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Cyclic tensile creep behaviour of cellulose nitrate
and evaluation of constitutive equations

T. NISHITANI, M. TSUJI, H. OGURA
Department of Applied Mechanics, Suzuka College of Technology, Suzuka, 510-02, Japan

The cyclic creep behaviour under axial tension was quantitatively investigated using non-linear
viscoelastic cellulose nitrate heated at 65 °C. The instantaneous strains at the instants of loading
and unloading for three creep cycles and the creep strain rates during the three creep cycles were
found to be influenced by the cycle numbers. However, the effect of the cycle number on the
loading process was quite different from that on the unloading process in the cyclic creep
deformation. The evaluation of the creep constitutive equations for the loading and unloading
processes at one loading cycle deduced in the previous papers is discussed for the cyclic creep
deformation. The deduced creep equations give good agreement with the actual observations for

the three creep cycles independent of the cycle numbers and of the creep stress levels.

1. Introduction

In previous papers [1, 2], the creep behaviour under
various combinations of superimposed tensile and
hydrostatic loading were investigated using non-linear
viscoelastic cellulose nitrate for the loading and un-
loading, respectively. Ordinary creep investigations
are concerned with the loading or unloading process
at only one loading cycle [1-5]. The deformation
behaviour under cyclic creep may be different from
that under the one loading cycle. In particular, the
effect of the cycle number on creep behaviour in the
loading process may be different from that in the
unloading process.

In this work, the cyclic creep behaviour under axial
tension was quantitatively investigated using the same
non-linear viscoelastic cellulose nitrate heated at 65°C
as used in the previous papers [1, 2] for three creep
cycles with various creep stress levels. The instant-
aneous strains at the instants of loading and unload-
ing for each creep cycle and the creep strain-rates
during the loading and unloading processes are dis-
cussed for the three creep cycles. The evaluation of the
creep constitutive equations for the loading and un-
loading processes deduced in the previous papers [1,
2] is discussed for the cyclic creep deformation. The
deduced creep constitutive equations give good agree-
ment with the actual observations for the three creep
cycles, independent of the cycle numbers and of the
creep levels.

2. Constitutive equations for cyclic
creep

2.1. Loading process

The principle of deducing the creep constitutive equa-
tion for the loading process of cyclic creep is the same
as that in the previous paper [1]. In the present paper,
axial tensile stress, o (o, = 03 =0), is applied to
a uniaxial specimen. When the principal stress differ-

6770

ence is denoted by Ao = o — 5, the creep strain
rate for principal strains is proposed to be [1]

Aé, = B(t + sFAcexp[(/3V)Ac] (1)

where ¢t and s denote current time and material con-
stant time, Aa is the principal stress difference, and B,
o and b are material constants. On the other hand, the
instantaneous elastic-plastic strain for principal
strains was expressed as [1]

Agy, = ﬁz\g[l + (Ao/3'2k)*"] (2)

where G, k and n are material constants. When it is
necessary to calculate the total creep strain, Ag,, the
following procedure is adopted. Time is subdivided
into small intervals, 0 —=ty, t; —1t,, ...
tm» .-, t, in which the magnitude Aé. may be con-
sidered to be approximately constant. For example,
Ag,(t,) at arbitrary time ¢, in the period t,,_; — t,, is
approximated as [1]

AEc(tm) = Asc(tmﬁl) + Aéc(tm—l)(tm - tm*l)
3)

The original point of the second creep cycle corres-
ponds to the final instant of the unloading process of
the 1st cycle as shown in Fig. 1, and the original point
of the second creep cycle is considered as t = 0. The
original point of the third creep cycle is also con-
sidered as t = 0 as shown in Fig. 1. Hence, the consti-
tutive Equations 1 and 2 may be appropriate to the
loading processes of the second and third creep cycles.

