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The creep behaviour of isotropic polyethylene
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Dead loading creep and constant strain rate yield experiments have been used to study the
tensile creep behaviour of three grades of isotropic polyethylene. This has provided further
evidence for the existence of two yield points in isotropic polyethylene. Two different
models have been used to attempt to describe this behaviour. Although the results can be
described by to both the two process model of Wilding and Ward and the co-operative
jump model of Fotheringham and Cherry, it appears that the two process model provides a
more convincing quantitative fit to the data. © 7999 Kluwer Academic Publishers

1. Introduction had stabilised, a load of 20 tons on a four inch diam-
Inrecentyears research has been performed on the yietter ram (equal to 2.1 MPa on the brass plates), was
behaviour of isotropic polyethylenes [1-3], in particu- applied. This load was held for 5 min before the plates
lar into the existence of two yield points in these ma-were cooled. Cooling was achieved either by quench-
terials [1]. A Fotheringham and Cherry analysis [3, 4]ing, in which the plates were cooled from 160 by

has been used successfully to describe this behavioptacing them in water at room temperature, or by slow
in terms of a co-operative jumps over an energy barcooling, in which the platens of the press were cooled at
rier. The research reported in this paper extends the controlled rate of 2C/min. The sheets were approxi-
previous work by showing evidence for yield points in mately 30 cm in diameter and between 0.1 and 0.3 mm
tensile creep experiments in addition to the previoushthick. The two different cooling treatments produced
reported constant strain-rate tests [1]. A model origi-radically different initial morphologies, as can be seen
nally proposed by Wilding and Ward [5] to describe thefrom the crystallinity measurements in Table Il. These
tensile creep behaviour of highly oriented polyethylenewere derived by DSC experiments on samples from the
in terms of two Eyring processes acting in parallel hascompression moulded sheets.

also been successfully used to describe the behaviour Samples for mechanical tests were then cut from
of the isotropic material. The Fotheringham and Cherrnjthese sheets using dumbbell cutters. Two cutters were
model has been shown to produce parameters which atsed. One had a parallel sided section 16 mm in length
extremely dependent upon the constraints placed othe other had a parallel sided section 81 mm in length.
the parameters and the interpretation of the recoverfdoth parallel sided sections were 2 mm wide.

stress.

2.3. Mechanical tests
2. Experimental 2.3.1. Creep
2.1. Materials used Creep tests were performed using a dead loading creep
This investigation concerns the behaviour of isotropicapparatus as described in [6]. The sample was mounted
samples of three grades of polyethylene, whose physiertically and known masses were used to apply load at
cal characteristics are shown in Table |. Of these gradethe bottom end. A linear displacement transducer was
B and D are medium density copolymers with differentused to monitor displacement at this point. Although
concentrations of butyl branches, while C is a lineargauge lengths varied slightly, a minimum gauge length
high density homopolymer. Density was measured orof 70 mm was used and the actual gauge length was
guenched compression moulded sheets using a standaetorded to+0.2 mm. The supporting apparatus had
density column at 20C. a deflection of less than 0.14 mm when using a load

of less than 2.5 kg, and the highest load applied in

this work was 2 kg. The sample slipped slightly in the
2.2. Sample preparation grips when the load was applied, the amount of slip-
Samples for testing were produced from compressiopage was variable, the maximum observed was 0.25 mm
moulded sheets. These sheets were prepared by plashen using a trial 2.5 kg load on a 70 mm gauge length
ing a known quantity of the polymer pellets betweensample. This is important since the samples were not
polished brass plates. These plates were then placednditioned. The output of the transducer was moni-
between the platens of a hot press heated to°T§0 tored by a PC, using a programme which automatically
and contact pressure was applied. After the temperatumecorded the times at which each increment in nominal
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TABLE | Physical characteristics of the grades of polyethylene

i €
studied ¢1 Crosshead Return
_ _ Branch content Density Increased
Grade Mw Mn (per 1000 carbons)  (Quenched) P&/__
&

B 206,000 12,900 6.2 932.6 kgTh - -
c 131,000 19,100 lessthan 0.1 947.1 kg®m o Condition
D 156,000 17,000 1to2 943.1 kg™ g g Satisfied

[=] =

v \

TABLE Il Yield stress, natural draw ratio and crystallinity for the

. c head Ret
three grades of polyethylene studied rosshea eturn

Decreased
Yield stress Natural Percentage Creep
Grade (MPa) draw ratio crystallinity performance
Slow cooledC 30.20.1 10.5:05 77.2+15
Slow cooled D 28.3:0.2 9.1+0.5 68.4-1.4 Time

