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A rheological model for epoxy and polyester resins, denoted with the sym-
bol HWKK, has been developed and positively validated for selected lo-
ading programmes. This model describes the first-rank reversible creep of
amorphous thermohardened polymers with good accuracy. The mechani-
cal HWKK model consists of four elements connected in series, formulated
by Hooke, Wilczynski and Kelvin. Constitutive equations of viscoelasticity
for the HWKK model have been formulated, with fractional and normal
exponential functions used as the generating ones. An algorithm for identifi-
cation of the material constants, based on creep experiments of bar samples
uniaxially tensioned, has been developed. The material constants have been
identified for epoxy and polyester resins.
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1. Introduction

Epoxy and polyester resins, belonging to amorphous thermohardened po-
lymers, are widespread in engineering practice, especially in aeronautics, as
matrices of fibre-reinforced laminates. These materials exhibit different creep
properties, first of all dependent on the stress level and temperature. When
the creep of an uniaxially tensioned bar sample is caused by the Heaviside
loading programme, three types of the creep may appear, i.e. the first-rank
creep (with creep velocity decreasing in time), the second-rank creep (steady-
state creep) and the third- rank creep yielding non-linear strains and failure
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(Skrzypek, 1986). The second- and third-rank creep phenomena take place at
high levels of tension stresses and/or high temperatures.

Constitutive equations of viscoelasticity of polymers can be reflected by
mechanical models, composed of the Hooke (H), Kelvin (K), Newton (N) and
Wilezynski (W) elements (Klasztorny et al., 2001). The H, K and N elements
are defined clasically, whereas the W element is a modified Kelvin’s element,
with time-dependent damping properties, described by a Mittag-Leffler’s frac-
tional exponential function. A fractional exponential function, as a generating
function in viscoelasticity of polymers, was originally applied by Rabotnov
(1977). This approach was developed by Wilczyniski (1978), who replaced a
weakly convergent Mittag-Leffler’s series with an integral form.

The nature of viscoelastic behaviour of high-molecular materials was expla-
ined by Ferry (1970). In the short-lasting creep interval (SLC) fast kinks of
molecules are observed, weakly described by single Kelvin’s element. This pro-
cess gradually passes into the long-lasting creep interval (LLC) in which scrolls
of molecules are created. For modelling the first-rank reversible creep in both
intervals, Ferry developed the Hoo K model, composed of a single Hooke’s
element and an infinite number of Kelvin’s elements, connected in series. An
assessment of accuracy of the Hoo K model is difficult, since Ferry did not
analyse directional creep strains in a semi-logarithmic scale, which is necces-
sary to reveal deviation from the HK model. Moreover, Ferry investigated
experimentally a large number of polymers, but not resins.

Wilczyfiski and Klasztorny (2000) modelled the viscoelastic behaviour of
resins with the HW model, separately for the shear and bulk creep, which is
described by 2 elastic and 6 viscoelastic constants. Klasztorny et al. (2001)
developed this model to the HWKN form, described by 2 elastic and 12 vi-
scoelastic constants. However, the validation experiments have not confirmed
either HW or HWKN model.

In practice, laminates work in a linear viscoelastic range. Normal stress
levels (o < 0.3R,,,, where R,, is the tensile strength of a resin) and tempe-
ratures (10°C < T < 30°C) protect the first-rank reversible creep of resins
(Rabotnov, 1977).

2. Constitutive equations of viscoelasticity for resins

On the basis of the creep experiments, Rabotnov (1977) pointed that:

e Resins can be treated as isotropic materials.
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e The linear heredity theory, invariant in time, is very close to reality. This
theory is described by constitutive equations of Volterra’s type.

e The first-rank creep of uniaxially tensioned samples cannot be reflected
by the HK standard model.
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Fig. 1. A simplified scheme illustrating the short-lasting creep (SLC) and the
long-lasting creep (LLC) of unidirectionally tensioned bar samples, made of epoxy
or polyester resin: dotted line — HK model; broken line -~ HWK model; solid
line - HWKK model

The first-rank creep experiments recently performed on uniaxially tensio-
ned bar samples, made of epoxy or polyester resin, realised at Laboratory of
Strength of Materials, Faculty of Mechanical Engineering, Military University
of Technology, Warsaw, pointed that (vide Fig. 1):

e The creep histories can be divided into two intervals, corresponding to
the short-lasting creep (SLC) and the long-lasting creep (LLC).

The SLC creep can be simulated with good accuracy with the Wilezynski
and Kelvin elements, connected in series.