The material constants in Equations 1 and 2 depend
on the cycle numbers as shown in Section 5.

s tm—l -

2.2. Unloading process

The unloading process for each cycle begins at the last
instant t = t, of the loading process, as shown in
Fig. 1, and is considered as a new loading process
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Figure 1 Schematic representation of creep relations for three creep cycles. (@) Original point of each creep cycle.

beginning at the instant t = ¢, [2]. The axes of the
unloading process as shown in Fig. 1 of the previous
paper [2] are directed in opposite directions to those
of the preceding loading process. Parameters corres-
ponding to the unloading co-ordinate are distin-
guished by the bar over the symbols [2]. In the
non-linear viscoelastic deformation of the unloading
process, as the instantaneous plastic strain is negli-
gible, the strain, Ag, in the unloading process is pro-
posed to comnsist of the three parts [2], namely, an
instantaneous elastic part, Agy, a recovery creep part,
Ag,, and an additional creep part, Ag,, as shown in
Fig. 1 of the previous paper [2]. As the additional
creep strain continues to appear in the early stage of
the unloading process for the operating load, even in
the unloading process, this deformation should also be
taken into account [2]. The creep strain rate for prin-
cipal strains in the unloading process was proposed by
using the same concepts as used in the loading process

[L, 2]
AR, = AE, — AE,
— D( + 5PAGexp[(d/31?)A5]
B'(t + sf*Acexp[(b/3'?)Ac] 4)

|

where the second term on the right-hand side corres-
ponds to the additional creep strain-rate, Ag,.
t=t—1t,, ACc = Ao, — Ao, and Ao, corresponds to
the value of Ao at time t,. D, f, d, B" are material
constants in the unloading process. However, when
the load Ao is removed suddenly at the beginning of
unloading process, as shown in Fig. 2 (namely, com-
pletely unloading creep), the additional creep strain
rate, Ag,, becomes zero due to Ac = 0 in the unload-
ing process. The elastic strain in the unloading process
for principal strains is expressed [2] as

Ai, = AS/(2H) )

where H is a material constant. The total creep strain,

Ag,, is calculated by the same procedure as in Equa-
tion 3.

The unloading processes of the second and third
creep cycles are considered as new loading processes
beginning at the instant t = t, for their cycles as
shown in Fig. 1. Hence, the constitutive Equations
4 and 5 may be appropriate to the unloading processes
of the second and third creep cycles.

The material constants in Equations 4 and 5 depend
on the cycle numbers as shown in Section 5.

3. Experimental procedure

The specimens used were the same as those used in the
previous papers [1,2], and were made of initially
isotropic cellulose nitrate of thickness 6 mm. On the
surface of each specimen, a square gauge mark was cut
in a region of sufficiently uniform stress. The experi-
mental apparatus used was the same as that in the
previous papers [1, 2] and consisted of three major
systems: a high-pressure generator and associated oil
vessel with a heater; loading and unloading equipment
with a load cell; and instruments to record the load
and deformation. Detail descriptions of the apparatus
and of the specimen are given by Ohashi [7], and
a schematic drawing of the loading apparatus is given
by Nishitani and Koike [8].

The creep tests were performed under axial tensile
stress, o, (hydrostatic pressure is equal to zero
o, = o3 = 0) for three creep cycles as shown in Fig. 2.
Fig. 2 shows the creep stress—time diagrams for the
three creep cycles with loading and unloading pro-
cesses, where the time intervals ¢ = 0—-80 min and
t = 80-160 min for each creep cycle correspond to the
loading and unloading processes, respectively. Each
stress was applied so as to obtain constant values of
Ao =Ac=6,8 10 and 11.5MPa for each creep
cycle. When the stress, Ac = g, is removed suddenly at
the beginning of the unloading process which corres-
ponds to ¢ = 80 min ot 7 = 0 for each creep cycle in
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Figure 2 Creep stress—time diagrams for three creep cycles with loading and unloading processes.

Fig. 2, the condition A = 0 corresponds to Ac = ain
the unloading process. In Fig. 2, time ¢t = 80 min or
t =0 for each creep cycle corresponds to the last
instant of loading process, t,,, and corresponds to the
original time of the unloading process. The original
times of the second and third cycles are considered to
have t = 0 as the new loading point, as shown in
Fig. 2.

