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ABSTRACT 

The creep and creep recovery behavior of a random fiber 

composite (SMC-RSO) at elevated temperature and constant 

humidity were investigated experimentally and theoretically. 

The short time creep response for four constant stress 

levels at each of four selected temperature levels was ex-

perimentally determined. It was found that repeatable 

results can be obtained by applying a mechanical condition-

ing prior to each creep and creep recovery test. Creep data 

were modelled using the Findley equation which contains 

three parameters, E (the instantaneous creep response), m 
0 

(the amplitude of transient creep), and n (the time expo-

nent) . It was found that the time exponent is a function of 

time but approaches to an asymptotic value when the duration 

of creep is long. Thus, at a constant tempe~ature level, 

one long-time creep test and four short-time creep tests 

were conducted. The long-time creep results were used to 

determine the proper time exponent n. The short time creep 

data for constant load wer~ used to determine the Findley 

parameters L 0 and m. It was found that thr:: Findley eauation 

n:!pr2sentcJ the creep ;_-2.sul t:.s very accurately. 



Based on the short-time creep results, the Findley 

equation was used to predict the long time creep response 

and the creep response due to multiple step loadings. Five 

long time creep experiments were conducted. Four of them 

were 10,000 minutes long and were conducted at the same 

stress level (6,510 psi) but different temperature levels. 

The fifth creep experiment was conducted at 5,425 psi and 

185°F over a three week period. Three multiple step creep 

experiments were conducted. These tests were of different 

load steps and durations. In all cases, it was found that 

the Findley equation predicted both long time creep response 

and multiple step creep response very accurately. 

Since repeatable results were obtained from conditioned 

specimens, the test results were compared to experimental 

data obtained from unconditioned specimens. It was found 

that experimental results of the conditioned specimens fell 

within the scatter band of the data for the unconditioned 

specimens. 

A free energy based failure criterion (proposed by 

Reiner and Weisenberg) was coupled with the Findley equation 

to predict the creep rupture time of SMC-RSO. It was found 

that the critical free energy at the time of failure is 

terr.per<:ttu:cc dependent. For a constant temperature, the 

critical free energy required for ruptur0 is essentially a 

constant, It is 2lso conclu6ed that; h . .J'. Limited data, the 

Reirer-w~isenberq failure criterion provj.dl!S overall good 
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CHAPTER 1 

INTRODUCTION 

The automotive industry is faced with the challenge of 

reducing vehicle weight to achieve better fuel economy. 

While there are several approaches that can be taken to 

reduce vehicle weight, one of major interest today is the 

application of lighter weight materials. The material 

called 'fiber reinforced composite materials' is one of the 

candidates [l]. 

Since the early 1970's, fiber reinforced composites have 

received great attention by many investigators. For example, 

random fiber composites are valued not only because of 

their light weight, but also because of their durability, 

dimensional stability, and their favorable chemical, mechan-

ical, and electrical properties [2]. In addition, the 

composite molding process for random fiber composites 

offers design flexibility and allows part consolidation, 

ultimately reducing the installed cost of complex 

components [3]. 

Advanced composites (continuous fiber composites using 

boron or graphite fibers, for example), have a well estab-

lished reputation for structural applications in the 

aerospace industry. However, relatively slow, costly 

processes are employed to produce these composite structures. 

In high-volume industries, both high cost and long production 

1 
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times are extremely detrimental. Therefore, the use of 

advanced composites in the automobile industry has been 

limited. On the other hand, random fiber composite mater-

ials are favorable because they can be manufactured in high 

volume, using low cost processes. In particular, sheet 

molding compound is one of the favorable materials to be 

used [4]. 

Sheet molding compound (SMC) may be defined as a mold--

ing compound in sheet form which is composed of a thermoset 

resin, fibrous reinforcement, and additives required for 

processing or specific product performance [5]. SMC usually 

consists of polyster resin and glass fiber reinforcement. 

However, other resin types, such as vinyl ester and epoxy, 

are finding increased use in SMC [5]. Other reinforcing 

fibers, namely carbon and aramid, are being considered for 

specific product performance [5]. 

The wide application of SMC is partially inhibited due 

to a lack of understanding of some aspects of its mechanical 

behavior. It is known that polymer matrices exhibit visco-

elastic or time dependent effects which are significantly 

affected by stress, rate of loading, temperature, humidity, 

etc. Because of these effects, there is concern that 

time-dependent phenomena such as creep and creep rupture 

(the only response to be discussed herein) may be of impor-

tance in long term design. Creep and creep rupture tests 
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are both time consuming and expensive. Hence, it is neces-

sary to use analytical techniques and short term laboratory 

tests to predict long term viscoelastic behavior. This is 

the central theme which has been utilized to characterize 

the viscoelastic response of a wide variety of materials 

[6,7,8]. 

The first goal of the current research is to investi-

gate the effects of both stress and temperature on the creep 

behavior of composite materials, and further to use the 

Findley euqation [9,10,11] to represent the creep data of a 

particular composite, SMC-R50. The Findley equation was 

selected based on the work of Cartner and Brinson [12]. 

They used Schapery's equations [13] to predict the response 

of SMC-R25; the Findley equation is a form of Schapery's 

equation. The second goal is to predict the creep response 

of this material under multi-step loading. The third goal 

is to predict the creep rupture strength or the time to 

rupture. The material selected for this study, SMC-R50, is 

a sheet molding compound containing 50% by weight of chopped 

glass fibers randomly oriented in the plane of the sheet. 

Further details of this material may be found in a monograph 

by Denton [5]. 



CHAPTER 2 

BACKGROUND INFORMATION 

2.1 Viscoelasticity 

The theory of viscoelasticity as applied to composite 

materials has received much attention [13,14,15,16]. The 

theory of viscoelasticity has been used to predict the 

behavior of composite materials under service conditions, 

and ultimately to predict its service life (time to failure), 

[17,18,19]. 

Viscoelasticity is the study of materials whose proper-

ties are time dependent [6,7,20]. A viscoelastic material 

possesses a characteristic which can be described as a 

'memory' effect [6,7,21]. That is, the response of a visco-

elastic material is not only determined by the current state 

of stress, but is also influenced by all past states of 

stress; the material has a 'memory' for all past states of 

stress. Similarly, if the deformation is specified, the 

current stress depends on the entire past history of 

deformation. 

Two fundamental methods, creep and relaxation tests, are 

frequently used to characterize viscoelastic materials 

[6,7,20]. A creep test is used to measure the strain-time 

response for a constant applied load. A relaxation test is 

used to determine the force-time response as a constant defor-

mation is introduced. Creep and relaxation tests provide one 

4 
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means of obtaining the static mechanical properties involved 

in the theory of viscoelasticity. Such tests are usually 

conducted under uniaxial deformation/force conditions. In 

a creep test the applied stress can be calculated from the 

applied load and initial cross-sectional area, the strain-

time response can be measured at a designated gage section, 

and the compliance can be calculated from strain. In a 

relaxation test, a mechanical system is needed to keep a 

constant deformation in the specimen [7]. Creep tests 

were used throughout this study. 

For linear viscoelastic materials under uniaxial creep 

loading, the constitutive equation under isothermal condi-

tions is given by [6,7,20] 

c:(t) = D(t)a 
0 

( 2 .1) 

where c:(t), D(t) and a are creep strain, creep compliance, 
0 

and applied constant stress, respectively. The creep 

compliance D(t) can be further defined as, 

D (t) = D 
0 

( 2 • 2) 

where D0 =initial creep compliance and D1 (t) =transient 

creep compliance. 

To describe the viscoelastic response of a material, D 
0 

and n1 in equation (2.2) need to be explicitly specified as 

functions of stress, temperature, humidity, etc. There are 
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a wide variety of approaches that could be used to model 

the constitutive properties of a viscoelastic material. 

The approaches are well documented, and some of the 

approaches as applied to composite materials may be found 

in references such as [13,14,17,22-33]. Of all the 

approaches, the creep power law is one of the most frequent-

ly used and is given as 

(2.3) 

This equation has been used by Findley to characterize the 

creep behavior of unfilled thermoplastics [34], laminated 

plastics [35], and metals at high temperatures [36,37,38]. 

More recently, Dillard et al. [16,19] and Gupta et al. [39] 

have applied equation (2.3) to describe the creep response 

of composite materials. More will be said about equation 

(2.3) (herein called the Findley equation) in the next 

chapter. 

2.2 Creep Rupture 

Creep reupture is characterized by failure which does 

not occur at the time of load application but rather after 

the passage of time. This time-depende~t phenomenon has 

received considerable attention by a variety of researchers. 

The literature on the mechanics of polymer fracture has been 

exhaustively reviewed by Knauss [40], and by Regel and 

Tamuzh [41]. Previous studies of time dependent failure of 



7 

composites have included such material systems as graphite/ 

epoxy [16,17,24], sheet molding compound [5,12,18], glass-

fabric based plastic lamintes [42], and glass/epoxy 

composites [43]. 

