performed on the same 
specimen, at different applied loads, the variation of 
recovery stress may not be representative for the par- 
ticular crosshead speed. For each crosshead speed, the 
recovery stress for six applied stresses (mean values of 
26.5, 31.7, 37.1, 44.0, 48.6 and 55.6MPa) prior to 
yielding were determined. Three specimens were used 
for each applied stress. The tests were carried out at 
strains below the nominal yield strain (about 4% at 
0.05cmmin -t and 3.5% at 2.00cmmin -1) as the 
deformation below the nominal yield point is not 
complicated by necking and general yielding. 

Typical results of the extension response to load 
reduction are shown in Fig. 4 for a crosshead speed of 
1.00 cm min- 1. It can be noted that a small time delay 
of about 1.8 sec was recorded just below the first load 
reduction. This was due to the time taken to loosen the 
stoppers A and B (see Fig. 3). The corresponding 
creep was subsequently recorded in the plot of exten- 
sion against time. However, this was deemed negligible 
compared to the total time scale of the experiment and 
was assumed not to affect the recovery stress measure- 
ments. Occasional vibration of the load reduction unit 
was also recorded and assumed to affect the results 
only marginally, within the experimental error of less 
than 10%. (In order to reduce vibration and increase 
sensitivity, a closed loop servohydraulic test rig is 
currently under construction for such a test.) 

1400 

50 

40 

Figure 4 Typical results of the extension 
response to toad reduction. 
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By plotting the load reduction against the extension 
rate (Fig. 5), the load at which zero extension rate 
(de~dO occurs was determined. The intercept at which 
de/dt is zero was taken to be the effective load. The 
effective stress was obtained from the ratio of the 
effective load and the original cross-sectional area of 
the specimen. The recovery stress was determined by 
subtracting the effective stress from the applied stress 
(ratio of the applied load and original area). Since the 
LVDT registers the total displacement between the 
grips on the specimen, the applied strain was obtained 
by dividing the total extension at the applied load by 
an effective gauge length of 104mm. This effective 
gauge length was determined from a knowledge of the 
geometry of the specimen [21]. However, this method 
of determining the effective gauge length may not be 
the most accurate method, but as a first approxi- 
mation, this is good enough for the present study. 

All tests were performed at 23 + I°C and 
65 + 5% relative humidity. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Variation of applied, recovery and 

effective stress with applied strain 
Previously, it was mentioned that the partitioning of 
the applied stress into recovery and effective stress 
components was made in order to facilitate detailed 
investigations of the deformation behaviour. Such 
partitioning will then differentiate the effect of 
processes which store elastic energy during defor- 
mation and hence sustain some of the applied stress, 
from the remainder of the stress which is responsible 
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Figure 5 A plot of load reduction (AL) against extension rate (de/d 0. 
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Figure 6 Variation of (D) applied, (+)  recovery and ((>) effective stresses with applied strain. Value of CHS (cmmin-l): (a) 0.05, (b) 0.10, 
(c) 0.20, (d) 0.50, (e) 1.00, (f) 2.00. 

for the viscous processes that are amenable to a con- 
ventional treatment of  thermally activated flow. 

Fig. 6 shows the plot of the three stresses (applied, 
recovery and effective) against applied strain for cross- 
head speeds (CHS) ranging from 0.05 to 2.00 cm min-1. 
An obvious result is that as the crosshead speed 
increases, the maximum value of the effective stress 
increases while the recovery stress decreases. The mag- 
nitude of the effective stress, at each crosshead speed, 
is relatively smaller than the rest and appears to 
approach a limiting value at larger applied strains. 
This limiting stress value ranges from about 5 MPa at 
O,05cmmin -1 to 20MPa at 2 .00cmmin 1. 

It is interesting to note that as the crosshead speed 
increases, the recovery stress deviates further from the 
applied stress. It appears that the general increase in 

applied stress, at fixed applied strain, with CHS is 
probably due to the increase in effective stress and not 
the recovery stress, an important discovery which has 
not been noted before for PVC. 

3.2. Variation of recovery stress wi th  applied 
stress 

Earlier work carried out by Fotheringham and Cherry 
[1] who did their experiments in compression and 
under a stress transient dip test, revealed that an upper 
limit, defined by ar~ = 0.78 a~p, exists for high-density 
polyethylene. An attempt is made here to see whether 
such a relationship is also true for PVC tested under 
the present conditions. 

Fig. 7 shows the plot of recovery stress against 
applied stress. As the crosshead speed decreases, it can 
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be seen that the recovery stress approaches that of the 
applied stress; the upper stress limit then appears to be 
defined by are = aap (bold line in Fig. 7). This deduc- 
tion is not presumptuous, since from Equation 1 as 
aer ~ 0 at low crosshead speeds, the maximum value 
O're could have is aap. At the present moment it cannot 
be proven conclusively whether this different relation- 
ship between are and aap is due to the different testing 
conditions and/or to the different morphological 
structure of the specimens (since high-density poly- 
ethylene is semicrystalline and PVC is almost amorph- 
ous). If it is due to the latter, then important indications 
can be derived to suggest possible effects of the semi- 
crystalline state on the effective stress portion. How- 
ever, it needs to be emphasized that the testing con- 
ditions as illustrated in Fig. 4 are such that the initial 
deformation is applied using a constant strain rate, 
and the internal stress measurements are determined 
by recording the extension rate after a series of con- 
stant-load interruptions. These conditions are dif- 
ferent from the stress transient dip tests where the 
internal stresses are determined by some stress relax- 
ation technique. Here the applied strain is held con- 

stant and the stress monitored as a function of time 
[1]. 