The SLC directional strains, e,.(t), y,(t), are quasi-proportional, with
x — the direction of tension, yz — the plane perpendicular to the z axis.

The LLC creep can be simulated with good accuracy with an additional
Kelvin’s element.

The LLC directional strains, e;4(t), yy(t), are also quasi-proportional.
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These features of the first-rank creep of resins can be reflected by a rheolo-
gical model presented in Fig. 2. This model, denoted with the symbol HWKK,
takes into account the elastic strains (the H element), the SLC viscoelastic
strains (the W and K elements) and the LLC viscoelastic strains (the second
K element).

H E,v
W T“,r
W, Wy SLC
K K1
K Ty @y, @y LLC

Fig. 2. Mechanical scheme of the HWKK rheological model for resins

In a matrix notation, the constitutive equations of linear viscoelasticity,
governing the HWKK model, have the form (cf Wilczynski and Klasztorny,
2000; Klasztorny et al., 2001)

e(t) = S(t) ® o(t) (2.1)
where

€ = col (Emmagyy: Ezzssyzssmzasmy)

0 = col(04z,0yy, 022, 0y, Ogzy Oy) (2.2)
[ Sz Sy Sy 0 0 0 ]
Sz Sy 0 0 0
S _ Sz 0 0 0
o Sz — Sy 0 0
Se — Sy 0
| symm. Sz — Sy |

The symbols used in Eqs (2.1) and (2.2) denote:
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TYZz — an optional cartesian coordinate system

E,0 - time-dependent strain and stress tensors (in the ma-
trix notation)

S(t) — a matrix of time-dependent compliances

Sz(t),Sy(t) — time-dependent directional compliances of an isotropic
material

t — time variable

X ~ convolution operator.

The time-dependent compliances are defined by the formulae

t
Salt) = S2[1 + wan [@1(:5—-19) d@wﬂ/xfg(wc—ﬁ) ]
5

(2.3)
t t
Sy() = S9[1+ wyn qul(t —9) dI + wye f Fy(t —9) dv]
0 0
where
1 v
0_ - 0_ _ 7
% =g W ="E
Py (t) = v2(t) + (1 —v)F1(t) 0<y<1
7 1
() =a [ —ORLEA(E; ) dE a=—
) 1 ™w (2.4)
sin EH
A(E ) = 1
(& ) T — 0<#T
Fi(t) = aeait = — i=12
TKi

TK2 > TW, TK1

The symbols used in Eqs (2.3) and (2.4) have the following physical interpre-
tation:

SO 5’3 — directional elastic compliances

E,v — constants of elasticity of an isotropic material (Young’s
modulus, Poisson’s ratio)

Pq(t) ~ a generating function related to the SLC

&(t), F1(t) -~ fractional and normal exponential functions, related to

SLC
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Fs(t) — a generating function related to LLC (normal expo-
nential function)

Wz, Wyl ~ viscoelastic constants determining the directional
long-lasting compliances, related to the SLC com-
ponent

W2y Wy2 — viscoelastic constants determining the directional
long-lasting compliances, related to the LLC com-
ponent

1 — a fraction defining the elastic-sequence-time distri-
bution A(&; p)

y - afraction defining a linear combination of the func-
tions @(t), F(t)

™w,TK1.TK2 — the elastic-sequence-times (EST) of the viscoelastic

elements of the HWKK model, respectively related
to functions @(t), Fi(t), Fa(t).

3. An algorithm for identification of the material constants
describing the HWKK model

Material constants describing the HWKK model can be estimated from
creep experiments, performed on uniaxially tensioned cylindrical test speci-
mens. A bar sample is tensioned in the z direction, coinciding with the bar
axis. The loading programme for the classical creep is described by the formula

045 (t) = 03, H(t) (3.1)

where o0 is a constant tensioning stress, and H(t) is the Heaviside function.
The remaining components of the stress tensor are equal to zero. Putting Eq.
(3.1) into Eq. (2.1), taking into consideration Eqs (2.2)-(2.4), one derives the

formulae describing the directional creep, i.e.

