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Abstract

The deformation mechanism map is a means c; representing the predominant
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mechanism of deformation within a material over a range of deformation conditions.
This paper infroduces a computer program which utilizes a numbér of theoretical
models of deformation within amorphous polymers to identify "fields” within extension
rate ~— tarperature space where particular deformation mechanisms operate. The
program is able to delineate these ﬁelds using borders and include isobars lo indicate
stress levels. Very good correlation is seen between the compuiter generated mechanism

map and cxpemnental results for PVC.

Whilst in its present form the program is restricied to amorphous isotropic polymers,
it can readily be extended to incorporate semicrystalline polymers or composites, as

suitable deformation models become available.
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: A Computer Program for Generating
| Deformation Mechanism Maps for
Polymers

[

1. Introduction

The deformation mechanism map is a means of representing the predominant
‘ ' mechanism of deformation within a material over a.range of deformation

' conditions, Mechanism maps have been developed to describe creep behaviour
in crystalline materials such a5 metals and ceramics (1, 2], and more recently to
describe deformation within polymers [3-5], The program described here
identifies "fields” within extension rate-temperature space where particular
deformation mechanisms operate. This program delineates these mechanism
fields using borders, and includes isobars to indicate stress levels,

The program utilizes both theoretical and semi-empirical models of
deformation behaviour, and while in its present form it is restricted fo
amorphous isotropic polymers, it can be readily extended to incorporate other
polymers, for example semi-crystalline, when suitable deformation models
become available,

The success of a program such as this one can be measured by its ability to
simulate a purely empirical map constructed from experimental test data. The
deformation mechanism map generated by this program for PVC will be seen to
be in very good accord with experimental data in both the prediction of
deformation mechanisms and the associated stress levels. This program has
been used subsequently as a basis for generating mechanism maps by Edward
and co-workers 3, 5],
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2. Operation of the Program

Basically, the program contains a nuimber of subroutines which comprise
expressions, derived from theoties déscribing deforiation within polymers by
different meéchanisims, which relate thé stress necéssary for 6peration of each
mechanism to the éxtension; rate of éxtenision, temperature and other matérial
propérties. At éach value of these parameters within the exténsion rate-
température space of interest; the computer cai féadily calculate the mechanism
which requires the least stress and indicate this on a map. A éomputer flow
chart describing the major features of the  program is shown in Figure 1,
However, since the modulus of & polymer is.ordinarily dependent on both
timé and temperature it is necessary to first modél these dependencxes 80 that
approprlate ‘values ¢an be used in thosé equations which requlre modulus data,
This program accepts'a relaxation spectrum consistinig of up to'5-discréte sets of
relaxdtion times and strengths. For.the preseiit example these relaxation-times
and strengths are chosén empirically t5 model the known time déperidence of a
particular modulus. The temperature dependence then follows from assuming
that the relaxation times obey the Williams, Landel, Ferry (WLF) equation [6, 7].

2,1 Mechanisms of Deformation

A convenient temperature reference point for polymers is their glass transition
temperature since different mechanisms dominate above and below this
temperature,  As there is far less known about the deformation of polymers
than say metals, there are consequently only few theoretical models for
deformation mechanisms within polymers. This program is therefore restricted
to those few fundamental models which are reasonably well established,
namely: viscoelasticity, rubber elasticity (T > Tg), Argon plasticity (T < Tg) and
Newtonian viscosity (T > Tg).

2.1.1 Rubber Elasticity, T > Tg

A model which incorporates the strain raté dependence of rubber elastic
behaviour has been developed [8, 9] through consideration of effective
crosslinks (molecular entanglements) within a polymer and the thérmally
activated slipping of a mulecule through such a restriction. The stress required
to achieve an elongation, A, at a constant elorigation rate, 4, is given by [8, 9]

O, = NkT exp (Q/KT) (A /A)™

where N, Q and m are material constants.
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Dimension Varlables