Creep rupture in composite materials may be studied 

from several different viewpoints including a microfailure 

analysis [44], a phenomenological failure analysis [18,45], 

or a deformational failure analysis [12,46]. Microfailure 

investigations can include the study of the microscopic or 

small scale failure mechanisms that produce creep 

ruptures. Such phenomena as fiber-matrix interfacial 

failure, matrix crazing, delamination, or other damage 

formation, are potential areas of study. This approach was 

not used in this study. 

Phenomenological approaches attempt to correlate the 

measured data with some form of failure law. Usually, these 

approaches represent the empirical observation of the 

general failure process. One of the phenomenological 

approaches that has been applied to composites is due to 

Zhurkov [47], who used a modified Arrhenius equation. The 

most common form of this equation is given as: 

where 

= t exp[(u -ya)/KT] 
0 0 

tf = rupture time 

t = a constant 
0 

(2.4) 
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u = activation energy = a constant 
0 

y = a constant 

a = applied uniaxial stress 

K = Boltzman's constant 

T = absolute temperature 

Chiao et al. [45] have found the Zhurkov relation to 

be valid for composites. However, the composite they 

studied consisted of only several strands of aramid fiber 

impregnated with epoxy primarily for protection, and there-

for their results may not be applicable to more commonly 

encountered composite material systems. 

Deformational approaches to creep rupture utilize 

knowledge of the state of stress, strain and time. The 

classic approach to this pehnomenon is given by Landel and 

Fedors [48]. To perform this type of analysis, a property 

surface in stress-strain-time space is developed to establish 

the constitutive behavior for a material. The failure 

envelope is the boundary to this surface. Thus, the property 

surface uniquely establishes the stress-strain-time 

relationship for any load path, and the surface will also 

give the stress and strain at the time of failure. 

A mathematical model for the characterization of a 

delayed yield pehnomenon was proposed by Crochet [49]. He 

assumed that yield stress is a time dependent property, in 

particular, it is dependent upon the transient creep strain. 
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This approach was modified by Cartner et al. to predict 

the creep rupture of SMC-R25 [12]. 



CHAPTER 3 

ANALYTICAL MODEL 

As indicated in the previous chapter, there are many 

theories in viscoelasticity which might be potentially 

used in the characterization of SMC-RSO. The Findley 

equation, even though it is an empirical equation, re-

presents an approximation of a mechanical model of 

springs and dashpots [25]. The Findley equation is easy to 

use since data reduction and testing procedures are simple 

[25]. It has been shown in the literature [34,35,36] that 

the Findley equation represents creep data very accurately. 

3.1 The Findley Equation 

The Findley equation consists of three material 

parameters: the instantaneous (or initial) response 

(E ) , the amplitude of transient creep (m), and the time 
0 

exponent (n). For a unidirectional situation, this 

creep law for isothermal conditions can be expressed as 

[so J, 
E = E 

0 
(3.1) 

Further, the assumptions are made that [51] 

1. n is independent of stress, but a function of 

temperature, moisture etc. 

2. E0 and m are functions of stress, temperature, 

moisture, etc. 

10 
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Note that while E0 is often referred to as the initial 

strain, it is actually a curve fitting parameter in a 

data reduction procedure [10]. As such, E may not ·o 

necessarily correspond to an actual instantaneous strain 

even if this value can be physically determined. Per-

haps one of the reasons that the Findley equation has 

found wide usage is its great versatility to represent 

a variety of material responses [19,34,35,36,39]. 

As previously mentioned, the value of n has been 

assumed to be independent of the stress level. The 

published data of Findley et al. [50] indicates wide 

scattering in the value of n. This is probably due 

to the nature of the data reduction methods (which will 

be discussed in a later section) , in which n is determin-

ed using only three data points. Another problem often 

observed in the literature is due to the fact that n 

is calculated using short. time creep data where the 

transient creep strain is small. To deal with this 

problem, the average value of n is taken to be constant 

[19,50,51]. 

In his study of laminated plastics, Findley [52] 

discovered that the creep parameters E and m can be 
0 

expressed as 

E = E .. sinh (_Q_) 
0 o ae 

m = rn .. s i nh ( _Q_) a rn 

( 3. 2) 

( 3. 3) 
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where E0 ', m', cre, and crm are material parameters and 

are functions of temperature, moisture, etc .. 

3.2 Data Reduction Procedure 

Several techniques can be used to determine the 

material parameters in the Findley equation from experi-

mental data. If the initial creep response £ 0 is known, 

the relation between E-E and time (for constant stress) 
0 

is simply a straight line on a log-log scale. The slope 

of this line gives the time exponent n and the t=l 

intercept is the value m. A trial and error approach is 

needed to determine E0 because in practical stiuations 

it is very difficult to measure the initial response 

experimentally. 

In some cases, Findley used another procedure to 

evaluate the values of E0 , m, and n. The approach was 

to record the strains El, e:: 2 , and e: 3 at times t 1 , t 2 and 

t 3 where 

(3.4) 

The power law parameters may be easily determined from the 

following equations as found by Boller [42]. 

log (E3-El)/(E2-El) 
n = (3.5) 

log(t2/t1 ) 

2 

= 
El E3-e:2 

e:o e:1- 2 e:2+e:3 
( 3. 6) 



m = 

13 

e: -e: 1 0 

t n 
1 

( 3. 7) 

This approach is probably not as accurate as the preced-

ing method of using the log-log plot because the fit is 

based on only 3 data points. Extensive discussion of this 

process can be found in the work by Dillard [19]. 

Recently, a computer-based solution for evaluating 

the parameters in Schapery's nonlinear viscoelastic model 

was developed at VPI & SU by Bertolotti et al. [53]. This 

computer code has proven very accurate and effective. 

Keeping the same algorithm, the author has made some 

changes in the program to determine the parameters in 

the Findley equation. The key mathematical (or computa-

tional) basis of this computer program is the finite-

difference, Levenberg-Marquardt algorithm which finds the 

minimum sum of squares of error between data points and a 

defined function, i.e. the Findley equation. For a random 

set of parameters e: 0 , m, and n, the sum of squares error, 

Error, of a set of data points is 

N 
Error = E 

i=l 
{ e: . - [ e: +mt . n J } 2 

1 0 l 

E 
It is clear that the plot of error versus the three 

parameters given a surface as in Figure 3.1. On this 

( 3. 8) 



14 

c:> Initial Error 

l!J Minimum Error 2 
(Error) f ....,_ Path of minimization 

Procedure 

Error Surf ace 

t 
I -,...--m I 

I I 
I I I I ~-------'---- _, ___ __n..1 
I ,, , I 1

1
/ I 

*' ' I ·/ I 
I ""' ' I / '1 1' I ,,, ' / I ,,,,-"' ' J / I I 
I ..c------------ 'J( I 1' 

/ ' I I E:o / ' m I I 
/ ' I !£_ ______________________ ~ 

Figure 3.1 Path of the minimization of square error 
using the Levenberg-Marquardt algorithm. 



15 

surface, there is a point which defines the minimum 

squares error. The slope of the curve at such a point 

is zero. The Levenberg-Marquardt algorithm finds the 

direction of the steepest slope for a given initial set 

of values. In this direction, a new set of parameters is 

generated by the algorithm and repeats the same procedure. 

This procedure continues until a point is found where 

the slope increases in all directions. The parameters 

associated with this point essentially provide the best 

fit of experimental data. This method is more accurate 

than the other two methods mentioned previously and is 

currently used in this study. 

3.3 Modified Superposition Principle 

A structural member may f~equently be subjected to 

abrupt changes of loading during service due to the failure 

of other members or a sudden load increase. The behavior 

due to a sudden load change in a viscoelastic media is 

complex. The mechanisms which dominate the viscoelastic 

response after an abrupt change of loading are the memory 

due to past loading histories and current loading history. 

To account for this kind of phenomenon, Findley and Lai 

[54] have d~veloped a modified superposition principle. 

For uniaxial tension, this superposition method can be 

described as follows. When the state of stress is 
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abruptly changed from a 1 to a 2 at time t 1 , the creep 

behavior can be considered as if at this instant stress 

cr 1 is removed and at the same time stress a 2 is applied 

to the specimen, both being considered as independent 

actions [54]. To illustrate this method consider a two-

step loading as shown in Figure 3.2. ~he recovery strain 

£ 1 resulting from removal of cr 1 after loading time t 1 is 

given by 

£ = £ o ( cr 1 ) +m ( cr 1 ) t n - ~ £ o ( cr 1 ) +rn ( a 1 ) ( t - t 1 ) n J 

or 

( 3. 9) 

The creep behavior due to a2 applied at t 1 , denoted by 

E: II iS 

(3.10) 

The total strain will be the sum of equations (3.9) and 

(3.10) and equal to 

€ = ( [ n n] n £ 0 cr 2 )+rn(cr 1 ) t -(t-t1 ) +rn(a 2 ) (t-t1 ) 

for t>t1 (3.11) 

In the same manner, the strain response due to 

stress changing k times is given as follows: 

k . 
£ = £ (crk)+ l: [rn(cr )-m(cr 1 )](t-t 1 )n 

0 p=l p p- p-

f or t>t p (3.12) 
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Figure 3.2 Illustration of modified superposition 
principle. 