Quenched C 21.20.3 8.4+05 64.3+:1.3
Quenched D 19504 6.8+0.3 60.1+1.2
Slow cooled B 17.%0.3 6.4+0.3 54.6+-1.1
Quenched B 14.90.2 5.2+0.3 49.2+1.0

Figure 1 Crosshead return protocol for transient stress dip tests.
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crosshead started. When the sample had reached a pre-

strain of 0.2% occurred. The recorded strain/time datgetermmeq value of straimy, the crosshead was re-
were analysed in a spreadsheet application using an a ersed at five times its forward speed fqr a known dis-
proximation method to obtain the true strain rate at an ancr:e and tlhen brougt:jt fto restr?t a strfsun level,0f
required strain. The experiments were monitored unti re_l.?h samtp et\:cvas utshe Iordeac” experlrl:ent. d whilst
the sample formed a neck and began to deform inho-he sfr:iﬂ ?rllj thzeo?ameleo\?vascielvc;/aé;sogstsaen;vetT\rI\ve s
mogeneously. The strain at which this occurred varie b A

between 15 and 60% depending upon the material usegSts mvplved searching for the value i for each .

and the conditions of the test ey at which the I_oad output re_malned constant with
The creep rigs were houséd in a temperature cont-'me.' A _schematlc representation of the load output
trolled laboratory, where the temperature was main-a.‘gaInSt time (see S_ecnon 4), and the necessary correc-
tained at 20C to \;vithin 2 deg. Also one creep rig was tions to the return distance of the crosshead are shownin

equipped with an environmental chamber to work atF'g' L

elevated temperatures. Heating was achieved by pass-
ing compressed air over a heating coil before it entered
the chamber. The temperature could be maintained t3. Results
better than 0.5C above 30°C. Elevated temperature 3.1. General creep performance
tests were performed between 30 and@) most es- The data collected from the creep apparatus described
pecially at 50 and 76C. Room temperature tests were earlier were transferred to a spreadsheet and plotted af-
performed without the chamber at 20. ter the manner of Sherby and Dorn [7], that is asidog
(strain rate) versus strain at constant nominal stress.
Sherby Dorn plots for materials B, C and D in the
2.3.2. Yield stress quenched state are shown in Figs 2 to 4 respectively.
These tests were conducted on an Instron tensile testing In this work we have graded the creep performance
machine. The samples (with gauge lengths of 81 mm)of the material according to its creep strain rate at a
were mounted between clamps and the crosshead spegiéfen stress and strain. In order for this ranking to be
selected to give the required initial strain rate. The yieldmeaningful the strain level set must be greater than the
stress was determined from the output of the load celstrain at which the first yield point is encountered and
atits peak value and dividing by the true cross sectionabelow the strain at which the second yield point occurs.
area of the sample (which was calculated from the meatf this condition is observed then we believe that we
sured initial cross sectional area assuming the samplgre measuring a unique strain rate which is dependent
maintained a constant volume). solely upon the stress and strain level of the material
(see Section 3.3). Thus in this work a material per-
forms better if it exhibits a lower creep strain rate than
2.3.3. Transient stress dip tests another material at the same levels of stress and strain.
These were performed using the method ofUsing this definition it can be seen that material C has
Fotheringham and Cherry [1, 4], and involved first stra-the best creep performance, B the worst creep perfor-
ining a sample and then immediately removing somanance, whilst D is intermediate between the two. This
of the applied strain and allowing the load to relax atbehaviour correlates with the crystallinity of the ma-
constant strain. terial, the increased crystallinity of material C being
Test specimens were loaded into an Instron and thassociated with its good creep performance. Indeed in
crosshead speed was selected and movement of tlheth the quenched and slow cooled morphologies both
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Figure 2 Sherby Dorn plots for the quenched morphology of grade B &t 0at nominal stress levels ok 7.3 MPa,A 9.3 MPa,V¥ 11.3 MPa,
V 12.0 MPa,® 12.5 MPa.
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Figure 3 Sherby Dorn plots for the quenched morphology of grade C &t nominal stress levels ok 8.5 MPa,A 10.0 MPa,¥ 10.5 MPa,
V 11.1 MPa O 12.8 MPa,@ 13.5 MPa.