Determine Axis
Farameters

Generate Inpyt
Data Table

Genorate Shear
Modulus  Curves

. Initisfize The
Map Matrix

Determine Minimum
Stress Mechanism

Generate Stress
Matrix

Yos
Set Up Map
Ml((lxleluo
Assign Map Matrix
Borders & Contours
Generate The Map

Figure 1:  Computer flow chart outlining the basic operation of the program,
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212 Viscoelasticity, All T

'By spedfymg a-timé, dnd théréfore témperature; dépéndent modulus of

elasticity; a mechanism of deformahon is necessarily’ unphed 'I'hxs bemg
viscoélasticity. ‘To calcalate the stréss suppotied by this deformatlon
mechanisnvit is necessary to subshtuhe the iodulus ifto the Bolizmani
superposition €quation and evaluaté this for a constant élongation rate (for
sthall éxtenisions). .

The relevant équation is

t
o, = h/A [ G(t-s5)ds

where G(f) is determined through substitution of the relaxation spectrum,

2.1.3 Argon Plasticity, T < Tg

This mechanism, proposed by Argon [10]; involves the local rotation of
molecular segments towards alignment.with the tensile axis, This is achieved,
according to Argon, through th': introduction of kink pairs along the molecule
which enable it to partially "unfold" and extend further in the tensile direction,
The stress required for this mechanism to operate may be represented by {10]

o, = ,G(1 - kT In(h, /M)

2.14 Newtonian Viscosity, T > Tg

At sufficiently warm temperatures or long times the molecules within a
polymer may to some extent disentangle themselves by sliding past one another
in a process termed "reptation” [11]. This form of deforniation is termed
visoous flow and depends on teriperature through the viscosity term y(T),

Van Krevelen {12] has shown that rélaxation times associated with the
temperature dependence of 1 obey the WLF equation for T¢<T<12Tg and
an Arrhenius activation energy law for T > 1.2 Tg. The stress can be written in
terms of the extension rate as follows [12]

ay = AAM(T)/3)
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2.2 Inpiit Data

Theprogrammqmresthatadata ﬁlebecreatedmaparﬂcularfom\atsothat
maerial propertiés can be read in along with specific data accordmg to the
reqmnements of the individual méthanism. models: When adata value is not
mquimd for. the mechanism of intemt, ie. modulus relaxaﬁon timm for a
crystalline phas when consxdenng an’ amorphous polymer suitable vahies.

shouild bé subshlahed in the input data iri the appropriate format (for example,
0.0 or 1.00E+00).

221 Genéral Data

Data which are general to the mechanism models but specific to the.particilar
polymer inclisdes modulus data (both- shear and Young’s) in both the relaxed
and unrelaxed state (including a spectrum of relaxation times and stxengths and
whether the modulus cbeys an activation energy law or the WLF equation), the

polymer melt and glass transition temperatures, and the percentage crystallinity
for a semi-crystalline polymer.

2.2.2 Mechanism Specific Data

Also required for the program is data that are essential to the calculations
performed for each deformation mechanism. This information includes such
data as the activation energies for specific events, separation betwéen molecular
kinks, molecular radius and molecular frequency requhved for Argon plasticity
and the glass transition temperatiré viscosity for Newtonian viscosity.

Examples of input data for PMMA, PVC, PET and PC are included in
Appendix 1.

2.3 Output Data and Maps

The program is capable of listing all the input data in table form, graphing the
variation of the moduli with both time and deformation temperature, creating a
table showing the stress required by each deformation mechanism to operate at
each deformation temperature, and producing the final mechanism map
showing dominant mechanisms, boundaries between mechanisms and stress
isobars in extension rate-temperature space. An example of computer
generated moduli plots and mechanism maps for PMMA are shown in
Appendix 2.
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3. -Cotrélation. of Deformation Maps. with,
‘Empirical -Results