18 

In this theory, the time-dependent part of the 

strain depends on both stress state and stress history, 

while the time-independent part depends only on the 

current state of stress. 

Note that there are no additional parameters intro-

duced in the Findley-Lai modified superposition principle. 

Thus, to predict the creep response due to multiple step 

loading, one needs only perform several single-step creep 

experiments to obtain the parameters needed for the mathe-

matical model. 

3.4 Reiner-Weisenberg Failure Criterion 

A viscoelastic material under load behaves as a medium 

which both stores and dissipates energy. These energy 

components are related to the work performed by the 

applied stress as the deformation increases with time [25]. 

As time increases, the stored energy is accumulated and 

available for physical changes such as microcrack forma-

tions. According to Griffith et al. [24] and Hiel [25], 

Reiner and Weisenberg [55] proposed to use this fundamental 

property, stored energy, as a criterion to study the creep 

rupture behavior of viscoelastic materials. Hiel [25] as-

sumed that a threshold value of the distortional free energy 

(i.e. the stored energy) is responsible for the final 

failure of a viscoelastic medium. For the viscoelastic 

behavior represented by a generalized Kelvin model 
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[6,7,20] (Figure 3.3), the free energy is equal to the sum 

of the energies stored in all springs and the dissipated 

energy is equal to the energy dissipated in all dashpots. 

The strain-time response of the generalized Kelvin model 

due to a constant stress, a0 , is as follows [6,7,20]: 

N -t/T. 
E a D.s(l-exp 1 ) 

. 1 0 1 1= 
e: ( t) (3.13) 

where the first term corresponds to the response of the free 

spring while the i-th component of the second term repre-

sents the response of the i-th Kelvin element. Note that in 

each Kelvin element, the spring and the dashpot are subjected 

to the same amount of deformation. Thus, each unit of the 

second term of the equation (3.13) also represents the amount 

of deformation imposed on the spring in a Kelvin element. 

The free energy stored in the springs is easily calculated 

and is given by Hiel [25], 

D s N D~ 
Wsprings =a~[~ + E -t- [l-exp(-t/Ti)]2] 

i=l 

Similarly, the energy dissipated can be expressed 

2 N D. s 
w 1 [l-exp(-2t/Ti)] = a E -2-dashpots o. 1 1= 

and the total energy is 

Ds N 
wtotal = 02[~ + E D~[l-exp(-t/•.)] 

0 2 i=l 1 1 

(3.14) 

as, 

(3.15) 

(3.16) 
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Hiel also discovered that equations (3.14), (3.15), and 

(3.16) can be approximated by several constitutive laws of 

viscoelasticity [25]. In particular, they can be approxi-

mated by the Findley equation as follows, 

and 

w 

Ds 
0 -2 

dashpots = 
er 2 

0 

= 
N s n L D. (1-exp(-t/L.))~ct 

. 1 1 1 1= 
(3.17) 

(3.18) 

An approximation for the stored energy can be obtained as, 

Where D = 
0 

Eo 

and m c = er 
0 

w . = w - w springs total dashpots 

D 
~ er 2 [~ + C(tn_!(2t)n)] 

0 2 2 (3.19) 

= initial creep compliance 

= transient creep compliance 

According to Reiner et al. [55] and Hiel [25], the free 

energy reaches a critical value, the critical free energy 

W , at the instant of creep rupture. On the other hand, er c 0 

becomes the failure stress, erf' and t becomes the failure 

time, tf. Thus, 

erf = 
1;-

./ c (3.20) 
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The critical free energy W has been found to be constant c 
for a certain material at constant temperatures [25,56,57]. 

For a given value of W , one only needs to conduct a simple c 
creep test to predict the time to failure for a given stress 

level. 

As mentioned in the previous chapter, there are other 

failure criteria that may be used to predict creep rupture. 

Cartner et al. [12] used the Crochet criterion and the 

Schapery strain-time response to predict the creep rupture 

behavior of SMC-R25. This method requires both very short 

and very long time creep rupture data. Unfortunately, the 

creep rupture data available to the author, (from Denton [5] 

and Morris [18]) are short time failure data at very high 

stress o~/and very high temperature levels. Therefore, the 

Crochet criterion is not considered in this study. 

3.5 Remarks 

The Findley equation requires only simple numerical 

and experimental procedures. In particular, for uniaxial 

creep, it requires only a single step creep test to deter-

mine the parameters 

temperature. 

e , m, and n for a given stress and 
0 

To apply the Findley modified superposition principle 

to describe the creep behavior due to multiple step loadings 

requires data from several single-step creep tests. Further-

more, the creep rupture time can be directly calculated using 
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the parameters of a single step creep test. Thus, to 

characterize creep response of a material over a range of 

thermomechanical conditions, only several single step creep 

tests are needed to determine the Findley parameters as a 

function of temperature and stress. 

Because parameters E and m are hyperbolic sine 
0 

functions of stress, the Findley equation is capable of pre-

dieting nonlinear creep response. For a nonlinear visco-

elastic material that exhibits flow behavior [6], there 

exists an amount of non-recoverable strain when the creep 

load is released (Figure 3.4). Such a non-recoverable 

strain cannot be predicted by the modified superposition 

principle. As can be shown by letting t be large 

compared to t 1 in equation (3.9), the recovery strain be-

comes zero when time is sufficiently long. Furthermore, 

according to the Findley equation, the amount of strain 

released immediately following the removal of creep load, 

i.e. E(t1 )-E~(t1 ), is the same as the instantaneous creep 

strain. This is not always true for a nonlinear visco-

elastic material. However, the non-recoverable strain and 

the difference between instantaneous creep and recovery are 

usually small and negligible at temperatures well below the 

glass transition temperature,Tg, [13]. 

Since the modified superposition equation is not of the 

integral form, its prediction for more complicated loadings 
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is doubtful (for example, such as monotonic varying load-

ing and sinusoidal loading}. However, these restrictions 

may be partially solved by treating the loading as having 

many fine steps of loading (Figure 3.5). 
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CHAPTER 4 

EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 

Several phases of experimental work were conducted 

so that the phenomenon of creep in SMC-R50 would be better 

understood. The considerations started with the effect 

of environmental conditions on the material, and the 

determination of a proper testing procedure which would 

provide repeatable results. 

4.1 The Material and Specimen 

The material used for the current experimental work 

was SMC-R50, a sheet molding compound containing 50% by 

weight chopped glass fibers randomly oriented in the 

plane of the sheet. The matrix material was polyester 

and the fiber length was approximately 1 in. Typically, 

SMC is compression molded at high temperature and 

pressure, 300°F and 1,000 psi [5]. It has been found 

[5] that SMC-R50 can be classified as a transversely 

isotropic material, where the plane of isotropy coin-

cides with the plane of the sheet. 

The dog bone shaped specimens {Figure 4.1) used for 

testing were rough-cut from SMC-RSO panels with a 

diamond abrasive disk; the final shape was formed using 

a high-speed router. Each specimen was labeled to 

indicate the location and the panel from which it was 

cut. The length of the specimen was 8 inches, while 
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the gage section was 2 inches. The width of the 

specimen was 1 in. at the grip section and 0.5 in. at 

the gage section. One hole was drilled at each grip 

section to allow insertion of a pin which helped to pre-

vent the specimen from slipping in the friction grips. 

4.2 Selection of Specimens 

During the molding process, glass fibers were 

randomly spread on the top of a layer of fluid like 

polyster matrix. Upon compression the polyster 

paste was squeezed. As a result, possible matrix 

rich and fiber rich regions might be formed during 

the manufacturing of SMC. Obviously, this material 

nonhomogeneity would cause a scattering of experi-

mental data. To exclude this undesirable factor in 

the experimental result, specimens were subjected 

to a careful selection prior to testing. The method 

used to select specimens was simply placing the 

specimens on top of a light bulb. Due to the semi-

transparent nature of SMC-RSO contrasted against 

the light background, a matrix rich (or fiber rich) 

region could be identified in the specimen. Specimens 

were selected that were as uniform as possible. 

4.3 Effect of Moisture 

Significant moisture content is known to have an 
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effect on the strength and stiffness of composite 

materials [58,59,60]. Particularly, according to Loos 

et al. [61] and Hosangadi et al. [62], SMC material systems 

tend to gain weight when they are exposed to high relative 

humidity or emersed in fluid. In addition, moisture has 

been considered as an agent to accelerate the viscoelastic 

behavior [59,60]. 