Ezz(t) = [1 + wz11(t) + wxwz(’f)]fgz
(3:2)

Eyy(t) = [1 + wyr11 () + wy2§02(t)}53y

where

€

0 0_0 __ 0 _ o0 0 __
Eza = Sa”o'a,:.-, = Eo'a:z Eyy = Syo'm: =750
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(s o]

er(t) = 1= [ oA ) d - (1= 7)o" (3.3)
0
@a(t) =1—c”

ant

with 0 < @;(f) < 1,4=1,2, ¢ > 0 and
e, sgy - directional elastic strains

¢1(t),2(t) — creep functions corresponding to the SLC, LLC.
Note that (%), p2(t) € [0;1] and ¢1(t) — 1, @a(t) — 1 for t — co. The

remaining components of the strain tensor satisfy the conditions

€22(t) = €yy(t) Eyz(l) = €42(t) = €4y(t) =0

Introductory numerical tests have pointed out that the approximation of
the directional strain histories with the generating functions @(t), Fy(t), Fa(t)
is very flexible. Assuming the relative deviation of the simulated creep strains
from the experimental results ¢ < 2%, one obtains a large number of sets of
the values of =, p, 7w, Ti1 satisfying this condition, with 0.4 < v < 0.6,
0.4 < p < 0.6. This fact enables one to prefix the parameters «, p at the
average values v = 0.5, p = 0.5 and to estimate the remaining parameters
™w, Tk1 from a non-linear optimisation task.

Summing up, the HWKK rheological model for resins, simulating the first-
rank reversible creep, is described by two elastic constants (F,v) and seven
viscoelastic constants (wg1,wz2, Wyl, Wy2, TW, TK 15 Tk2)-

The elastic constants of a given matrix (epoxy or polyester) are calculated
from well-known simple formulae equivalent to Eqgs (3.3);.2, i.e.

o o
a €
E=-2 v=-H (3.4)
o o
6:‘8.’12 E::[::I:

In the SLC interval ¢o(t) & 0, thus the viscoelastic constants 7y, Tk can
be estimated from the following condition

™
Z |EI$(t3—) - E?,m(tt)[ = min (35)
i=1
where
ti — collocation points, selected quasi-uniformly in a logarith-
mic scale in the interval [0,t'], i =1,...,m
€z2(t;) — the simulated discrete value of the longitudinal strain

et (t;) - the experimental discrete value of this strain.
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Equation (3.5) states the objective function of the non-linear optimisation
task. In order to find the optimal values of the decision variables, Tw, Tk1, a
method of systematic searching has been applied

TW = TW,min ‘}_.?ATW j:0,1,2,.;.,NW
TK1 = TK1,min + EATK1 k=0,1,2,..,Ngi

In each searching step, the relative deviation of the simulated creep curve from
the experimental collocation values is calculated from the formula

- ?;1 |Eww(ti) — €5.,(ti)] _
=T ey 0% (36)

Moreover, in each searching step the constant w;; is updated from the collo-
cation condition at t = t,,, i.e. (vide Eq. (3.2);)

€z (tm) = [l + warp1(tm)lez, = wa (3.7)

The next stage of the identification process is based on the LLC interval,
described by Eq. (3.2)2, now with ¢5(t) # 0. The elastic-sequence-time 72
is estimated from the condition

Z IEEI(tm+é) - E;m(tm+i)| = min (3°8)
i=1

using a method of systematic searching, for
TKZ:‘TKZ,min‘I'kATK?. k:011121'"1NK2
and calculating the relative deviation in the LLC interval, defined as

5o — ?zl Igmm (tm+i) - egm (tm-Jr-i)I
g = T
i=1 IExx (tmﬂ')l

In each searching step the constant w2 is updated from the collocation con-
dition at ¢ = t;4n, i.e. (vide Eq. (3.2)1)

- 100% (3.9)

EEm(tm+n) = [1 + wz191 (bman) + Wx2@2(tm+n)]<€;a: = Wg2 (3.10)

Finally, one calculates the remaining viscoelastic constants from the for-
mulae based on the condition ¢3(t) ~ 0 in the SLC interval, i.e. (vide Eq.

(3.2)2)

Epy(tm) = [1 twyip1(tm)ley, = wypi
w T ! (3.11)

gy(tmin) = [+ wy101(tmin) + wy2p2(tmin)ley, = wy2
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Taking into account the accuracy of the measurements of stresses and
strains (three digits), the following values of the EST increments have been
assumed in the computations

Ay = 0.01 h A1 =0.1h Ato =10 h

4. Identification of the material constants for selected resins

The experiments were performed on the DST 5000 creep machine, located
at the Laboratory of Strength of Materials, Institute of Material Technology
and Applied Mechanics, Military University of Technology, Poland. The di-
rectional strain histories were measured using strain gauges RL 120/10, at a
constant temperature of 18°C. A computer aided measuring track contained
an LC-020-3212 device, allowing registration of the strains with errors smal-
ler than Ae = 0.00007. It gives the relative errors in the longitudinal strains
smaller than 3%. The fundamental sampling frequency was determined by the
following time steps: At = 1 secound for the first 3 minutes; At = 1 minute
for the next 6 hours; At = 30 minuts for next 21 days.