An empincal”defoxmauon Indp can be constructed by éxamining, experimental
data-and empmmlly deducmg which defom\ation méchanism is fost hkely
opérating and.noting the extension, extension rate; stress and temperatuxe
vahies for. which this.odcurs; Plotting this‘ ix;fonnation on a map.of extension-
rate against temperature (nom\alized with xespect to the glass transihon
température) genératés an empu'lcal mechamsm map which-caiv be compared
with that predictéd by the computer program. A ‘comparison of Figures 2 f
and:3 shows reasonable agneement ‘betwéen the empirical and theoretical maps P
«nd gives some conﬁdence in‘the use of the theorétical maps to prediét poH
i
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Figure 2: Empirical deformation mechanism map showing experimental data points, !
the Jogarithmic stress levels associated with these data points (e.g. 5 = 10° Pa, with i
solid lirie3 representing boundaries for order of magnitude stress increases) and the
border between mechanism fields (#). Reproduced from reference [3).
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figure 3: Theoretical deformation mechanism map showing logarithmic stress levels
(e.g. 4 = 10* Pa, and solid lines represent boundaries for order of magnitude stress
increases) and the border between mechanism fields {#), Reproduced from

reference (3],

4. Conclusion

A program has been presented that is based on various theoretical models for
polymer deformation and is able to deduice which of the mechanisms proposed
by the deformation models is most likely to operate at any given combination
of extension rate and temperature. The program then generates a deformation
mechanism map in extension rate temperature space indicatirig the fields in
which each mechanism dominates and the stréss levels at which these
mechanisms operate.

The deformation mechanism map so produced for PVC is seen to closely
resemble a similar map deduced solely from experimental observations giving
some confidence in the predictive capabilities of the program.

n

B v ]

A

o N

v e s

i
é
: %
o

okt e
[

[EENSTERNT I SN




O A e

R e v ARG

e T T

e

T

o W
s s s T A P b IR S
B N i R

. b .
P M<,M\.ﬁw-.-.~m& “

et o e et R e AT

o ——— s

o bt e Y

B N

. e

- ——

AR AR P o 512 W g ot

5. Acknowledgements

The author i grateful for the assistancé provided by Dr GH. Edward of
Monash Univetsity and for the artwork prépared by Mr Pat McCarthy of MRL.

7

10.

6. References

Ashby, ME. (1972).
Acta Metalluigica, 20, 887.

Frost, H.J. and -Ashby, M.F, (1982).
Déformation mechanism maps, Pergamon Press,
Edward, G.H. (1986).

Deformation mechanism maps for polymeric solids. Presented at 15th
Australian Polymer Symposium, February 9-13, p. 30.

Gilbert, D.G,, Ashby, M.F. and Beaumont, PW.R. (1986).

Modulus maps for amorphous polymers. Journal of Materials Science, 21,
3194-3210.

Edward, G.H. and Glen, RM. (1988).

Deformation mechanism maps for poly(methyl methacrylate} and
polycarbonate., Maferials Forum, 13, 117-132,

Ward, LM. (1971).

Mechanical properties of solid polymers, Ch. 7. New York:
Wiley-Interscience.

Perry, J.D. (1961).
Viscoelastic properties of polymers, Chl, 11.  New York: Wiley.

O’Donnel], R.G. and Edward, G H. (1986).

Entanglement tightening and stress relaxation. British Polymer Journal, 18,
83-87.

Edward, G.H. and O'Donnell, RG. (1986).

Relaxations in lightly crosslinked polymers. Journal of Materials Science,
21, 958-964.

Argon, AS. (1973),

A theory for the low-temperature plastic deformation of glassy polymers.
Philosophical Magazine, 28, 839-865.

12

10 AT

- —————————— e

e e s e el BT B

Pt ey s

7
1
¥
1

A M s T 7

PR

- -
e




;—on, e

.