To study and to minimize the influence of moisture 

effect on the creep characterization, SMC-R50 specimens 

under four different conditions were investigated. Specimens 

were 1) post cured above the glass transition temperature 

Tg [20], 2) stored in an oven at 200~F for two months, 

3) stored at room temperature at 40% relative humidity for 

two months, and 4) soaked in water at room temperature for 

two months. 

To perform post cure, specimens were placed in an oven 

and heated to approximately 50°F above the glass transition 

temperature (Tg=338°F for SMC-R50 [5]). Before cooling, 

the specimens were stabilized at the high temperature 

for 48 hours. The temperature was decreased at a rate of 

5°F/hour. The specimens were stored in a desiccator 

immediately after they had been cooled down. 

The above mentioned treatments would indicate four 

cases of moisture content in SMC-R50 specimens. These cases 

were defined as extreme dry, dry, wet, and extreme wet and 
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were defined by the percentage of weight gain (or loss) with 

respect to the original weight of the specimen at room 

temperature. Before conducting the treatments, each speci-

men was weighed at room temperature. All the specimens 

except the post-cured one were weighed at room temperature 

periodically during the two-month period. Results are given 

in Chapter 5. 

The weight measurements were conducted using an 

electronic balance. The maximum measuring capacity of the 

balance was 160 grams with accuracy up to 1/10,000 of a 

gram. To ensure accurate weight measurement, calibrations 

were performed before each use of the balance. 

4.4 Static Ultimate Tensile Strength 

The main purpose of weight measurement was to calculate 

the degree of moisture desorption (or absorption) in rela-

tion to the static ultimate strength of each SMC-R50 speci-

men. Also, one could then determine the extent to which 

the moisture content might affect the mechanical behavior 

of SMC-R50. 

The static tensile strength tests were performed on an 

Instron testing machine. Tensile strain was measured using 

a strain gage extensometer, with a one-inch gage length and 

maximum strain of 25%. Load was measured using a load cell. 

A load-strain plot was recorded using an x-y recorder. 

Prior to each test the extensometer and load cell were 
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calibrated. Uniaxial tensile tests were conducted in a 

room at 73°F and 40% relative humidity. The tensile load 

was applied using a constant cross head rate of 0.05 in/min. 

4.5 Mechanical Conditioning 

Researchers have studied extensively the uniaxial 

tensile properties of SMC under a variety of conditions 

[1,5,12,32,63,64]. Considerable experimental scatter was 

found in their results. These results usually occurred not 

only from specimen to specimen but also occurred from the 

same specimen at the same test conditions (creep load, [l,32] 

for example). The fibers have preferred directions depend-

ing upon flow during the compressive molding process [3,4], 

also matrix rich and fiber rich regions exist in a panel. 

As a result, the mechanical response may be different from 

panel to panel and with the location and direction of a 

specimen taken from within a single panel. On the other 

hand, the same specimen may also exhibit data scatter for 

the same test conditions. For example, in their study of 

SMC-R25, Cartner and Brinson [12] found that repeatable 

stress-strain response for a constant cross head rate test 

occurs only after twenty cycles of loading and unloading. 

It has also been found that repeatable creep response of 

SMC-R50 can only be obtained after a few cycles of repeated 

creep and creep recovery [32]. Furthermore, SMC materials 

often exhibit discontinuous creep response, i.e. a sudden 
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increase in strain at a particular instant of time during 

the creep load [5,32]. This may be because of the existence 

of microcracks and non-recoverable deformations. In compo-

site materials, microcracks are often introduced upon 

loading. These cracks often appear within the matrix 

material (or at the fiber/matrix interface) and continue 

growing as the loading is increased or repeated. While the 

exact crack growth behavior is not known, two distinct creep 

responses associated with it are thought to exist for a 

SMC material system [5,32]. They are unstable crack 

growth [5] and slow crack growth [32]. The slow crack 

growth behavior might be considered stable since it is a 

predictable continuous time event, while the unstable crack 

growth appears as a sudden jump in creep strain during the 

creep load and cannot be described by any of the theories 

available to-date [32]. Furthermore, there is no way of 

knowing when and how this sudden jump is going to occur. 

However, with the exception of these jumps in strain, creep 

strain of SMC is directly proportional to the logarithm of 

time [5]. This implies that if we can arrest the microcracks 

to a certain extent, the jump in creep strain may not occur 

during the creep loading. 

The non-recoverable deformation previously mentioned may 

be plastic deformation, or residual microcrack openings, and 

due to the viscous flow of the matrix materials [32]. When 

this kind of deformation appears, the mechanical response 
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following the recovery of previous loading becomes more 

complicated. It is then necessary to keep track of the 

previous loading history and record the amount of irre-

coverable strain to accurately measure the viscoelastic 

response. 

In order to eliminate irreproducible results, it was 

necessary to mechanically condition specimens. There were 

different methods of mechanical conditioning used in the 

past. Cartner and Brinson [12] used a uniaxial loading 

(tension) and unloading procedure at a constant cross head 

rate to condition SMC-R25 specimens. They found that 

changes in the stress-strain diagram did occur with cycling 

up to about the 20th cycle, but thereafter the loading and 

unloading behavior was unchanged. A repeated creep and creep 

recovery procedure was used by Lou and Schapery [27] and 

Guputa and Lahire [39] to mechanically condition composite 

materials. Each cycle contained one hour of creep followed 

by 24 hours of creep recovery. Using this method, repeatable 

creep response was achieved in approximately 7 cycles (about 

one week) . It was also noted that transient creep response 

was slightly decreased due to the nature of matrix 

cracking. 

In a preliminary study for the work reported herein, 

the same procedure was taken except the creep time was three 

minutes and the recovery time was thirty minutes. Repeatable 
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results were obtained after twenty-two cycles (approxi-

mately 12 hours, see Figure 4.2). Since the conditioning 

period was extremely long, a procedure proposed by Jerina 

et al. [32] was adopted (Figure 4.3). The ratio of time 

between two subsequent load cycles was one to two, while 

in each cycle the time ratio between creep and creep 

recovery was one to ten. Jerina et al. have shown that 

for SMC-R50 specimens, it took approximately seven cycles 

(four hours) to obtain a repeatable creep response. It 

was also reported [32] that residual strains recovered 

after several days of sitting in the laboratory. Thus, 

mechanical conditioning was required prior to each test. 

4.6 Edge Replication 

Edge replication is a nondestructive technique which 

provides the details of the surface topography of specimens 

[65,66]. The replication technique is a basic metallurgical 

procedure used to study cracking in metals. For the present 

application, the edge replication technique was used to 

compare the microcrack pattern between different levels 

of applied creep load and between different times during 

a creep load. 

To ensure better results, specimen edges were polished 

before testing (as suggested in [66]). The specimens were 

first polished on metallographic polishing paper beginning 

with 400 grit and following with 600 grit paper. The 
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specimens were then polished with a 7 micron alumina slurry 

and finally with a 3 micron alumina slurry. Usually it took 

about 100 strokes for each of the coarse polishing steps and 

50 strokes for each of the fine polishing steps to obtain 

the desired results. Polishing was applied with water to 

prevent unexpected heating of the specimens. With specimens 

prepared in this manner, one could distinguish individual 

fibers on the resulting replicas. 

To obtain the edge replica, 0.005 in. thick cellulose 

acetate replicating tape was fixed in contact with the 

specimen edge at the gage section. A small amount of 

acetone was then injected between the replicating tape and 

the specimen. The acetone softened the tape while the 

capillary action of the SMC-R50 specimen drew the acetone 

and the softened tape to its surface. To ensure uniform 

application, a very slight pressure was applied to the tape 

immediately after the acetone injection. After a few 

minutes, the replicating tape hardened and was peeled from 

the specimen. These replicas provided a permanent record of 

the edge topography at the instant of time in which a par-

ticular loading was applied. Because these replica are 

transparent, copies of enlarged edge topography can be 

obtained using a microfiche reader. 
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4.7 Strain Gages 

In all creep experiments the strain was measured 

using a strain gage manufactured by Micro-Measurements, 

Inc. Two types of strain gages were used; EA-06-125AC-350 

and CEA-06-125UT-350. Except in the case of transverse 

strain measurements, the first gage type was used in all 

the creep tests. Micro-Measurement's M-bond 600 adhe-

sive was used to mount the strain gage on the specimen. 

The specimen was placed in an oven at 175°F for 8 hours 

to cure the adhesive. 

Gages were mounted on opposite sides of each 

specimen and wired in series in a Wheatstone bridge 

arrangement. This produced an effective 700 ~ config-

uration which minimized gage heating and eliminated 

specimen bending effects. A dummy specimen was used to 

compensate for temperature effects. 