the creep performance rating and the yield stress rankamples were loaded at equal nominal stresses. The re-
with the crystallinity. The values of percentage crys-sults indicate at least an order of magnitude decrease
tallinity, yield stress (at a true strain rate of 0.008)s  in strain rate in the slow cooled compared with the
and creep performance ranking (the best creep perfoguenched material. This indicates a major change of
mance being ranked as 1, the worst as 6), are given iareep response resulting from changes in the morphol-
Table Il. ogy of the material. However Figs 6 and 7 also show
Table Il also shows that the slow cooled morpholo-that if the increased yield stress of the slow cooled ma-
gies of each material have better creep performancterial is taken into account the creep performance is
than the quenched material. This is shown graphicallyessentially the same. In order to take the higher yield
in Figs 5to 7. Inthese figures quenched and slow cooledtress into account the yield stress was measured for
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Figure 4 Sherby Dorn plots for the quenched morphology of grade D at@t nominal stress levels ok 8.0 MPa,A 10.0 MPa,¥ 11.1 MPa,
VvV 12.0 MPaO 13.0 MPa@ 14.0 MPa.
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Figure 5 Sherby Dorn plots showing the difference in creep performance between the quengtzeti(slow cooled&) morphologies of grade B
at 20°C and 12.5 MPa.

both the quenched and slow cooled morphologies at 8.2. Double yield points in polyethylene
true strain rate of 0.00578, and then creep tests were Previous work by Brooket al. [1] has provided evi-
performed so that the stress used in the test was a fixatence for the existence of two yield points in materials
percentage of the yield stress of the material (60% foB and C. In this work samples of B and C were loaded at
grade C, 67% for grade D). a constant nominal strain rate to different initial strains
Taken together these results indicate that the crysand the samples were then unloaded and allowed to
tallinity of the material plays an important role in de- recover for a period of three days and the amount of
termining the creep performance, yield stress and natesidual strain was measured. A graph of residual strain
ural draw ratio of the material, at least in the types ofagainst applied strain was plotted (shown schematically
materials covered by this work. in Fig. 8). The region with zero gradient at small strains
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Figure 6 Sherby Dorn plots showing the difference in creep performance between the quenched and slow cooled morphologies of grade C at both
equal stress and equal percentage of the yield stress°&.20.) quenched, 13 MPaA() slow cooled, 13 MPa,X) slow cooled, 18.8 MPa.
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Figure 7 Sherby Dorn plots showing the difference in creep performance between the quenched and slow cooled morphologies of grade D at both
equal stress and equal percentage of the yield stress°&.20.) slow cooled, 13 MPa &) quenched, 13 MPa¥) slow cooled, 18.7 MPa.

indicates full, rapid recovery of the sample. The regiongion of lower slope, and occurs between 5 and 8% strain
at large strains with unit gradient indicates plastic, per{similar to the transition reported by Brooktal. [1]).
manent deformation. The intermediate region indicateJ his transition appears to be relatively independent of
a state of partial recovery, and would not be present irthe material type. The second yield point is charac-
a material with a single yield point. terised in tension by a sharp necking of the sample to
The Sherby Dorn plots of Figs 2 to 7 also show evi-produce permanent plastic flow (also seen by Brooks
dence fortwoyield points. Thefirstyield pointisrelated et al.), and occurs between 15 and 40% depending on
to the transition of the Sherby Dorn plot from a rapid the material. Brook®t al. quote higher strain values
decrease in strain rate at low strains with strain to a refor the second yield point, but as stated earlier worked
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determines the third, no matter what path is used to
reach the point. Thus plateau creep data should be the
same as constant strain rate data derived from Instron
yield tests. This is because at the maximum load (the
classicyield point) in a constant strain rate test the strain
rate of the testing machine exactly matches the plastic
strain of the material. This yield point occurs before
the material starts to neck, and so the stress, strain and
strain rate data which is obtained up to that point is con-
sistent with the data obtained from a creep test where
the plastic strain rate is monitored. Fig. 10 shows both
sets of data for the quenched morphology of grade C
! at 20°C. As can be seen the agreement is excellent.
i Although more data is required in order to state cate-
gorically that this relationship holds for all the samples,
these results indicate that it exists for initially isotropic

Figure 8 Schematic representation of the two yield point graph of samples of polymer C.
Brookset al.
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predominantly in compression where the presence of- Modelling _ o
flaws is less likely to produce stress concentrations'he double yield point phenomena observed in this
which induce early necking. The manifestations ofwork may be thought of as a feature of the two pro-

these two yield points on a typical Sherby Dorn plotcess model by Wilding and Ward [5]. This can be inter-
are shown in Fig. 9. preted mechanically as a system of two parallel arms,

each composed of a spring in series with a highly non
linear dashpot, as shown in Fig. 11. Each yield point is

