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ABSTRACT

This paper is about the use of power law model to fit experimental creep data of PP reinforced
with calcium carbonate nanofiller at 10% optimum volume fraction with a view to characterizing
the new material (PPC2) parametrically. The creep parameters were evaluated for neat (PPC0)
and reinforced PP (PPC2) to establish the influence of reinforcement on the creep variables like
creep rate and creep activation energy. The coefficient parameter A estimated within the stress
level range 13.08MPa-22.88MPa has the range 0.0165-0.0651 while the exponent parameter n
has 0.299-0.370. The creep stress coefficient K and exponent m has the respective values
161.495 and 0.3288 for PPCO and 1881.4965 and 0.5448 for PPC2. The value of the parameter
p similar to Larson-Miller has the value 4014.1871. Two creep function models used found that
PPCO has higher activation energy with value 9.3642E-20 J/mol for the stress 13.08MPa and
PPC2 has values for the stresses 13.08MPa, 19.6IMPa and 22.88MPa as 5.55998E-
20J/mol,5.4573E-20J/mol and 4.845E-20J/mol respectively. Of the two master curves produced,
that following Larson-Miller parameter is recommended as the relationship between Ino and
parameter f(o) is relatively linear and will give better results than the curve assumed to follow
Sherby-Dorn that will give average result.
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1. INTRODUCTION

The visco-elastic nature of the matrix in many reinforced plastics causes their properties to be
time and temperature dependent and adversely affect the mechanical properties, however many
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scholars had studied the compounding methods for PP reinforced with different nanofiller
loadings of calcium carbonate to specify appropriate loading for optimum dispersion of filler [1-
6].

Various versions of power law model are found in literature to properly correlate creep data. One
of the physical approaches to the problem of creep suggests that viscous flow in fluids is
analogous to secondary creep hence a rate process theory is applicable to creep data during the
secondary creep stage [7].

The objective of this paper established the power law model, predicting the creep parameters as
the power law coefficient as material constant and exponent as creep sensitivity parameter.
Similar approach was used for Sn-Pb Alloy [8]. Sherby-Dorn and Larson-Miller presented
classical approaches to analysis of creep [9].

2. THEORETICAL AND COMPUTATIONAL CONSIDERATIONS

2.1 Transformation of Nonlinear Response Data

The nonlinear experimental creep data of [10] is linearized using the following algorithm [11]

£(0) = At (3)

Where n is a material constant and A is a constant which depends on the stress level.
The above equation is linearised as

log€(t) = logA + nlogt (4)

The creep rate and the power law models are to be evaluated for three temperature levels and
stress levels as follows using readings of tables 5-9 of [10] as follows:

2.1.1 Temperature levels, creep strain equation, creep rate and structure parameters

2.1.1.1 For creep conditions: temperature = 25OC, static stress = 13.08MPa
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Figure 1: Plots of untransformed and transformed data with power equation, a)
untransformed PPC2, b) untransformed PPC-2,c) transformed PPC2, d)
transformed PPC2 (Table 5 of Thueze and Mgbemena (2010)).
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2.1.1.2 For creep conditions. temperature = 500C, static stress = 13.08MPa
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Figure 2: Plots of untransformed and transformed data with power equation, a)
untransformed PPCO, b) untransformed PPC2,c) transformed PPCO, d)
transformed PPC22 (Table 6 of Thueze and Mgbemena (2010)).
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2.1.1.3 For creep conditions. temperature = 700C, static stress = 13.08MPa
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Figure 3: Plots of untransformed and transformed data with power equation, a)
untransformed PPCO, b) untransformed PPC2,c) transformed PPCO, d) transformed PPC2
(Table 7 of Thueze and Mgbemena (2010)).
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2.1.2 Stress levels, creep rate and structure parameters

2.1.2.1 For stress level, 19.61MPa, temperature, 25°C
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Figure 4 : Plots of untransformed and transformed data with power equation, a)
untransformed PPCO, b) untransformed PPC2,c) transformed PPCO, d) transformed PPC2
(Table 8 of Thueze and Mgbemena (2010)).
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2.1.2.2 For stress level, 22.88MPa, temperature, 25°C
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Figure 5: Plots of untransformed and transformed data with power equation, a)

untransformed PPCO0, b) untransformed PPC2,c) transformed PPCO, d) transformed PPC2
(Table 9 of Thueze and Mgbemena (2010))