L e

Y

ey

MR N g B R e e T

Pyl

KX “/
B R o o . e
B
11.  DiGérines, PG. (1971). §
Reptation'of a polymer chain in the piesenée of fixed obstacles, ]ournal of |
Chemical- Phys:cs, 58, 572=579, i
I
N N ¢
12.  Van Krevelen, D.W, (1976). '
Properties of polymers, Ch. 15, Amsterdam: Elsevier. ‘ o
i
I
'
; !
7. Nomenclature ?
A elongation
A elongation rate
T temperature
k Boltzmann's constant
N number
Q activation energy for entanglement slipping ‘
m strain rate sensitivity :
G shear modulus ;
t time )
n viscosity
C. G constants
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Appendix 1

Computer input data for a number 6f common polymers sourced from

experiment and the quoted references. The terminology used is fully described

in the computer program.
Polymethylmethacrylate (FMMA)
SHMOD U,R, @ NLNKSR 1,108+09 5.00E+05 1.25B+21
MOD U,R @ XINTY 3,20E+09 1.50B406 0.00E+01
SHMOD UC,RC & PHI 4,30E+409 1.508+09 0.30E+00
YMOD UC,RC & PSI 9,00E+09 4.508+09 0,20B+00
GHE1, WECRIT, KHI 5.208+02 9.,00B-02 0.50E+00
LOG (RELXN.TIMES)AMOR  =1,00 0,00 1.00 0.00 0.00
LOG {RELXN. TIMES) CRYS 0,00 0.00 0.00 -3.87 -2.81
RETAXN.STRGTH(AMOR)  0,25B+00  0,50E+00  0,25E400  0,00B+00  0.00E+00
RELAXN.STRGTH(CRYS)  0.00E+00  0.00E+00  0.G0E400  0,60B+00  9,40E+00
ACT.ENERGIES (AMOR)  0.00E-03  0.00B-20  0,Q0E~00  0,00E-00  0.00E~09
ACT.ENERGIES{CRYS)  0.00B-00 0.00E-00  0,00E-00 1.25B~19  1.25B~39
OBBYS Q OR WLF (AM) 1.0 1.0 1.0 1.0 1.0
OBEYS Q OR WLF(CR) 2.0 2.0 2.0 2.0 2.0
TMELT (K) , TGLASS (K) TREF 4,50E+02 3,78E+02 3.93E+02
EACT1,EMM1, ENNI 5,60E-20 1.30E-01 0.00E+00
KNKSEP, MOLRAD, MOLPBN 2,858-09 2.858-10 1.002+00
OMEGA, MOLFRQ, VOLDNS 5, 60E+00 1.80B+11 2.00E+28
VACT1, KKSRT, KINTST 2.0E-16 6.0 1.20E-23
ETATG, ETAACT, GHE2 1.00E+03 5.008-21 0.00E-00
Plasticized Polyvinylchloride (PVC)
SHMOD U,R, @ NuNKSR 1.00E409 7.00E+05 1.258+421
YMOD U,R @ XLNTY 3.00E+09 7.00E+05 3.00E+01
SHMOD UC,RC & PHI 3.30E+09 7.00E+07 3.00E-01
YMOD UC,RC & PSI 9,90E+09 7.00E+07 3.00E-01
GHE1, GHE2, KHI 1.008-01 2.00E-02 5,00E-01
LOG (RELXN. TIMES) AMOR -5.0 -2.0 -1.0 0.0 1.0
LOG (RELXN. TIMES) CRYS -2.0 -3.0 -4.0 5.0 6.0
RELAXN.STRGTH{AMOR) ~ 0.50E+00  0.50E+00  0.00E00  0,00E+00  0.00E+00
RELAXN.STRGTH{CRYS) ~ 0.30R+00  0,20E+00  0.S0E+00  0,60E+00  0.00E+00
ACT.ENERGIBS(AMOR)  1.50B-19  1.60E-20 1.00B-10  0.00E-00  1,50E-19
ACT.ENERGIES(CRYS)  1.00B-01 3.10E-18  3,20B-19 1.25E-19  3.30B-20
OBEYS Q OR WLF (AM) 1.0 1.0 1.0 1.0 1.0
OBEYS Q OR WLF(CR) 2.0 1.0 1.0 2.0 2.0
TMELT (K) , TGLASS (K) TREF 5.00E+02 2.708+02 3,00E+02
EACT1,EMM1, ENNL 5.60E-20 1,30E-01 0.002400
KNKSEP, MOLRAD, MOLPBN 2.85E-09 2,85E-10 1,00E+00
OMEGA, MOLFRQ, VOLDNS 5.60E+00 1,80E+11 2.00E+28
VACTI, KKSRT, KINTST 2.00E-16 6,00E+00 1.20E-23
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Polyethylene terephthalate (PET)