3.3. Evidence for the existence of a unique associated with the initial yielding of a single dashpot.
stress, strain rate and strain At the first yield point the weak dashpot begins to flow;
relationship however as the strong dashpot has not begun to flow

The existence of a unigue relationship between tru¢he strong spring is available to drive the system back
stress, true strain rate and strain has been reported pr@wards zero strain when the stress is released. This
viously for various materials [8, 9] and for B, C and D accounts for the partial recovery seen for all strains be-
in the oriented state [10]. This relationship is charac-yond the first point. At the second yield point the strong
terised by a surface in stress, strain, strain rate spacdashpot begins to flow and all subsequent strain results
such that any combination of two of the three variablesn permanent plastic deformation.
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Figure 9 Sherby Dorn plot showing two yield points for the slow cooled morphology of grade B. For strains less than the 1st yield point recovery is

complete within the machine resolution within 48 hours, for strains greater than the second yield point necking and permanent plastic flow.is observed
At intermediate strains deformation is homogenous but recovery is not observed to approach the machine resolution within 7 days.
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Figure 10 Plateau creep and Instron data for grade C a&tQQA constant strain rate dat¥, plateau creep data.

&1 the strain in each arm. Once the stress in the strong
arm is known the modulus of the strong spring can be
estimated, provided that we assume that it is Hookean,
using

= =k
Strong Weak: E— % (2)

Knowing the modulus of the strong spring we can es-
[ == Nsiong [——] Ny.. timate the modulus of the weak spring. To do this we
calculate the effective combined modulus of the two
springs in the first few percent of the creep experiment,
the quasi-linear region before any strain is taken up the
dashpots, and then the weak modulus is easily defined
since

Figure 11 Schematic representation of the two process model.
If we assume that between the first and second yield Ecombined= Estrong+ Eweak ®3)

points the strong dashpot does not flow, and hence has
experienced no strain, then the model can be simpliAs can be seen from Table Ill the two modulus values

fied by its removal. Thus we can use the transient stresdre very similar.

dip tests of Fotheringham and Cherry [4] to determine

the stressgy, in the strong arm, which drives the re- _

covery process. The weak dashpot carries a stiess o 18 % (R ORERRS DR oy

(the effective stress which drives the plastic deforma—]c thp hed hp | farade C at st P lev-

tion process), and the total stress applied to the syste rthe quenched morphology ot grade & at strain lev

is 0, Hence els betweer_1 t'he two vyield points to the two process
model of Wilding and Ward, which is described fully
in [5]. In brief this model assumes that there are two

Oe =0a— Or @ processes active with increasing strain in the material,

After the strain dip when,is abover, there is a positive

stress on the dashpot, which subsequently decays whéA BLE 111" Modulus values of the weak and strong springs in the two
the dashpot flows. Whem, is belowa; the stress rises Pr0cess model

as the dashpot flows. If howevey is equal tao, there Quenched C (MPa) Quenched B (MPa)
is no stress on the dashpot and hence there is ho change

in stress. By monitoring the behaviour of the stress oveFcombined 880 475
several experiments it is possible to determip@nd ~ Estrong ppad oo
hence the stress in the strong arm for a known value )
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each of which carries a stress. At low stress levels th@ ABLE 1V Fitted parameters for the two process model fit for the
stress on one process dominates (denoted as procesg4enched morphology of grade C

the strong process), whilst the other process (process, ameter Fitted value
2, the weak process), can dominate at high stress lev-
els. It is assumed that both processes are described by 14753 B
the Eyring formulation [11], with process 1 (the strong V2 2314 /3_\325
process), always in the high stress approximation [5]{.69}1 ;;213 10°°
as in Equation 4. fol2 :
2-3kT : [£5]strong
7= Vistrong <|0910(8) B IOglO( 02 )) Also by using a simplified method of Wilding and
) Ward [5] (where the overall material response at con-
T kT Sinh—l( ) (4) stant strain is splitinto high and low stress regions, each
Viveak [eolweak of which can be approximated by a single Eyring pro-

cess), it is possible to derive an activation energy for

where both processes. This is done by measuring the creep
AU rates at different temperatures for creep experiments at