Following the graphics of this section the creep rates are evaluated as the first derivative of the
linear functions of creep strain and time for different volume fractions of PPC while the creep
structure parameters are evaluated with the power law model with the log transformation of the

strain —time data and the results are presented in Tables 1 and 2 for various conditions.
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Table 1: Influence of creep temperature on structure parameters

T (°C) 8PPCO(hr-1) 5PPC2(h{1) nppco | Nppc2 | Appco Appc2

25 0.005 0.004 0.453 1 0.299 | 0.0158 | 0.0165
50 0.005 0.005 0.354 1 0.299 | 0.0155 | 0.0165
70 0.099 0.049 0.700 | 0.910 | 0.1012 | 0.0506

Table 2: Influence of constant creep stress on structure parameters

6(MPa) | Eppcor’) | Eppcagr ) | Nepco | Nppc2 | Appco Appc2

13.08 0.005 0.004 0.45310.299 | 0.0158 | 0.0165
19.61 0.010 0.006 0.285 | 0.191 | 0.0388 | 0.0348
22.88 0.047 0.043 0.401 | 0.370 | 0.0627 | 0.0651

The dependence of the steady state strain rate or creep rate on the applied stress is found to obey
the relation [12]
6 = KEe™ ©)

Where K is a constant and the exponent m is dependent on both the applied stress and
temperature. It can be seen from equation (5) that raising either stress or temperature results in
increasing creep rates. The exponent can be determined by taking the natural logarithms of
equation (5) as expressed in equation (6).
Inc = InK + mIn€, (6)
Equation (6) suggests that the relationship between In€g. and Ino is essentially linear

so that by coordinating values from table 2 ,table 3 is obtained to obtain the sensitivity
parameters for PPCO and PPC2.

Table 3 estimation of creep sensitivity parameters for PPCO and PPC2

G(MPa) gsschPCO(hr_l) gsschPC2(hr_1) Lno In gsschPCO(hr_l) In gsschPC2(hr_1)
13.08 0.005 0.004 2.57108435 -5.29831737 -5.52146092
19.61 0.01 0.006 2.97603964 -4.60517019 -5.11599581
22.88 0.047 0.043 3.130263 -3.05760768 -3.14655516
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The slope of the straight line of equation (6) gives the value of the sensitivity parameter m, since
there are two unknowns in equation (6) table 3 could be used to solve for m and the unknown
creep parameters of neat and reinforced PP as follows:

For PPCO

At the three stress levels the following system of linear algebraic equations is obtained using
table 3.

2.57 = Ink — 5.3m (7)
298 = Ink — 4.61m (8)
3.13 = Ink + 3.06m 9

So that by solving equation (7 and 8) simultaneously

m =0.594 K =304.356 and solving equation (7 and 9) simultaneously
m = 0.06698 ,K = 18.6346 so that by taking average values

m = 0.3285, K =161.4953

Similarly

For PPC2

2.57 = Ink — 5.52m (10)
298 = Ink —5.12m (11D
3.13 = Ink — 3.15m (12)

So that by solving equation (10 and 11) simultaneously m = 1.025, K = 3744.33 and solving
equation (10 and 12) simultaneously m = 0.06459, K = 18.6629, so that by average values, m =
0.5448, K = 1881.496 and the computational models for PPCO and PPC2 becomes respectively

6 = 161.4953€,, 3?8 (13)

6 = 1881.4965E,,>**8 (14)
3. MASTER CURVE AND CREEP PARAMETERS.

Different values of Ink as parameters are evaluated with average value of m considering different
stress levels. Inc is then plotted as a function of parameter, Ink. This approach similar to Sherby-
Dorn parametric method enables the prediction of creep safe stress given other design
restrictions. The three values of parameters at different stress levels predicted with equation (10-
12) are tabulated in Table 4.
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Table 4: Master data for PPC

o(MPa) | InK(c) | Lno
13.08 | 5.5773 |2.57
19.61 5.7694 | 2.98
22.88 |4.8461 |3.13
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Figure 6: Master Curve for Safe Creep Stress of PPC2
3.1 Activation Energy and Creep Rate.