The samples have been made of EPIDIAN 53 epoxy resin and of POLIMAL
109 polyester resin. In order to check the repeatibility of the creep processes,
the experiments were performed on 4 epoxy and 4 polyester samples. The
samples were shaped as cylinders of 60 mm in length and 23 mm in diameter.
The samples were manufactured in accordance with the standard technology
and trained with an introductory loading/unloading process.

In practice, an instant loading of the Heaviside type may cause dynamic
effects and fracture of the samples. In the experiments, the tensioning force
was increasing or decreasing quasi-linearly in the intervals lasting 30 or 15
seconds.

The test samples were tensioned uniaxially (in the z direction), under nor-
mal stress equal to o,, = 0.3R,,, resulting in o, = 15.6 MPa for EPIDIAN 53
epoxy resin and o, = 10.5 MPa for POLIMAL 109 polyester resin.

All registered discrete creep histories were subject to data preprocessing,
containing left- hand cutting, giving the response to Heaviside’s loading pro-
gramme and smoothing, which eliminates random measuring errors. The smo-
othing of the experimental creep histories was performed with the following

simple formula
3

Eitj 1 =4,11,18, ... (4.1)
-3

<.
I

E; =

-3

J
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where &), = €, (tx) or e, = &5, (t). The discrete values of strains on the right
side of Eq. (4.1) correspond to equidistant time points in a natural scale. Hence,
each smoothed creep history contains a set of points decreased by seven times
in comparison with the original creep history. After the data preprocessing,
the directional creep strains were renumbered (7 = 1,2,3,...).

The identification algorithm developed in Section 3 was programmed in
PASCAL, and the following paths were created:

e Data preprocessing of the registered directional strain histories (graphi-
cal visualisation of the original creep histories; left-hand cutting; smo-
othing; graphical visualisation of the smoothed creep histories).

e Elastic and viscoelastic modelling of a resin (calculating F, v; estimating
the viscoelastic constants; graphical visualisatin of viscoelastic Poisson’s
ratio; graphical visualisation of the simulated creep histories, backgro-
unded with the experimental values in the collocation points).

A qualitative assessment of the creep of a given resin can be based on
viscoelastic Poisson’s ratio, defined clasically by the formula

€y (t)
g, (t)

The identification of the material constants was performed for the sam-
ples exhibiting the most regular creep histories. The identified values of the
material constants for the selected resins are collected in Table 1. At these
values the simulated creep histories deviate from the experimental strains in
the collocation points by errors 6, = 0.32%, do = 0.82% for the epoxy, and by
d1 = 0.36%, d2 = 1.13% for the polyester.

Table 1. Material constants of elasticity and viscoelasticity for selected

w(t) = (4.2)

resins
[ Constant [ EPIDIAN 53 [ POLIMAL 109 |
E [GPa] 3.14 4.28
v 0.418 0.363
Wel 0.309 0.793
Wyl 0.350 0.923
mw |h] 2.18 0.84
7K1 [h] 30.5 32.5
Wx2 1.25 1.35
Wy2 1.19 1.87
72 [h] 2060 1930
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Fig. 3. Original experimental directional creep strain histories for EPIDIAN 53
cpoxy. Natural scale
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Fig. 4. Original experimental viscoelastic Poisson’s ratio, related to creep of
EPIDIAN 53 epoxy. Semi-logarithmic scale
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Fig. 5. Smoothed experimental directional creep strain histories for EPIDIAN 53
epoxy. Natural scale
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Fig. 6. Smoothed experimental directional creep strain histories for EPIDIAN 53
epoxy. Semi-logarithmic scale
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The results of viscoelastic modelling for the first examined resin (epoxy),
are presented in Fig.3 + Fig. 7. The original experimental creep histories are
presented in Fig. 3. These histories are affected by random measuring errors
resulting from the apparatus of an older type used in the experiments and
from temperature fluctuations. Figure 4 reflects original experimental discrete
values of Poisson’s ratio 7(t) versus time, in a semi-logarithmic scale. Since
v(t) is quasi-constant, the directional creep histories are quasi-proportional.