[&6]n = €on exp( ”) (5) the same values of stress and strain. In this investiga-

kT tion the temperatures used were in the range 20 to 70

°C; higher temperatures could not be used since the
material crept too fast to be monitored. When this was
done the activation energies were measured to be 270 kJ

ande¢ is the rate of the activated procesg, is a “pre
exponential” factor, AU, is the activation energy of

the process is the Boltzmann constari, is the tem- ) :
perature in Kelving is the applied stresd/, is the Mol ~forthefirst(strong) process and 185 kJ midor

activation volume of the process. In all casedenotes the second (weak) process. Whilst the activation energy

which process (strong or weak), that the parameter i9f the first process is still speculative due to the lack of
associated with. ' sufficient data at low creep rates, the second process ac-

The fitting procedure used was a least squares mirivation energy is better defined and is consistent with

imisation of the equation to the plateau creep datathat obtained from dynamic mechanical measurements

All the four variables of Equation 4Virong Viveak for thea relaxation which is generally considered to be
[£4]srong [£4]weas), Were allowed to vary to produce a & ¢-Shear process [12, 13].

free fit to the data. This fit is shown in Fig. 12, and

the fitting parameters are shown in Table IV. As can4.2. Fitting to the Fotheringham and

be seen the fit is good, and the predicted strain rates  Cherry model

for applied stresses of less than 10 MPa are very lowGiven the success of Broolet al [3] in using the
This is confirmed by ultra long term creep experimentsFotheringham and Cherry analysis to describe the be-
which were unable to detect any plateau creep takindpaviour of the quenched morphology of material B,
place at a stress level of 8 MPa. it was decided to attempt to use the same model to
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Figure 12 Eyring fits to the quenched morphology of grade C, —Yitexperimental data.
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Figure 13 Recovery stress data for the quenched morphology of grade C°&,2R applied stressY recovery stress, --- plateau recovery stress
(determined by averaging the recovery stressesat 46d 104 s™1).

describe the behaviour of the quenched morphology o& simultaneous transition that increases the strain level
material C. This model assumes that there is a singlef the material. The master curve and fitted curve are
rate controlling process; several entities cross an ershown in Fig. 16. The amount by which the separate
ergy barrier simultaneously to increase the strain of the/ T curves are shifted to produce the master curve
material. In the strain rate range between the two yieldallows us to derive an activation energy from the process
points the model reduces to a spring (which carries théom Equation 6 (from [3]).

“recovery” stress), in parallel with a spring and dashpot
(which carries the “effective” stress). To model the be- nQ/1 1 7
haviour it is necessary to determine the effective stress (7)
acting upon the weak dashpot over a range of temper-

atures and strain rates. The temperatures used in thiWherear is the shift factor for the curve) andk are
work were 20, 50 and 70C, and the recovery stress as aboveQ is the activation energy anl andT, are
versus strain rate graphs are shown in Figs 13 to 18he temperature of the test data and the temperature of
The dotted lines represent estimated values of the re¢he master curve respectively.

covery stress, since at high strain rates the cross head The results obtained for fitting this model to the ef-
tends to overshoot the desired stop position, and théective stress data determined from Figs 13 to 15, and
control algorithms on the electronics then cause it towith the valuen constrained to be greater than 2 are
oscillate up and down with decreasing amplitude untilshown in Fig. 16 and Table V, where they are compared
the desired stop position has been reached. This effetd results from Brookt al (wheren was also con-
made the point at which the recovery stress equalledtrained to be greater than 2), and Fotheringham and
the test stress hard to detect. The resulting effectiv€herry. As can be seen the activation energies for ma-
stress results are divided by the temperature at whicterials B and C using this constraint are very similar,
they were obtained so that a unified plobgf T versus  suggesting that the mechanism involved in both cases
strain rate could be produced. Thg/T curves were is the same. There is also reasonably good agreement
then shifted horizontally by eye by differing amounts between the values afandK+ for: C from this work; B

for each temperature, lagr to give the best superpo-

sition and so produce a master curve, to which EquaragLe v comparison of results obtained by different workers

tion 5, from [3], was fitted. on the quenched morphologies of three different materials using the
Fotheringham and Cherry analysis