4.8 Creep Experiments 

Two lever-arm creep frames were used for loading 

the specimens. Each machine was equipped with an ATS 

Series 2912 oven and a series 230 temperature controller. 

This control unit maintained oven temperatures within 

±5°F of the desired temperature. Temperatures were 

determined with a Doric ~lodel 412A Trendicator. Voltage 

to the strain gages was supplied by a Vishay 2120 strain 

gage conditioner. A Fluke 8200A digital volt meter was 
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connected to the conditioner to indicate creep strain. 

Creep strain was recorded at selected time intervals. 

The time was measured by a clock (manufactured by Engler) . 

Hewlett-Packard 7100B strip chart Recorders were also used 

to monitor the strain data at initial times when strain 

changed rapidly. 

Before being used for any experiment, the two 

creep frames were calibrated to determine the relation 

between the dead weight and the load applied to the 

specimen. A BLH load cell (type C3PlH) was used in the 

calibration. Repeatable results were found. 

Four stress levels were used for the creep tests: 

11%, 20%, 30% and 36% of the static ultimate strength 

of SMC-RSO at room temperature. Prior to each creep 

test, the specimen was mechanically conditioned. In 

room temperature testing, a desiccant was placed in the 

oven to minimize the moisture content. 

The selection of the maximum temperature of the 

creep experiment was based on the design data used by 

General Motors [l]. The maximum temperature was limited 

to at least 50°F below the glass transition temperature. 

The four temperature levels used in this study were 

73°F, 104°F, 158°F, and 212°F. Before performing 

elevated temperature creep tests, the temperature in 

the oven was maintained at the desired temperature for 
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at least 6 hours. To provide a uniform temperature 

distribution in the oven, a steel block was placed 

in the oven. The temperature gradient through the 

depth of the oven did not vary over ±3°F. For all 

the tests, the strain was allowed to recover before 

the next test was started. 

Multiple step loading was accomplished by simply 

removing or adding weight directly to the load pan 

of the load frame. 



CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter contains the experimental and numeri-

cal results of the current investigation. The static 

ultimate strength of SMC-RSO specimens with different 

moisture contents and at different temperatures are 

presented first to set a limitation on the testing 

environment. The nature of parameters £ , m, and n 
0 

in the Findley equation associated with the duration 

of a creep test are reported. Conditions under which 

repeatable results can be obtained are discussed. 

Elevated temperature creep characterization is presented. 

Predictions of long time creep and creep under multi-

step loading are also outlined. Predictions of creep 

rupture are also presented. 

5.1 Moisture Effect 

As indicated in the previous chapter the effect 

of moisture on creep behavior of SMC-R50 will not 

be studied, however, in this investigation, creep 

experiments will be conducted at environments where 

relative humidity is not completely controlled. Therefore, 

it is necessary to know to what extent the mechanical 

properties of SMC-RSO are varied in terms of degree of 

moisture content. It is also necessary to estimate 

the amount of moisture content in a SMC-RSO specimen 

42 
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during its exposure to a certain environmental condition 

(e.g. relative humidity). As a result, whether or not 

the mechanical properties of SMC-R50 are changed during 

exposure to a given environment can be determined. 

To study the effect of moisture, twenty specimens 

from a SMC-R50 panel were divided into 4 groups 

(5 each). Each group was subjected to a different 

treatment to either decrease or increase the moisture 

content in the specimen. The four treatments (Section 4.3) 

were: 1) post-curing, 2) drying the specimens at 200°F, 

3) storing specimens at room temperature (73°F) with 

40% relative humidity, and 4) soaking specimens in 

water at room temperature. The weight of the specimens 

was measured prior to and after each treatment. Also, 

during each process except post-curing, the weight of 

specimens was periodically measured. The gain (or loss) 

of moisture of a specimen with time was calculated by 

the percentage of the weight change with respect to 

its initial weight. 

% Weight Gain = Current Weight-Initial Weight (lOO) 
Initial Weight 

The plot of weight gain (or loss) of SMC-R50 due to 

each treatment with respect to the square root of 

( 5 .1) 

time is shown in Figure 5.1. In this figure, each data 
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point represents an average of five values of moisture con-

tent of specimens which were side by side in the same panel. 

Specimens soaked in water (treatment 4) gained approximately 

1.6% by weight of moisture during the test period. Until 

the termination of the test, specimens were still absorbing 

moisture at a constant rate. For specimens at room tempera-

ture and 40% relative humidity, a fluctuation in weight was 

observed. However, these specimens can be considered as 

having no weight gain (or loss) since the weight changes 

never exceed ±0.003%. Approximately 0.25% of weight loss 

was observed for the specimens stored in the oven for two 

months at 200°F. The rate of losing moisture content 

largely decreased after a couple of days. Fluctuation of 

weight loss also was observed in this group of specimens. 

For the post-cured specimens, the total of weight loss was 

0.75% which is three times that of the dried specimens 

(stored at 2000F). In addition, after the post-curing cycle 

the color of the specimens changed from creamy white to 

slightly brown. It should be noted that the post-cure 

procedure took only two days. Thereafter, specimens were 

stored in a desiccator for two months, with no apparent 

weight change occurring. In general the curves of weight 

gain (or loss) with respect to time are similar to those 

reported by Loos et al. [61]. Figure 5.1 represents the 

rate and the amount of absorbed (or desorbed) moisture with 

time under extreme dry, dry, wet and extreme wet conditions. 
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As a result, moisture content of SMC-R50 specimen at a given 

time and condition can be estimated. 

After completion of moisture treatments, the twenty 

specimens were tested to rupture at a constant cross head 

rate of 0.05 in/min. Figures 5.2 to 5.5 present the 

stress-strain curves of SMC-R50 specimens after the four 

moisture treatments. In general, all the curves resemble 

the typical stress-strain curve of SMC-R50 [5] which can be 

represented as an initial straight line, a transition curve 

and then a straight line up to final failure. For most of the 

specimens the nonlinear stress strain behavior starts at 

approximately 5 ksi, except for the specimens which were 

soaked in water, where the nonlinearity starts at approxi-

mately 4 ksi. The last data point in each stress-strain 

curve represents rupture. 

Two types of failure (Figure 5.6) were observed. The 

first type was a straight separation of two surfaces which 

is believed to be a pure tensile rupture. The second type 

of failure showed a combination of tensile and shear rupture. 

It was observed that lower ultimate strength (or strain) 

values occurred for the second type of failure. Specimens 

that ruptured outside the gage section also exhibited lower 

ultimate strengths. In each group of treated specimens, 

both types of failure were observed. Figure 5.7 shows a 

plot of static ultimate strength of SMC-R50 specimens versus 
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Figure 5.3 Stress-strain curve of the SMC-R50 
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(a) (b) 
PURE TENSILE FAILURE TENSILE-SHEAR FAILURE 

Figure 5.6 Typical types of failure of SMC-R50 
specimens. 
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the moisture content due to four types of moisture condition-

ing. In the figure, there are three values, the maximum, 

the average (of 5 specimens) , and the minimum strength for 

a given moisture content. Using Figure 5.7 as a guide, it 

was assumed that the effect of moisture was negligible for 

elevated temperature tests. However, for the room tempera-

ture creep experiment, specimens were isolated in an oven 

containing desiccant to minimize the effect of moisture. 

A plot of static ultimate strain of SMC-R50 versus the 

moisture content due to the four types of conditioning is 

shown in Figure 5.8. The ultimate strain of SMC-R50 is 

nearly independent of the moisture content after the four 

types of conditioning. 

Table 5.1 shows a list of specimens tested along with 

their ultimate strengths and strains, and the initial 

elastic modulus. 

The static ultimate strength data of SMC-R50 at 

elevated temperatures were obtained from Denton [5]. Figure 

5.9 shows two curves for ultimate strength versus temperature. 

The upper curve was obtained by Denton. The upper curve was 

adjusted by a factor which is equal to the ratio of the room 

temperature strengths obtained by the author and Denton. The 

lower curve in Figure 5.9 represents the adjusted strength 

data. The adjusted strength data were used to determine the 

stress level used in mechanical conditioning at elevated 

temperatures. 
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Table 5.1 Mechanical properties of SMC-R50 after 
different moisture conditioning. 