SHMOD U;R, @ ‘NLNKSR 1.10E+09 7.00E+05 1.258+421
YMOD U,R 8 XLNTY _ 3.00E#09 7.00B+05 3.008+01
.LOG (RELXN; TIMES) AMOR ~3:0 =2,0 -1.0 0.0 1.0
LOG (RELXN: TIMES) CRYS 2,0 3.0 4.0 . 5.0 6.0
RELAXN:STRGTH(AMOR)  0.50E+00  0.S0B+00  0.00B+00 0.00E+00  0,00B+00
RELAXN.SIRGTH(CRYS) 0.00E+00 0.00E+00  0.00E+00  0:00E+00  0,00E+00
ACT.ENERGIES (AMOR}  1.50E519  1.60E=20 1.00BE-10 1.50E-15 1,502~19
ACT,ENERGIES(CRYS)  1.00E-01  3.10E-18 3.20E-19 3,00E-18  3,30E-20
OBEYS Q OR WLF (AM) 1.0 1.0 1.0 1.0 1.0
OBEYS Q OR WLF{CR) 2.0 1.0 1.0 2.0 2.0
TMELT (K) , TGLASS (K) FREQG 5.458+02 3.45E402 1,00E400
EACT1,EMM1,ENNL 5,60E-20 1.308-01 0.00E+00
KNKSEP, MOLRAD, MOLPBN 2.85E-09 2.858~10 1,00E+00
OMEGA, MOLFRQ, VOLONS 5.60E+00 1.80E+11 2.00E+28
VACT1,KKSRT, KINTST 2.00E-16 6.0 1.20E-23
Polycarbonate (PC)

SHMOD U,R, @ NLNKSR 1,10E+09 7.00B+05 1.25B+21
YMOD U,R 4 XLNTY 3.12E+09 7.00E+05 3,008+01
LOG {RELXN, TIMES) AMOR =3.0 -2.0 -1.0 0.0 1.0
LOG (RELXN. TIMES) CRYS 2.0 3.0 4.0 5.0 6,0
RELAXN,STRGTH({AMOR)  0.SOE+00  0,50E+00  0.00E+C9  0.00E+00  0,00E+00
RELAXN.STRGTH(CRYS)  0.00E+00  0.00B+00  0.00B+00 0,00B+00  0.00E+00
ACT.ENERGIES (AMOR)  1.50E-19  1,608-20 1.00B-10 1.50B-15 1.50E-19
ACT.ENERGIES (CRYS) 1,00B-01  3.10E-18  3.20B-19  3.00E-18  3,30B-20
OBEYS Q OR WLF (AM) 1.0 1.0 1.0 1.0 1.0
OBEY¥S Q OR WLF(CR) 2.0 1.0 1.0 2.0 2.0
TMELT (K) , TGLASS (K) FREQG 5.008+02 3,00E+02 1.00E+00
EACT1, EMM}, ENNY 5.60E~20 1.308-01 0.00E+00
KNKSEP, MOLRAD, MOLPBN 2.858-09 2.85E~10 1.00B+00
OMEGA, MOLFRQ, VOLDNS 5.60E+00 1.80B411 2,008+28
VACT1, KKSRT, KINTST Z.00B-16 6.0 1.208-23
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Appendix 2

Computer generated plots of shear modulus (G) and Poissons ratio (P) versus
(i) normalized temperature (T/Tg) and (i) time; and computer generated
mechanism maps showing the operation of viscoelasticity (V), rubber
elasticity (E), Argon plasticity (A) and Newtonian viscosity (N} within PMMA
over extension rate - temperature for increasing values of extension (A).
Asterisks (*) represent borders between mechanisms and crosses (X)
interspersed with numerals represent order of magnitude increases in stress
magnitude, i.e. 3 = 10° Pa.
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