The activation energy is a material property and depends on applied stress and absolute
temperature. The activation energy of steady state creep, H in J/mol is calculated according to
the equation [9]. The creep rate is a function of stress and temperature for a given material.

H
Esser = Ea%exp [—ﬁ (15)

Where E and w are material constants independent of stress, ¢ and absolute temperature, T and k
is the Boltzmann constant.

For approximate calculation of creep rate sometimes the activation energy is assumed to be
independent of stress at constant temperature leading to the simplification [9]

Esser = Ba™ (16)
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Another form of activation energy which still depends on applied stress but independent of
temperature T is still expressed as [ 9]

Hst
Esser = Cexp [_ %

(17)
This version of equation may be written for time t because the constant creep rate g is
proportional to the inverse of t so that we can write

Hst
t = Dexp [ﬁ (18)
Both equation (17 and 18) could be used to evaluate the activation energy of creep in PPC
employing transformation with natural logarithm [10]. By natural logarithm linearization scheme
equation (17) is transformed as

Hst

In€gser = InC ——

- (19)

Table 5 : Transformation data for evaluation of activation energy with equation (17)

T (%) Eppcomr ) Evpcon )y | UT In Eppcogn In Eppcagn
298 0.005 0.004 0.00336 -5.29831737 -5.52146092
323 0.005 0.005 0.0031 -5.29831737 -5.29831737
343 0.099 0.049 0.00292 -2.31263543 -3.01593498

The Boltzmann constant k has the value 1.38E-23J/mol K [13] so that by using values of Table 5
in equation (19)

For PPCO
0.00336Hst

—5.2983 = InC — — (20)
0.00292Hst

—2.3126 = InC — — (21)

By subtracting equation (20) from equation (21) involving the Boltzmann constant the activation
energy is evaluated as Hst = 9.3642E-20 J/mol

For PPC2
0.00336Hst

—5.5215 = InC — — % (22)
0.00292Hst

—3.0159 = InC — —x (23)
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By subtracting equation (22 from equation (23) involving the Boltzmann constant the activation
energy is evaluated as Hst = 7.8585E-20 J/mol. This means that the creep activation energy
decreased with inclusion of nanofiller.

3.2 Master Curve by Larson-Miller Approach

Approach similar to Larson-Miller is followed so that equation (18) is transformed respectively
as

— InD 4 Bt
Int = InD + T (24)
Int = InD +% (25)

where p is creep parameter named after Larson-Miller. This parameter is conveniently expressed
as
p = T(Int — D) = f(o) (26)

The parameter is expressed as a function of stress, so that by coordinating creep event time,
associated temperature and stress, a plot of Inc versus creep parameter predicts safe component
stress. Table 6 data from experimental result of [10] is used to establish the master curve for
predicting the PPC parameter and variables.

Table 6. Creep data for parameter and variables estimation

o(MPa) [ T°C) |[T(K) |UT Rupture | Lnt f(c) | Inc

time

t(hrs)
13.08 25 298 [ 0.0033557 4.4 1.48160454 2.57108435
13.08 50 323 | 0.00309598 2.5 0.91629073 2.57108435
13.08 70 343 | 0.00291545 0.7 -0.35667494 2.57108435
19.61 25 298 [ 0.0033557 3.6 1.28093385 2.97603964
22.88 25 298 | 0.0033557 0.8 -0.22314355 3.13026317
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Figure 8 showed clearly that the creep failure model did not follow Larson-Miller parameter
The creep parameters of table 5 are calculated using known Table 5 values and equation (26) for
the five creep conditions but the constant InD = D have to be evaluated first using equation (25)

as
1.48 = InD + ——
208
p
0.93 = InD + ——
nb+ 333
_ p
0.36 = InD +
p
1.28 = InD + ——
nD+ 598
_ p
0.22 = InD + 5o

(27)
(28)
(29)
(30)

(31)

Equation (27) is solved simultaneously with equations (28 and29) while equation (29) is solved

simultaneously with equations (30 and31) to obtain four values of parameter, 2117.588,
7085.089 6314.9788 and 539.0835 from where the average value of parameter p is obtained as