Type of Specimen Initial Ultimate Ultimate 
Moisture No. Modulus Strength Strain 
Conditioning E, 106 psi au' 103 psi e: u' % 

221 2.07 24.0 1. 74 
222 2.18 21.1 1. 46 

Post-cured 223 2.05 24.2 1. 68 
224 2.03 19.5 1.48 
225 2.26 20.0 1. 28 

Average 2.12 21.8 1. 53 

216 1.90 19.5 1.60 
217 1.81 21.9 1. 39 

Stored at 218 2.05 20.3 1. 45 
2000F 219 2.16 21. 3 1. 48 

220 2.19 22.6 1.65 
Average 2.02 22.1 1. 51 

240 2.05 19.1 1.48 
Stored at 241 1. 95 20.6 1.56 
room 242 1. 96 22.3 1. 86 temperature, 
40% relative 243 2.19 24.8 1. 79 
humidity 244 2.28 21.5 1.54 

Average 2.09 21.7 1. 65 

211 1.62 16.2 1.37 
212 1.71 18.6 1.57 

Stored in 213 1.61 17.4 1.44 
water at room 214 1. 62 17.4 1. 38 temperature 

215 1.62 17.1 1. 40 
Average 1. 64 17.3 1. 43 
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5.2 Effect of Damage on Creep Response 

Prior to each creep experiment, an SMC-R50 specimen was 

subjected to a mechanical conditioning procedure as des-

cribed in Section 4.5. Usually, it took seven cycles to 

obtain such a repeatable result from an untested specimen. 

In the case where the specimen had been tested previously, 

fewer number of cycles were required to achieve the original 

conditioned state, and repeatable results were obtained as 

long as the next stress state was less than that of the 

mechanical conditioned stress state. For the purpose of 

comparison between the response of each cycle, the starting 

creep time for every cycle was plotted at time zero. A 

typical creep response during a mechanical conditioning 

process is shown in Figure 5.10. As can be seen, creep 

results of the seventh cycle are the same as those of the 

sixth cycle. The creep rates at earlier cycles were observed 

to be greater than that of the last two cycles (6th and 7th). 

It was also observed that the instantaneous response in-

creased as the number of conditioning cycles increased but 

approached a constant value as the specimen was conditioned. 

It is believed that the increase of the instantaneous creep 

component of strain may be associated with the growth of 

instantaneous micro-crack opening upon loading. 

During each cycle of the mechanical conditioning, 

permanent deformation was observed regardless of the 
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recovery time (at least up to 8 hours) . The permanent 

deformation was recorded and subtracted electronically upon 

the end of recovery of each conditioning cycle. It was 

found that the amount of irrecoverable strain was the greatest 

for the first cycle. Additional amounts of irrecoverable 

strain were largely reduced to zero during the subsequent 

cycles. F~gure 5.11 shows the accumulated irrecoverable 

strain versus the duration of the creep time of each cycle. 

To further check the validity of the mechanical condi-

tioning procedures, creep tests (at the same stress level) 

were conducted on a specimen that had been conditioned at 

different stress levels. Figure 5.12 shows three experi-

mental creep curves for the same stress level except that 

prior to each test a different stress level was used to 

perform the mechanical conditioning. As can be seen, these 

curves apparently exhibit different creep responses. It was 

also found that temperature introduced a similar effect on 

the SMC-R50 specimens. Figures 5.13 to 5.15 show the creep 

curves due to various stress levels and the same mechan-

ical conditioning stress, but the temperature levels under 

which the conditioning procedure was performed were 

different. Again, different creep responses were observed. 

These results were thought to be due to the different ratio 

of the same mechanical conditioning stress to the different 

ultimate strengths at elevated temperatures. In fact, when 

a fixed ratio of mechanical conditioning stress to ultimate 
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strength was used, repeatable results were obtained (these 

will be shown later in this section) . 

The development of micro-cracks in the matrix of the 

SMC-R50 specimen may be induced by stress and may be respon-

sible for the changes of material response. To illustrate, 

edge replicas were obtained for the same specimen under 

different levels of creep stress (zero load, 7,782 psi, and 

18,500 psi) at room temperature. The specimen was condi-

tioned at the same stress level used for the creep test. 

Figures 5.16 to 5.18 represent the edge replicas obtained 

immediately after the application of the creep loadings. 

These replicas showed an increasing damage state as the 

creep stress increased. Most of the damage was micro-

cracking which was transverse to the loading axis and 

occurred in the matrix region. The existence of such 

microcrakcs might affect the long time creep response, 

since microcracks may expand during the time of loading. 

A creep test (4,195 minutes in duration) was conducted at 

85% of the room temperature ultimate strength of 21,700 psi. 

Edge replicas were obtained at different instances of time 

during creep. These edge replicas are shown in Figures 5.19 

to 5.24. It was found that no new microcracks were initiated 

and no apparent change in the transverse microcracks occurred 

as time progressed. 
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Figure 5.16 Edge replica of SMC-RS O at zero load. 
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Figure 5.17 Edge replica of SMC-RS O at 7,782 psi 
(obtained immediately after load 
application) . 



Figure 5.18 
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Edge replica of SMC~R50 at 18,500 psi 
(obtained immediately after load 
application) . 
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Edge replica of SMC-RSO at creep time 
= 465 min. and creep stress = 18 , 5 00 
psi. 
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Figure 5.20 Edge replica of SMC-R50 at creep time 
= 700 ~in . and creep stress = 18,500 psi. 
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Figure 5.21 Edge replica of SMC-RSO at creep time 
= 1,300 min . and creep stress = 18,500 psi . 
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Figure 5.22 Edge replica of SMC-R50 at creep time 
= 1,640 min. and creep stre ss = 18,500 psi . 
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Figure 5.23 Edge replica of SMC-R50 at creep time 
= 2,000 min. and creep stress = 18,500 psi . 
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Figure 5.24 Edge replica of SMC-R50 at creep time 
= 4,195 min. and creep stress = 18,500 psi . 
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That the microcracks do not affect the long time re-

sponse is further supported by the creep results shown in 

Figure 5.25. In this figure, three creep experiments are 

presented; the test conditions for each experiment are the 

same, 6510 psi at room temperature. These three creep 

curves are practically the same, the maximum difference 

being approximately 20 µE. The first test was conducted at 

room temperature on a specimen that had been conditioned 

at 10,850 psi (50% of the ultimate strength at room 

temperature) . Before conducting the room temperature test 

again, the specimen was allowed to recover and was tested 

at 104°F for about one month and then brought back to room 

temperature. A similar sequence was used except that a 

specimen was tested over approximately a two month interval 

(one month each at both 1580F and 2120F) . In order to 

insure that the conditioned state of the specimen would not 

be altered after the initial mechanical conditioning, 

different stress levels were used to condition the specimen 

at the elevated temperature testings. These stress levels 

were selected so that they were 50% of the ultimate strength 

at that temperature. Thus, the creep response is affected 

by the degree of damage, and the damage is associated with 

the stress level. Repeatable results can be obtained as 

long as the damage state is not changed. The current damage 

state is defined as the previous highest ratio of applied 
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stress (including that of mechanical conditioning) to the 

static ultimate strength at a given temperature. 

Creep response due to different damage situations can 

also be examined by the initial and transient components 

of the Findley equation. For the same testing conditions, 

as the damage increases the initial creep response (e 0 ) 

increases while the transient creep response decreases. 

Because more microcracks are present, the increase in the 

initial creep response due to higher damage is quite obvious. 

On the other hand, due to the presence of the microcracks 

the cross-section area of the specimen has decreased. It is 

natural to believe that for the same applied load the 

transient component should be larger for greater damage 

because the same amount of loading is now carried by a 

smaller cross-sectional area. This contradicts what has 

been observed and might be associated with change of fiber 

angle toward the loading axis. As the specimen elongates in 

the axial direction and contracts in the transverse direc-

tion due to the Poisson's effect, fibers tend to align in 

the loading direction. Due to the increase of transverse 

microcracks, the fibers carry a larger portion of the load-

ing and the fiber angles become smaller. Thus, the transient 

creep component becomes smaller. Although the phenomenon 

mentioned above is a hypothesis, it seems to be capable of 

explaining the physical observation. Axial and transverse 
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creep strain were measured to calculate the Poisson's 

ratio in creep. It was found that during a creep test the 

Poisson's ratio stayed constant. The Poisson's ratio was 

also found to decrease as the damage level increased 

(Figure 5.26). This observation supports the hypothesis 

mentioned above, since it indicates a decrease of the load 

transferring mechanism from the axial to the transverse 

direction as the damage level increased. 

A series of creep tests (Table 5.2) were conducted to 

study the effects of the damaged state, the results of which 

were used to calculate the parameters in the Findley equa-

tion. These tests were divided into five groups according 

to the different damage states (mechanical conditioning). 

In each group the maximum applied stress did not exceed the 

stress level used for the mechanical conditioning procedure. 

It was found that the asymptotic value of the time exponent 

n decreased almost linearly as the stress level used for the 

mechanical conditioning procedure increased (Figure 5.27). 

Approximately a 14 percent decrease of n-value was obtained 

for the creep response of a specimen conditioned at 10,850 

psi as opposed to that at 2 , 3 8 7 psi. Using these n-values, 

the parameters £0 and m as functions of applied stress and 

the mechanical conditioning stress were calculated and are 

presented in Figures 5.28 and 5.29. For the creep response 

under the same mechanical conditioning the parameters e: 0 and 
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Table 5.2 Creep test program for 
the damage study. 

