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Abstract

This chapter presents a useful literature reviews and applied solved problems that focus
on the creep phenomenon and behavior of it in the solids. Various insights and available
studies are reviewed and investigated regarding the creep behavior analysis in three
categories such as analytical, numerical and experimental methods. In addition, novel
and recent findings are presented in this chapter such as predicting and obtaining the
viscosity of the solids at high temperatures using steady state creep phenomenon (i.e.,
introducing a simulation and analogy between creeping solids and viscous fluids).
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1. Introduction

Creep is a slow, continuous deformation of a material under constant stress and temperature.
On the other hand, creep phenomenon in solids under high stress and temperature is one of
the important topics in the scientific societies, and therefore, the creep analysis become more
significant in various industries. Therefore, study on the process of the creep phenomena is
essential and significant for engineering applications concerning high temperature and high
stress. For instance, spaceships, turbine blades and discs are commonly under the creep effects.
Additionally, predicting the creep behavior is very important for designing the advanced
reinforced/nonreinforced materials. Consequently, a logical analysis of the creep behavior and
its mechanisms for these materials is crucial. Creep phenomenon may be happened in short
fiber composites or nanocomposites because of any elevated temperatures and applied loads
which can be dangerous for composites and structures. Therefore, a thorough knowledge of
creep characteristics and deformation mechanisms of reinforced and nonreinforced materials
is required to utilize these composites in high stress and high temperature applications. In
recent years, extensive investigations have been conducted to predict the steady state creep
behaviors of the materials (see Figure 1).
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Figure 1. (a) Creep ¢ — t diagram (b) creep ¢ — ¢ diagram [105].

These advanced materials are generally used in various industries such as aircraft and aero-
space industries and other engineering applications because of numerous advantages. One of
the hazardous phenomena is creep occurrence which may occur in these materials. Conse-
quently, the creep must be accurately studied and analyzed to prevent unsafe and undesired
events. Several investigations have been performed to predict the creep behaviors of the
advanced reinforced/nonreinforced materials. In this chapter, in addition to presenting some
insights, the related previous studies are reviewed in three categories such as analytical,
numerical and experimental methods.

2. Analytical methods

In reinforced materials, various theoretical studies are based on the shear-lag theory [1-13]. For
more illustrations, 1D shear-lag theory was initially proposed by Cox [1], which is a strong
model for the stress transfer analysis of the unidirectional fibrous composites. Recently, Mondali
et al. [12] introduced a theoretical approach to predict the second-stage creep behavior of the
short fiber composites by using shear-lag model and imaginary fiber method. The creep behavior
of the creeping matrix was predicted using a creep exponential law. Moreover, various investi-
gators have studied fibrous composites by employing imaginary fiber method and technique
(fictitious fiber) elastically [14-18].

For instance, one of the useful and valuable researches was done by Weng and Sun [14]. They
employed the fictitious fiber technique and method to study the effects of the fiber length on
elastic moduli of randomly oriented chopped-fiber composites theoretically. The method and
technique is analogous to the imaginary fiber technique to analyze the short fiber compos-
ites. The mentioned solution method based on fictitious fiber technique [14] is similar to
Hsueh'’s elastic solution [15], known as the imaginary fiber technique. The scientific applica-
tion of the fictitious and imaginary fiber method is very significant for analyzing the matrix
located at the top of the fiber. In addition, this model may assist to the analysis of a full and
complete fibrous composite.
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Stress transfer from the matrix to the embedded fiber in fiber-reinforced composites has been
studied elastically while the loading direction is parallel to the fiber axis and the fiber is bonded
to the matrix. Stress transfer occurs both at the interface along the fiber length and at the ends of
the fiber. Nevertheless, the boundary condition at the bonded ends is unclear, and different
suppositions were made analytically to achieve solutions for this stress transfer problem. To this
end, a novel insight of supposing imaginary fibers in the fibrous composite was introduced. In
comparison to the prior theoretical solutions, this method [15] bears more physical meaning and
is in better agreement with numerical (FEM) and experimental results [15].

In addition, many investigations were carried out concerning the creep of the fibrous composites
and applications by different methods theoretically [19-24]. Some investigators have employed
different methods in place of the shear-lag model to solve the problems like Eshelby’s thought
experiment with a formulation based on the Schapery model [19] and variational approach [21].
Also, Monfared et al. [22] proposed the second-stage creep strain rate of the short fiber compos-
ites without utilizing the shear-lag theory. They determined various key unknowns in the steady
state creep of the short fiber composites using mapping function and dimensionless parameter
techniques.