0.0080
&(1) /‘/

Exx (1) s

— | lEPIDIAN 53[

0
'-‘-'yy(‘)_
v - L-i-_-_._‘
“"——-—-n._.“._
-0.0035 . .,
-1 0 1 2 3 4 5
logt [min]

Fig. 7. Simulated directional creep strain histories, backgrounded with the
experimental values in the collocation points, for EPIDIAN 53 epoxy

After eliminating random measuring errors, with formula (4.1), one ob-
tains smoothed experimental directional creep histories for the epoxy, in a
natural scale, presented in Fig. 5. In order to expose the deviation of this pro-
cess from the one obtained for the classic HK model (see Fig.1), Figure 6
presents smoothed experimental creep histories in a semi-logarithmic scale.
The simulated directional creep histories for the epoxy, calculated from Egs
(3.2) and backgrounded with a discrete set of the experimental values in the
collocation points, are drawn in Fig. 7.

The results of viscoelastic modelling for the second examined resin (po-
lyester), are presented in Fig. 8 +Fig. 12, in a way analogous to that for the
epoxy.

Final results for both resins (Fig. 7 and Fig. 12) confirm good agreement
of simulated creep histories with the experimental data.
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Fig. 8. Original experimental directional creep strain histories for POLIMAL 109
polyester. Natural scale
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Fig. 9. Original experimental viscoclastic Poisson’s ratio, related to creep of
POLIMAL 109 polyester. Semi-logarithmic scale
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Fig. 10. Smoothed experimental directional creep strain histories for POLIMAL 109
polyester. Natural scale
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Fig. 11. Smoothed experimental directional creep strain histories for POLIMAL 109
polyester. Semi-logarithmic scale



954 M. KLASZTORNY, R. GIELETA

0.0055 //
(1) /
Exx(t PSS POLIMAL 109
) [ |
0
Eyy (1)
‘-_W'_.ﬂ—.q_\_.__'
-\q—‘\"*"*“‘*-\
-0.0025
-1 0 1 2 3 4 5
logt [min]

Fig. 12. Simulated directional creep strain histories, backgrounded with the
experimental values in the collocation points, for POLIMAL 109 polyester

5. Validation of the HWKK model

The application of the HWKK model into engineering practice must be
preceded with validation performed for selected loading programmes. In this
study, two pulsating loading programmes have been applied.

au() b t,4=45s
tp=064min15s
ot ¥ ¥ t-=128min30s
- tp=192min15s
A=30s
T=256min
L . i . le . Ip o T -

t [min]

Fig. 13. Loading programme for validation of the HWKK model for EPIDIAN 53
epoxy

Epozy resin (EPIDIAN 53)

The loading programme is presented in Fig. 13. This programme consists
of two trapezoidal loading inervals and two unloading intervals, each lasting
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60 minutes. The loading programme is described by the formulae

(0 t(—:[O,tA]U(tB+A,tc]U(tD+A,T]
opom te (ta+ A tplU (tc + A, tp]
1
-Z g (t—ta) tE(tA,tA-l—A]

Oue(t) =4 7

am{——t—@] te (tg,tp + 4]
1
A mm(t_t(;') te (tC:tC+A]

| 0%[1- 4(t—tp)] te (tptp+ Al

(5.1)

where 02, = 15.6 MPa, A = 30s, T' = 256 min.
The directional viscoelastic strains are simulated directly from Eqgs (2.1),
le.

Exx(t) = S:B(t) ®U-'r:r(t) =

= Spl02a(t) + weryA(t) + wei (1 — 7)A1(2) + wa2A2(t)]
(5.2)

Eyy(t) = Sy(t) ® o2(t) =
= S;[O':sa:(t) + wyl’}’)‘(t) + wyl(l - 7))\1 (t) + wy2)‘2(t)]

where

) = Of B(t — 0) 740 (0) d
(5.3)

,\(t)_]F 9)02a (9) 49 i=1,2

Integrals (5.3) were calculated numerically, using the simplest one-point Gauss
quadrature. For the first integral one obtains

N
thjN—{—l—igwm,i or

N
Mitw) = f Bty — D)oge(9) dd = { =] (5.4)
0 hz POz, N+1—i
i=1

with @; = @(ti — h/?), Ozzi = Oz (ti — h/?), t; = ih, h = A9.
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Fig. 14. Original experimental directional strain histories for EPIDIAN 53 epoxy, for
the loading programme shown in Fig. 13

0.0055 ’—_____,__, "‘____,_=
&(t)
‘—.__‘________ "h-\__.____‘__
0 — ——
Eyy (1)
-0.0025 —————— B —
0 . 256
{ [min]

Fig. 15. Simulated directional strain histories for EPIDIAN 53 epoxy, for the loading
programme shown in Fig. 13
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The experimental original discrete creep histories, induced by the loading
programme given in Fig. 13, are plotted in Fig. 14. Measuring errors, resulting
from both the measuring apparatus and the temperature fluctuations, are
observed. The simulated creep histories, calculated from Eqs (5.2) for the
values of material constants taken from Table 1, are presented in Fig. 15. These
results, coinciding with the experimental data with good accuracy, positively

validate the HWKK model.