Applied stress, Conditioning stress, 
psi si 

2387 4340 6510 7782 10850 

2387 ( l} * (2} ( 4} ( 7} (11} 

4340 ( 3} ( 5} (8} ( 12) 

6510 (6} (9) (13} 

7782 ( 1 O) (14) 

* (X) - indicates testing sequence 
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m can be described as a hyperbolic sine function of the 

applied stress. For the same applied stress but different 

conditioning stress the initial response (£ ) increases and 
0 

the m-value decreases as the mechanical conditioning stress 

increases. It is also observed that the rate of increase 

(or decrease) of the parameters with respect to the 

mechanical conditioning increases as the applied stress 

increases. 

The parameters £ 0 , m and n appear to be dependent upon 

the damage state in a specimen. This effect was eliminated 

by mechanical conditioning and the curve fitting procedure. 

No attempt was made to incorporate the state of damage into 

the Findley equation. However, the relationship between 

damage and the Findley parameters warrants further study. 

5.3 Parameters as Functions of Duration of Creep Experiment 

A one week creep test was conducted at room temperature, 

with 6,510 and 7,782 psi being the applied stress and the 

mechanical conditioning stress, respectively. The Findley 

parameters were computed at different times during the creep 

test. It was found that n varies with time (Figure 5.30). 

The value of n increased gradually as the creep time 

increased. The n-value approached an asymptotic value after 

8,000 minutes. Note that a change of 150 percent was ob-

tained between the initial and the asymptotic n value. The 

parameters £ and m were also found to exhibit a time 
0 
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dependent behavior (shown in Figure 5.31). Predictions 

using the Findley equation and asymptotic values of n, m and 

£ are shown in Figure 5.30. Predictive capabilities of the 
0 

Findley euqation using the parameters obtained from both 

short time (30 minutes) and long time (10,000 minutes) creep 

data are shown in Figure 5.32. The Findley equation matches 

the experimental results when the asymptotic parameters 

are used (Figures 5.30 and 5.32). 

The rate at which parameters £0 and m approach their 

asymptotic values can be accelerated if the asymptotic 

n-value is used to calculate them. As shown in Figure 5.33, 

with an asymptotic n value the parameters £ and m approach 
0 

their asymptotic values within 100 minutes rather than 8,000 

minutes. For the predictions to stay within 3% of experi-

ment, it has been found that short time creep tests of 200 

minutes duration is adequate to evaluate £ and m as a 
0 

function of stress (using the asymptotic value of n) . Since 

the n-value is independent of the stress level for an 

unchanged damage siutation (i.e. the stress used for the 

mechanical conditioning is higher than the applied stress), 

only one long time creep test for each temperature level is 

needed to determine the asymptotic n value. Thus, for each 

temperature, the creep characterization contains one long 

term test and several short time tests. It was also 

observed that at elevated temperatures, the duration of 

long-time creep test, t*, required to determine the 
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asymptotic n-value is shorter (Figure 5.34). However, a 

200 minute test was still required to determine the asymp-

totic values of E and m. 
0 

It has been shown [25] that when using the creep 

recovery data of a short time creep test the same asymptotic 

n-value can be obtained as when using a long time creep test. 

While this procedure was not adopted in this study, it is 

considered to be a time saving method since there is no 

need to perform the long-time experiments. One other 

advantage of using the recovery data is that the calculation 

of parameters is not affected by the initial creep 

components [25]. 

A 200 minute creep test was performed at room tempera-

ture at 6,510 psi. The strain-time recovery data was 

recorded until the specimen was completely recovered. It 

was found that approximately the same n-value as that of 

long time creep was obtained. Note that due to the fast 

decay of the recovery strain, the recovery data in the 

first few minutes was taken from a strip chart recorder. 

Quite often, the data recording was influenced by undesirable 

noise from the oven controller, a keypunch machine in the 

next room, and small experimental error. These influences 

would often contribute a ±lO~E fluctuation in the reading. 

This noise level may be 10 percent of the recovery data and 

result in incorrect values of m and n. Tuttle [67] has 
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recently determined that slight change of recovery data may 

provide a drastic change in material parameters m and n. 

When creep data is used, the noise level is relatively 

small and does not affect the determination of the material 

parameters. This is the reason that the creep data were 

used in this study instead of the recovery data. However, 

the recovery data method of evaluating the Findley param-

eters warrants further study. 

5.4 Short Time Creep Response 

As discussed in the previous sections, repeatable creep 

results occur only when the specimen is under the same 

damage condition as that of the mechanical conditioned 

state. The main purpose of the short time creep experiments 

was to calculate the parameters E0 and m as functions of 

applied stress, mechanical conditioning, and temperature. 

Figure 5.35 shows the Findley parameters at four stress 

levels at room temperature. The specimen was conditioned 

at 7,782 psi (36% of ultimate strength at room temperature). 

In this figure, n-values from two sources are presented. 

The solid dark triangles represent the n-value obtained 

from the long time creep tests; while the open triangles 

represent the n-values calculated from the 30 minute creep 

results. The asymptotic values of n are independent of 

stress. The parameters E and m calculated using the long 
0 
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time n-value are also shown in the same figure and can be 

described by hyperbolic sine functions of stress. 

For the elevated temperature tests, specimens were 

conditioned at 50% of the ultimate strength at each test 

temperature. The duration of creep for evaluating e 0 and 

m was 200 minutes as suggested by.the room temperature 

studies. The long-time n-value varied linearly with temper-

ature and is shown in Figure 5.36. The n-value was 0.24 

at room temperature and increased to 0.30 at 212°F. Using 

the long time n-values and the 200 minute creep. data, the 

parameters e 0 and m were calculated. Figures 5.37 and 5.38 

show the isothermal hyperbolic sine fit of e and m 
0 

respectively. The nonlinear creep response is insignificant 

within the range of stress tested, as the hyperbolic sine 

curves can be approximated by straight lines. However, the 

nonlinearity increases as the temperature increases. For 

the same stress level, e and m increases linearly with the 
0 

temperature (Figures 5.39 and 5.40). 

Based on the appropriate € I m I 0 
and n parameters, a 

comparison can be made between experimental results and 

the Findley equation. Figure 5.41 shows the room tempera-

ture creep results at four stress levels. The stress level 

used for the mechanical conditioning was 7,782 psi. Excel-

lent agreement between the theory and experiment was 

obtained. The recovery strains associated with these four 
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creep experiments are presented in Figure 5.42, where the 

solid lines are the predictions using the Findley equation. 

The maximum difference between the recovery strain and the 

prediction was 10 µE. This difference usually occurred at 

times when the loadings were just released. 

The short time (200 minute) elevated temperature creep 

results (mechanically conditioned at 50% of ultimate 

strength at a given temperature) are shown in Figures 5.43 

to 5.46. As is shown, the creep behavior of SMC-R50 is 

temperature dependent. For a given stress, creep strain 

increases with temperature. Agreement was obtained between 

the experimental results and the predictions. 

5.5 Predictions 

One of the goals of this study was to use the Findley 

equation to predict the creep response at random stresses 

and temperatures. Predictions were classified in three 

categories: 1) long time creep response, 2) creep response 

due to multiple step loadings, and 3) the long time creep 

response of unconditioned specimens. Before conducting 

the creep experiments associated with categories 1) and 2), 

specimens were all mechanically conditioned at either 36% 

or 50% of ultimate strength at room temperature. Depending 

on the stress level of mechanical conditioning used in the 

creep experiments, the parameters of the Findley equation 

used in the predictions were determined from either 
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Figure 5.35 or Figure 5.36 to 5.38 using either linear 

interpolation or extrapolation. 

Five long time creep tests at elevated temperature were 

conducted. The duration of tests ranged from 10,000 minutes 

to 30,000 minutes. Prior to each test, the specimen was 

conditioned at 50% of ultimate strength at room temperature. 

Four of these experiments were at 6,510 psi, and the results 

are shown in Figure 5.47. Excellent agreement was observed 

between the predictions and the experimental results. 

Figure 5.48 presents the 30,000 minute creep response at 

5,425 psi where the temperature is 185°F. A maximum 

difference of 50 µ£ between theory and the experiment was 

obtained. In all cases the applied stress was less than 

50% of the ultimate strength at any test temperature. 

Three multiple step loading tests were conducted. Each 

test was for different time durations and for a different 

number of step loadings. The first case was a two step 

loading at room temperature (Figure 5.49). The specimen 

was loaded at 6,510 psi for an hour, then the stress was 

increased to 7,782 psi and held constant for another hour. 

Complete recovery was allowed after the release of the loads. 