Axial elongation and cross contraction between
gauge marks engraved on the specimen were meas-
ured to within 0.005 mm from photographs of the
gauge marks using a magnifying projector. The accu-
racy of strain thus obtained is within about 2x 1074,
The principal strain difference Ae = g; — g, was cal-
culated in the natural strain system g; = In(1 + ¢;},
where ¢;(j = 1, 2) are the conventional engineering
strains.

4. Results

4.1. Loading process

The symbols in Fig. 3 show the experimental relations
between the applied creep stress, Ac, and the instant-
aneous elastic—plastic strain, Ag,, obtained from creep
experiments at the instant of loading for each creep
cycle at 65 °C, where it can be seen that a proportional
dependence is not assumed for the first cycle, at least.
Each symbol in Fig. 3 is plotted using the average of
two tests. The elastic line is also shown. The value of
Ag, depends on the creep cycle number, and becomes
smaller with increasing cycle number. The relation
between Ac and Agg at the third cycle in Fig. 3 is
almost equal to the elastic line, namely the instan-
taneous plastic strain tends to be zero at the third
cycle.

Fig. 4 shows the experimental creep relations in the
loading and unloading processes for the three creep
cycles with various values of creep stresses. In Fig. 4,
the loading process corresponds to time interval
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Figure 3 Relation between Ao and Aeg, at the instant of loading for
each creep cycle. Cycle; (@) 1, (O) 2, (®) 3. (——} Equation 2,
{~==) the elastic line.

t = 080 min for each cycle. Each symbol in Fig. 4 is
plotted using the average of two tests. In Fig. 4, the
strain region over Ag = 0.28 is supposed to be the
microscopic crack zone in this paper. Thesolid curves
in Fig. 5a and b show the relations between the creep
strain-rate, A§,, and time with Ao = 11.5 and 8§ MPa
in the loading process for each creep cycle, which
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Figure 4 Experimental creep relations between Ae and Ag, and time in the loading and unloading processes for three creep cycles with each

value of creep stress.
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Figure 5 Relations between creep strain rate and time in the loading process for each creep cycle. (a) Ac = 11.5 MPa, (b) Ac = § MPa. (——)
Experimental results, (——-) Equation 1.
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correspond to the experimental results for the loading
process shown in Fig. 4. The creep strain or the creep
strain rate is strongly influenced by the cycle number,
and the quality becomes smaller with increasing cycle
number. Moreover, the trend is quite sensitive to the
stress levels.

4.2. Unloading process

Fig. 6 shows the experimental relations between the
applied creep stress, Ac, and the instantaneous elastic
strain, Ag,, obtained from the creep experiments at the
instant of unloading for each creep cycle. The value of
Ag, depends qualitatively on the creep cycle number,
and tends to be larger with increasing cycle number.
However, a proportional dependence in Fig. 6 may be
approximately assumed for each cycle. The straight
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Figure 6 Relation between AG and Ag, at the instant of unloading

for each creep cycle. Cycle: (@) 1, (O) 2, (D) 3.
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line through the original point of Fig. 5 is drawn using
the method of least-square fit.

The experimental creep relations in the unloading
process are shown in Fig. 4, where the unloading pro-
cess corresponds to time interval ¢ = 80—160 min for
each creep cycle. Fig. 7a and b show the relations
between the creep strain rate, Ag., and time in the
unloading process for each creep cycle, which corres-
pond to the experimental results for the unloading
process shown in Fig. 4. Although the creep strain or
the creep strain rate in the unloading process were
influenced by the cycle number, their values become
larger with increasing cycle number. This trend in the
unloading process is reversed for the loading process.

5. Discussion
In Section 4, the creep behaviour was investigated in
the loading and unloading processes under cyclic
creep for various creep stress levels, and the effects of
cyclic number on the instantaneous strain and creep
strain rate were discussed. Here we discuss whether or
not the deduced Equations 1, 2 for the loading process
and Equations 4 and 5 for unloading process describe
the actual observations independent of cycle numbers
and of creep stress levels.