Polyester resin (POLIMAL 109)

The loading programme for the polyester specimens is shown in Fig. 16.
In this case, the prediction of the viscoelastic directional strains can be done
directly from the Boltzmann superposition rule, i.e.

Exa(t) = [fz(t) — fo(t —ta)H(t —ta) + fo(t —ta —tB)H(t —ta —tB)les,
(5.5)
eyy(t) = [fy(t) = fy(t —ta)H(t —ta) + fy(t —ta —tB)H(t — ta — tB)ley,

with

fo(t) = 14 we11(t) + weapa(t)
(5.6)

fy(t) = L+ wyipr(t) + wyopa(t)
Three jumps at ¢ = 0min, ¢ = 30000 min and ¢ = 60000 min were distributed

quasi-linearly in the intervals of 15 seconds. This effect has been neglected in
the computations, according to Egs (5.5).

ENOY!
ad .
’ {4=30000min
t3=60000min
T'=90000min
=
0 fa ‘s r t [min]

Fig. 16. Loading programme for validation of the HWKK model for POLIMAL 109
polyester

The experimental original discrete creep histories, induced by the loading
programme given in Fig. 16, are plotted in Fig. 17. Measuring errors, resulting
from both the measuring apparatus and the temperature fluctuations, are
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Fig. 17. Original experimental directional strain histories for POLIMAL 109
polyester, for the loading programme shown in Fig. 16
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Fig. 18. Simulated directional strain histories for POLIMAL 109 polyester, for the
loading programme shown in Fig. 16
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also observed. The simulated creep histories, calculated from Eqs (5.5) for
the values of material constants taken from Table 1, are shown in Fig. 18.
These results, coinciding with the experimental data with good accuracy, also
positively validate the HWKK model.

6. General conclusions

The HWKK rheological model for resins, epoxy and polyester, describes
the first-rank reversible creep with good accuracy, acceptable in engineering
practice. In authors’ opinion, a number of the material constants (2 elastic
and 7 viscoelastic constants) is minimal in the problem undertaken. Each con-
stant has clear physical interpretation. The HWKK model has been positively
validated in selected tests.

The creep experiments have been performed on 4 bar samples for each
resin. Acceptable repeatability of the directional strain histories has been con-
firmed. However, the total creep time (500 h) has appeared too short, for both
resins, to estimate with high accuracy the viscoelastic constants desribing the
LLC interval.

Smoothing formula (4.1) is very effective for nearly total elimination of
the measuring errors. The identification algorithm is also very effective and
provides synonymous solutions.

The generating functions describing the HWKK model yield fully analyti-
cal formulae for the so-called complex compliances of a resin used as a matrix in
fibre-reinforced composites. It permits the incorporation of the HWKK model
into fully analytical modelling of such composites (Klasztorny and Wilczynski,
2002).
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Model reologiczny HWKK dla zywic

Streszczenie

Opracowano nowy model reologiczny zywicy epoksydowej i poliestrowej, oznaczo-
ny symbolem HWKK. Przeprowadzono walidacj¢ tego modelu dla wybranych pro-
graméw obciazenia, uzyskujac pozytywne wyniki. Model HWKK opisuje z dobra
dokladnoscig pelzanie pierwszorzedowe odwracalne polimeréw amorficznych termo-
utwardzalnych. Model ten jest odwzorowany przez cztery elementy mechaniczne po-
taczone szeregowo typu Hooke’a, Wilczynskiego i Kelvina.

Sformulowana réwnania konstytutywne lepkosrezystosci i modelu HWKK stosujac
jako funkcje tworzace jedng funkcje wyktadnicza utamkows oraz dwie funkeje wyktad-
nicze zwykle. Opracowano algorytm identyfikacji stalych materialowych opisujacych
model HWKK, bazujacy na eksperymentach pelzania prébek pretowych rozcigganych
osiowo. Stale te zidentyfikowano dla zywicy epoksydowej i poliestrowe;.
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