2T sinht AN (6) c B (Brooks) LPE (F and C)
O = —_—
MEAVE Kt
V* (A3) 151 480 570
Hereoeis the effective stresk,s Boltzmann’'s constant, nQ (kJ mor?) 38.5 51.5 —
V* is the activation volumeT is the temperature of ?g(kJ 1y 12-24 12-34 31
. . , s mo , . _
the master curves is the strain rateKr is a fitting Kr P P 0.127

constant anch is the average number of units making
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Figure 14 Recovery stress data for the quenched morphology of grade C°&,5R applied stressY recovery stress, --- plateau recovery stress
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Figure 15 Recovery stress data for the quenched morphology of grade C°&,7R applied stressY recovery stress, --- plateau recovery stress
(determined by averaging the recovery stress betweehd6d 103 s~1).

from Brooks; and a linear polyethylene from the work chosen because as stated earlier long term experiments

of Fotheringham and Cherry. had not detected any plateau creep at this stress level.
However this is not the only fit that can be achievedAgain the parameters are different.
using this model. Allthese fits were achieved by using a simple and un-

If the constraint on the value of is removed then sophisticated least squares technique, where the sum of
the fit shown in Fig. 17 is achieved. As can be seen thé¢he differences between the calculated value and the ac-
parameters change markedly. tual value at each data point was minimised. All three

Also the “recovery” stress does not need to be basefits seem equally valid in that they produce approxi-
on the transient stress dip tests. Fig. 18 shows a fitnately the same value for the minimised sum, more ex-
achieved to the plateau creep data, but with a fixed “retensive data and more sophisticated fitting procedures
covery” stress set arbitrarily at 8 MPa. This level wasare needed to pursue this comparison further.
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5. Reconciling the differences between

the two models

and hence we would expect relatively similar activation
parameters from both approaches.

The existence of a unique relationship between stress, Whilst several fits are available for the Fotheringham
strain and strain rate would imply that both modelsand Cherry approach, the valuerof is uniquely de-
could be used to describe the behaviour of the materiatermined from the shift factor used to form the master
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curve. Hence the activation energy is always consider- Firstly we are dealing with uniaxial homogeneous
ably less than the activation energy derived by the twdensile deformation only. It has not yet been established
process model. This low energy is not easy to interpretthat a unique relationship exists between stress, strain
whereas the activation energy derived from the two proand strain rate in other loading states (e.g. multi axial
cess model is in the region of the c-shear activation enloading) and of course any such relationship would be
ergy measured in dynamic/mechanical studies [12, 13lexpected to differ between loading states. Secondly it
The two process formulation also produces only onenust also be stressed that the deformation is homoge-
fit to the data, and does not require any constraintsieous; after the formation of a neck at the second yield
to used during fitting. Whilst the Fotheringham andpoint the deformation in the sample ceases to be ho-
Cherry model produces a good fit to the data, it is unimogeneous. The formation of a neck depends critically
satisfactory that different ways of obtaining a quantita-upon the local stress level in the material. The presence
tive fit produce very different values for the parametersof flaws in the material, whether as defects in the edge
involved. Although the transient stress dip approactof the sample formed during cutting or particulate in-
provides very positive information regarding the yield clusions, act as stress concentrators in the local region.
behaviour, the fact that an arbitrarily chosen constanGiven the unique relationship between stress, strain and
recovery stress can be chosen which still provides astrain rate, the increased stress at a flaw will cause the
acceptable fit shows its limitations. local strain rate to be greater than the bulk strain rate
Also, although it is not presented here, other workof the sample, and hence the strain in the material at
[10] has shown that the Fotheringham and Cherry apthe flaw will reach the strain at which the second yield
proach will not describe the behaviour of the orientedpoint occurs ahead of the rest of the material, and the
material, whilst several authors [5, 6, 10] have showmeck will form at the flaw. By working in compression
that the two process model will quite successfully de-Brookset al. [1] neatly avoided the problem with flaws,
scribe the behaviour of the oriented material. and hence reported higher strain values for the second
Thus we must conclude that the two process modeyield point. It should be noted that during this work
of Wilding and Ward is the better method of describingit was noticeable that the strain at which the second
the behaviour of the behaviour of the isotropic materialyield point occurred was seen to increase consistently
The Fotheringham and Cherry approach is interestingior short periods immediately after the dumbbell cutter
butis unsatisfactory inthat the fitting parameters vary sdhad been sharpened.
considerably depending on what constraints are applied Finally although we know [10] that there is also a
during fitting and how the recovery stress is defined. unique relationship between stress, strain and true strain
rate in these materials in the fully oriented state (after

6. Application of this work to real systems complete propagation of the neck through the mate-

There are several limitations of the work presented heré&al), the activation volume derived from the two pro-
that need to be expressly discussed. cess model is radically different (of the order of 189
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