The material constants in Equations 1, 2 and 4,
5 can be determined experimentally. The procedure in
the unloading process for each cycle is almost similar
to that in the loading process for each cycle. Hence the
procedure to determine the material constants in the
loading process for the first cycle is shown in this
paper, as an example. For creep test Ac = g(const.) or
AG =0,

Aé. = B(t + s’exp[b(g/3'*)1(g) (6)

is obtained from Equation 1, and taking logarithms of
both sides, the next form is obtained

log(Aé./g) = logB + alog(t + s) + 0.434b(g)/3'/?
(7)

As the values of A¢, and time ¢, are known from the
experimental results, the values of B, «, s and b are
approximately determined by the experiments at more
than two different values of g.

The material constants in Equation 2 can be ap-
proximately determined from the experimental results
between Ac and the instantaneous elastic—plastic
strain, Agg, at the instant of loading as shown in Fig. 3.
As the relation Ag, = Ac/(2G) is predominant while
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Figure 7 Relations between creep strain rate and time in the unloading process for each creep cycle. (a) AG = 11.5 MPa, (b) AG = 8§ MPa.

{

)} Experimental results, {———) Equation 4.

the value of Ac is small, G can be easily determined.
By denoting the known term in Equation 2 by A, we
obtain

Ao

2G

1
= 6ET

Asgg

(AO_)Zn +1 (8)

Taking logarithms of both sides, the above relation
becomes

@2n + 1)logAc — log2G(3'2ky*" (9)

Consequently, from the experimental result between
Ac and the instantaneous elastic—plastic strain, Ag,,
at the instant of loading, we can determine the values
of n and k.

The material constants in Equations 1, 2 and 4,
5 determined by the procedures mentioned above are
shown in Table I for the loading and unloading pro-
cesses of the first creep cycle. The material constants
except G, H and s were affected by the cycle number,
as shown in Figs 8 and 9. The solid curves in Fig. 3
show the relations between Ac and Ag, calculated
from Equation 2 using the corresponding material
constants shown in Table I and Fig. 8 for each cycle.
The dashed curves in Fig. 5a and b show the relations
between Ag, and time in the loading process cal-
culated from Equation 1 using the corresponding
material constants shown in Table I and Fig. 8 for
each eycle. The dashed curves in Fig. 7a and b show
the relations between Ag, and time in the unloading

logA =

TABLE I Values of material constants for the first creep cycle

(a) Loading process

B s o b G k #
(MPa~! (min) {MPa™1) (MPa) (MPa)

min~ 1)

77x107% 10 —035 065 315 9.2 1.85

(b} Unloading process

D B d B H
(MPa™! (MPa"!) (MPa !min~®*!) (MPa)
min=®+ 1)

64x107° —0.66 0.58 (944 x 107 7) 565

process calculated from Equation 4 using the corres-
ponding material constants shown in Table I and
Fig. 9 for each cycle. These curves agree well with the
corresponding experimental results expressed by the
solid curves in Figs 5 and 7. The proposed relations in
the loading and unloading processes for cyclic creep
behaviour give good agreement with actual observa-
tions independent of the creep cycle number and of the
creep stress level.

6. Conclusion

1. The instantaneous strains at the instants of load-
ing and unloading for cyclic creep tests using non-
linear viscoelastic celluloid nitrate are influenced by
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Figure 8 Relations between the material constants and creep cycle
in the loading process.

creep cycle number. The strain in the loading process
decreases with increasing cycle number. However, the
strain in the unloading process has a tendency to
increase with increasing cycle number.

2. The creep strains in the loading and unloading
processes for non-linear viscoelastic cellulose nitrate
are remarkably influenced by creep cycle number.
Although the creep strain in the loading process be-
comes smaller with increasing cycle number, that in
the unloading process becomes larger with increasing
cycle number. Moreover, those features affected by the
cycle number become more sensitive with increasing
stress level.

3. The proposed creep constitutive equations for
the loading and unloading processes give good agree-
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Figure 9 Relations between the material constants and creep cycle
in the unloading process.

ment with actual observations independent of the
creep cycle number and of the stress level in the
loading and unloading processes, respectively. In these
cases, material constants are varied for the difference
in creep cycle in the loading and unloading processes.
4. Although the features of cyclic creep behaviour
mentioned above are obtained for the cellulose nitrate,
it may be considered that the similar phenomena may
appear in the cyclic behaviour for many polymers.
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