3.3. Variation of effective stress with applied 
strain 

Fig. 6 shows that the effective stress approaches a 
limiting value for each CHS and that the yield point is 
difficult to define when one looks closely at the applied 
stress against applied strain. In order to study this 
further, a plot of effective stress against applied strain 
(with expanded scale for the effective stress) is made in 
Fig. 8. From this figure, one interesting feature can be 
seen, that is, one can define the extrapolated yield 
point (EYP) [1] quite clearly by drawing tangents as 
shown. (This further adds weight to the usefulness of 
partitioning the applied stress for detailed defor- 
mation studies.) With the exception of the low strain 
rate of 0.05 cm rain -1, where EYP is not so obvious, 
the general trend seems to be that the EYP increases 
with increasing CHS. 

The association of effective stress with yield behav- 
iour was also previously found to be true for high- 
density polyethylene [1]. If  the effective stress portion 
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can be represented by a rate-activated dashpot [6], 
then the viscous process can be amenable to a conven- 
tional treatment of thermally activated flow after 
Eyring [5]. Fig. 9 shows a plot of EYP against the 
natural logarithm of CHS. A straight line defined by 

EYP = 13.71 + 3.101n(CHS) (11) 

is obvious. The slope of the line has a gradient of 3.10. 
The gradient is a function of the activation volume, V. 
If Eyring's equation is simplified to 

2 k T  , 
a = A + T m  (CHS) (12) 

where A is a constant, k is Boltzmann's constant and 
T is the absolute temperature, one can readily calcu- 
late the activation volume V which is 2,64nm 3. 
Although it is not the intention of the paper to discuss 
the significance of this value, it is noted that this value 
is of the same magnitude as that measured by Haward 
and Thackray [22]. 

3.4. Variation of the ratio of effective stress 
to recovery stress with applied strain 

In order to determine whether the energy-dissipation 

1.0 

(viscous flow) portion or the energy-storage portion of 
the material plays a more important role as the 
deformation proceeds, one needs to look at the vari- 
ation of the ratio of effective stress to recovery stress 
with applied strain. This is shown in Fig. 10. Here it 
can be seen that this ratio increases to a maximum and 
then falls off gradually at higher strains. It is interest- 
ing to note that there exists a peak ratio for each cross- 
head speed (with the exception of CHS = 0.05 cm 
min- 1, where the peak is less obvious). This peak ratio 
increases with CHS (dotted line) and occurs between 
0.85 and 1.32% applied strain. 

The shapes of these curves suggest that the role of 
the effective stress portion, which is related to the 
viscous flow of the rate-activated (energy-dissipation) 
process, appears to be more dominant during the early 
stages of deformation; while the recovery stress portion, 
which is related to the energy-storage part of the 
material, appears to take over during the latter stages 
of deformation at fixed CHS. 

The peak ratio was also seen to increase with CHS. 
This is an important result as it could suggest that at 
high rates of straining (for example during impact) 
where the strain to failure is, say, below 0.85%, the 
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effective stress portion is dominant, while at low rates 
of straining (for example during long-term creep test- 
ing) the recovery stress portion is dominant. However, 
at this early stage it is not conclusive as yet to confirm 
this trend of behaviour. This will be a subject of future 
research. More sensitive equipment involving fast- 
responding and low-friction servohydraulics is cur- 
rently under development. This will be used to confirm 
that the results obtained are not due to the sensitivity 
of the machine but rather the actual material property. 
Future work will also involve the application of this 
modified strain transient dip test to creep loading. 

4. Conclusion 
A simple technique based on a modified strain transient 
dip test involving rapid unloading and extrapolating 
to zero extension rate has been shown to be useful in 
determining the internal stress components of PVC 
under uniaxial tension. 

From the varitions of applied, recovery and effec- 
tive stresses with applied strain it was found that 

(a) the effective stress component approaches a 
limiting value as the applied stress increases. These 
limiting stress values range from a value of 5 MPa at 
0.05 cm rain- ~ to 20 MPa at 2.00 cm rain-1, indicating 
that they are a function of the strain rate during the 
initial load application; 

(b) an extrapolated yield point could be defined 
only for the variation of effective stress with applied 
strain; this yield point increases with crosshead speed 
and is amenable to analysis using the rate-activated 
process (following Eyring's equation) with an acti- 
vation volume of 2.64 nm 3, and 

(c) the general increase in applied stress (at fixed 
applied strains) with crosshead speed is due to the 
increase in effective stress, and not to the recovery 
stress which appears to be a dominant component at 
low crosshead speeds. 

From the variations of applied stress and recovery 
stress, an upper limit could be defined by are = aap for 
PVC, an expression different to that reported earlier 
[1] for hlgh-density polyethylene. 

By plotting the ratio of effective stress to recovery 
stress against applied strain it was determined that a 
maximum peak ratio exists at each crosshead speed. 
This peak ratio increases with crosshead speed, and 

could indicate that it was the energy-dissipation part 
of the material that played a dominant role in the early 
stages of the deformation, while the energy-storage 
part dominated the latter stages. 
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