The second case was a three step loading at room temperature 

(Figure 5.50) where different stress levels were used. The 

duration of each step was also one hour and complete re-

covery was obtained after the loadings were released. A 
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five step creep loadings (Figure 5.51) was used for the 

third case where in each step the time interval was differ-

ent. This test was performed at 131°F and the total dura-

tion of the test was over 7,000 minutes. The creep response 

is shown in Figure 5.52. In the first two cases the speci-

men was conditioned at 36% of the ultimate strength at 

room temperature, while in the third case the specimen was 

conditioned at 50% of the ultimate strength at room 

temperature. 

The predictions of multiple step creep response were 

based on the modified superposition principle. According 

to this principle, the creep response due to multiple step 

loadings can be considered as the summation of the creep 

response due to each individual load step. Thus, the 

information required to perform the prediction of multiple 

step creep are simply the Findley parameters (E , m and 
0 

n) for each single step creep load contained in the 

multiple step load. The accuracy of the modified super-

position principle has been validated by Findley et al. [68] 

in their study of nonlinear creep of polyvinyl chloride. 

In this investigation, the theoretical predictions were 

aided by a computer program based on the general creep 

response of multiple step loading (equation (3.12)). In 

this program only the parameters of each step creep loading 

and the duration of each load step were needed to perform 
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the calculations. As shown in Figures 5.49, 5.50, and 5.52, 

excellent agreement was achieved between theory and experi-

ment. The maximum error between the theoretical predictions 

and the experimental results was 3% and occurred at times 

when the loading had just changed. 

In a practical situation, parts made of an SMC-R50 

material are put into service in their virgin material 

state. The creep response of such undamaged specimens 

is different than those that have been preconditioned. This 

is perhaps one of the biggest questions about creep charac-

terization using the mechanical conditioning procedure. 

Thus, comparisons are made between conditioned and 

unconditioned data [5]. 

Denton [5] performed creep tests at 73°F and 200°F at 

various stress levels up to 80% of the static ultimate 

strength of SMC-R50 at room temperature. Since all of these 

tests except one were conducted at stress levels beyond the 

range of creep stress levels used in this study, each 

parameter (£ and m) curve (Figures 5.37 and 5.38) obtained 
0 

in this study was extrapolated to the highest stress level 

applied to the virgin specimen. To determine £ and m at a 
0 

desired temperature, a linear interpolation was used. 

Figures 5.53 to 5.59 present comparisons between the creep 

response of the virgin specimens and the conditioned speci-

mens. For all of the cases, the creep response of the 
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conditioned specimens is within the scatter band of that 

of the virgin specimens under the same test conditions. 

5.6 Creep Rupture Results 

The time-dependent failure data of SMC-R50 from two 

sources were used to study the creep rupture phenomenon. 

These data were obtained by Denton [5] and by Morris [18]. 

The creep rupture experiments were conducted at five 

temperature levels, 73op, 200°F, 293°F, 311°F, and 329°F. 

For each temperature level, several creep rupture tests 

were conducted at different stress levels. Two values, 

the creep stress (i.e. rupture stress) and the failure 

time, were obtained from each creep rupture test (Table 5.3). 

Based on these two values, the critical free energy (W ) to c 
cause failure may be calculated for a given temperature. 

However, according to equation (3.20), the calculation of 

the critical energy requires three additional values. 

These values are initial creep compliance D0 , transient 

creep compliance C, and the time exponent n, and are not 

available in the two references. Thus, to determine the 

value of critical energy, it is necessary to interpolate 

and/or extrapolate the experimental results obtained in this 

study. Each of the four curves of the Findley parameters 

E and m (as shown in Figures 5.37 and 5.38) were first 
0 

linearly extended to 17,400 psi, the maximum stress level 

for the creep rupture data. From the extended curves, four 
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Table 5.3 List of creep rupture data obtained from 
Denton [5] and Morris [18], and calculated 
values of critical free energy 

Critical 
Free 

Temperature Stress Failure Time Energy 
OF (ksi) (min) (ksi) Source 

73 17.4 600 0.103 

73 17.4 3180 0.107 

73 17.4 6600 0.109 

200 13.0 18300 0.080 Denton 

200 16.1 2940 0.112 

200 16.1 3480 0.113 

293 13.0 450 0.086 

293 13.5 24 0.086 

293 14.0 0.9 0.089 

311 11.7 360 0.074 

311 12.1 90 0.074 Morris 

311 12.5 33 0.083 

311 13.0 18 0.078 

329 11.7 42 0.073 

329 12.1 4.2 0.071 

329 12.5 0.7 0.077 
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values of a parameter (E 0 or m) were determined for a given 

stress level and were associated with the four temperature 

levels used in short time elevated temperature creep experi-

ments. These four values of E or m for a given stress were 
0 

then fit by a line using the least squares technique and 

extended to determine the value of E or m at a given 
0 

temperature level. By the above procedure, the Findley 

parameters E and m were determined for a given stress and 
. 0 

temperature level. The creep compliances D or C were then 
0 

obtained by dividing E or m by the corresponding stress 
0 

level. The n-value at a desired temperature was obtained 

using linear extrapolation. 

Based on the analysis described above, the critical 

free energy (W ) for each creep rupture data point (as c 
shown in Table 5.3) was calculated using equation (3.20). 

It was found that for a constant temperature level, the 

critical free energy was practically independent of stress. 

It was also found that the critical free energy decreased 

when the temperature increased (Figure 5.60). The values 

of critical free energy shown in Figure 5.60 are average 

values at a given temperature. Based on the values of the 

critical energy (as shown in Figure 5.60), equation (3.20) 

was used to obtain the theoretical curves of rupture stress 

versus log failure time (Figure 5.61). These curves 

exhibit a linear-like region at short time. The nonlinear 
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relation between rupture stress and rupture time becomes 

more significant when the temperature is increased. In 

Figure 5.61, creep rupture data are also presented. In 

general, good correlation between the theory and the experi-

mental results was obtained. However, more data is needed 

at long times to verify this method of predicting creep 

rupture. 

5.7 Summary 

The study of the effects of moisture was primarily to 

determine the extent of environmental conditions where the 

creep phenomenon would be associated only with applied load 

and temperature. It was found that the ultimate strength 

and ultimate strain were essentially constant for specimens 

stored at room temperature, or for specimens that have been 

dried and stored at the same conditions. It was assumed 

that the creep response would likewise be unaffected by the 

same environmental conditions. 

Repeatable creep response could be obtained only after 

mechanical conditioning. It should be pointed out that the 

mechanical conditioning procedure introduces damage (micro-

cracks) in the specimen. The state of damage is different 

for the different stress levels used in the mechanical 

conditioning. Furthermore, the relations between the Findley 

parameters (e: , m, and n) and the applied stress were dif-o 
ferent for different damage states. Repeatable results 
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could only be obtained for applied stress levels less than 

or equal to the stress used in the mechanical conditioning 

procedure. 

The parameters, £ , m, and n are functions of the 
0 

duration of a creep experiment, but approach asymptotic 

values with time. Accurate prediction of the creep response 

could be obtained only when the asymptotic values of the 

parameters were used in the Findley equation. It was also 

found that the asymptotic values of £ and m could be 
0 

obtained from short-time (200 minutes) creep data if the 

asymptotic n-value was used to calculate them. 

At the same damage level, the asymptotic values of the 

Findley parameters £ and m are hyperbolic sine functions 
0 

of stress for constant temperature. The n-value increases 

linearly with temperature, but is independent of stress. 

It was also found that the Findley equation and the modified 

superposition principle predicted the creep response due to 

multiple step loadings. 

The critical free energy was found to be a constant for 

SMC-RSO at a given temperature. It was also found that the 

critical free energy decreased with an increase in tempera-

ture. The time to rupture was predicted using the Reiner-

Weisenberg failure criterion. The prediction was fair, 

however more data at longer times are needed to determine 

if the failure criterion is accurate. 



CHAPTER 6 

CONCLUSIONS 

The present investigation has centered on two cate-

gories; the viscoelastic characterization of SMC-RSO and 

the usefulness of the Findley equation to predict the creep 

response of SMC-RSO. The material characterization included 

the study of mechanical conditioning, and the elevated 

temperature creep response. The theoretical model was used 

to predict the long-time creep response and the multiple 

step creep response. Several conclusions have been estab-

lished in this study: 

(1) The application of mechanical conditioning provides 

repeatable creep and creep recovery results. 

(2) The Findley parameters E0 , m, and n are functions 

of time but approach asymptotic values. 

(3) The Findley equation can be used to describe the 

creep and creep recovery behavior of SMC-RSO. 

(4) The modified superposition principle can be used 

to predict creep response due to multiple step 

loadings. 

(5) The critical free energy associated with the creep 

rupture behavior is independent of stress but is a 

function of temperature. The stress-rupture time 

relation can be described by the Reiner-Weisenberg 

failure criterion. 
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