4014.1871.
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The value of the constant D is assumed to be same for all stress levels so that D is evaluated with
equation (27) as -11.9904. With this value the parameter is evaluated at each stress level using
equation (26) and table 5 as

pl = 298(1.48 + 11.9904) = f(c) = 4014.1792 (32)
p2 = 323(0.92 + 11.9904) = f(c) = 4170.0592 (33)
p3 = 343(—0.36 + 11.9904) = f(c) = 3989.2272 (34)
p4 = 298(1.28 + 11.9904) = f(c) = 3954.5792 (35)
p5 = 298(—0.22 + 11.9904) = f(c) = 3507.5792 (36)

The above computations are presented in Table 7 for master curve for predicting creep variables

Table 8: Data for Master Curve
f(o) Lno

4014.18 | 2.57108435
4170.06 | 2.57108435
3989.23 | 2.57108435
3954.58 | 2.97603964
3507.58 | 3.13026317
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Figure 8: Master curve for PPC creep conditions
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3.3 Larson-Miller Parameter and Activation Energy.

The secondary stage creep activation energy can also be evaluated by expressing the parameter p
as

p=— (37)

so that activation energy at various stress level can be evaluated with equation(32-36)

as Hst;3.0smpa = 5.5396E-20J/mol, Hsty3 osmpa = 5.7547E-20J/mol, Hsti3 gsmpa = 5.5050E-20J/mol,
Hsti961mpa = 5.4573E-20J/mol, Hsty0smpa = 4,845E-20J/mol, so that considering average for
stress levels of 13.08MPa the activation energy becomes Hstjsosmpa = 5.7547E-20J/mol,
Hst13.08mpa = 5.5998E-20J/mol, Hst19 ¢1mpa = 5.4573E-20J/mol, Hst, osmpa = 4,845E-20J/mol

the activation energy therefore decreases with increasing stress level.

4. DISCUSSION OF RESULTS

The creep curves of Figures la and b clearly show that the creep function strain could be
perfectly represented with a linear polynomial making easy the estimation of minimum creep
rate at secondary creep stage easy. A power law transformation of creep strain-time data of PPCO
and PPC2 creep data are shown in Figures 1c and d for evaluating the values of the exponent
parameters nppco and nppcy representing material constants for PPCO and PPC2 and coefficient
parameters Appco and Appcy are constants which depends on stress levels. The values of the
parameters evaluated show that the inclusion of nanofiller to PP has great influence on the
parameters decreasing the creep rate as the constant increases with inclusion of nanofiller as
found in table 1 and 2. Within the temperature range 25-50°C the parameter n is really constant
with value 0.229 and the parameter A is not affected by temperature with value 0.0165.

Table 2 shows that the parameter A is affected by stress level increasing with stress level and
within the stress level range 13.08MPa-22.88MPa has the range 0.0165-0.061. This coefficient
parameter increases the creep strain as the stress level increases. Table 3 shows that the creep
rate sensitivity parameter m for PPC2 is higher as a result of incorporation of nanofiller thereby
decreasing creep rate as the parameter increases.

Two creep function models were used to evaluate the activation energy where it was found that
PPCO has higher activation energy with value 9.3642E-20 J/mol for the stress 13.08MPa and
PPC2 has values at the stresses 13.08MPa, 19.61MPa and 22.88MPa as 5.55998E-
20J/mol,5.4573E-20J/mol and 4.845E-20J/mol respectively.
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Two master curves were produced to aid prediction of creep safe stresses employing two
versions of creep functions see Figures 6 and 7.

5. CONCLUSION

This study found that

1. both the creep rate and the creep activation energy increases with applied stress and
temperature and usually is lower for reinforced PP(PPC2),

2. predictions of power law coefficient and exponent of various creep functions describe,
the material parameters and creep sensitivity parameters respectively thereby making
way for power law creep model of PPC2 at secondary creep stage,

3. the creep response of PPC2 follows the Larson-Miller parameter which is a function of
stress,

4. the activation energy is a material property and a parameter that follows Larson-Miller
parameter as a function of stress and temperature and that

5. The coefficients and exponent parameters of the secondary creep stage are material
constants that aid the determination of creep rate at secondary creep stage.
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