Furthermore, novel theoretical insight and formulation have been proposed for studying the
second-stage creep in fibrous composites utilizing complex variable method, at which, both
the matrix and fiber creep at low stresses and temperatures. To study the creeping fiber, a
plane stress model has been employed. Significant novelties of the research work of
Monfared et al. [23] are determination of the displacement rates with suitable boundary
conditions in the creeping fibers and also utilizing the complex variable method in the creep
analyzing. It is important that the model and method may be helpful to investigate the creep
behavior in polymeric matrix composites. Furthermore, another major application of
the method is to theoretically analyze the creep or elastic behavior of carbon nanotube poly-
mer composites. Here, as an example, a result presented in Ref. [23] is introduced as the
following:

u1(z,z) = p(z) + Y(z — AZ) 1)

i2(2,2) = u Hﬁ N (57‘ - AZ) dz — iﬁm <5Z S AZ) dz} + p(; + %) ?)

A is equal to 3 obtained by solving the partial equations, i is equal to 3 and c is closed finite

region in steady state creep. Using the residual theorems in complex variable analysis, gives

%N(z, Z)d(z,z) = 2miRes VR(z,Z)

)

Z,2=2)

In above equation, Res indicates the residual value of ¥(z,z). Moreover, two analytical func-
tions p and N are introduced through Cauchy-Goursat theorem. Therefore, 11, 115, U and u
may be obtained utilizing complex variable in the second-stage creep of the fibrous compos-
ites. All the mentioned theoretical and analytical functions like ¢(z) can be supposed by a
polynomial function of degree n with its unknown coefficients. The unknowns may be obtained
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employing the appropriate boundary conditions. As the major benefit of the method and formu-
lation of [23], Eq. (3) will be able to analyze and solve the improper integrals [23]. Moreover,
displacement rates 7 and w, are obtained utilizing different boundary conditions in the crept
matrix, distinctive geometric relations and same procedures. That is, w1 = 2(z) + A(z — 2z) =
Y(z—z)and w, = [§2L(z — 2)dz — § TL(z — 2)dz| B+ B(z + Z) = G(z +z). Using the bound-
ary conditions, displacement rates u1, 1, and w0, w, are coupled simultaneously. In above
equations, (u1, up) and (wy, wy) are displacement fields in the fiber and matrix, respectively. Also,
subscripts 1 and 2 are related to x; and x, directions [23].

3. Numerical methods

Numerical attempts have been made for analyzing the creep problems by various investiga-
tors. Numerical methods have helped the researchers for analyzing the problems [25-33]. The
purpose of the paper [30] is to obtain the general creep mechanisms for the fibrous composites
(MMCs) subjected to axial stress states and to build a relation between the macroscopic stable
creep behavior and the material micro-geometric parameters numerically. The unit cell models
have been employed to compute the macroscopic creep behavior with different micro-
geometric parameters of the fibers on different loading directions. The influence of the geo-
metric parameters of the fibers and loading directions on the macroscopic creep behavior was
determined previously. The matrix and fiber interface were considered by a third layer, matrix
and fiber interlayer, in the unit cells with different creep properties and thickness. Based on the
numerical-obtained results of the unit cell models, a statistic model was introduced for the
plane randomly distributed-fiber MMCs. The fiber breakage was taken into account in the
statistic model because it starts early in the creep life experimentally. With the distribution of
the geometric parameters of the fibers, the obtained results of the statistic model agree well
with the experiments. With the statistic model, the influence of the geometric parameters and
the breakage of the fibers in addition to the properties and thickness of the interlayer on the
macroscopic steady state creep rate were discussed [30].

FEM investigation for steady state creep behavior of the creeping metal matrix composite was
done with supposing the fiber-matrix debonding parameter in the modeling by Mondali et al. [31].
Accuracy of simulation and being time consuming are several major difficulties of FEM generally.
In addition, one of the significant sections of reference [33] is to predict the limited creep debonding
at the interface in the second-stage creep of the fibrous composites subjected to axial stress. At this
point, a key formulation, presented in Ref. [33], is generally introduced as the following;:

The average axial stress of fiber is semi-analytically obtained as a function of interfacial shear
stress which is presented as follows:

7, =T x 1 x (Z’'D™® - Cz*D™?) (4)

where parameters I', Z and C are constant coefficients and also 7; and 6122 are the interfacial shear
stress and the average axial stress of the elastic fiber, respectively. In addition, the parameters of
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’D™® and z°D~? are dimensionless parameters, which are employed to determine the quasi
shear lag formulation, that is, Eq. (4). Recent formulation may be obtained using linear combina-
tion of the elastic fiber diameter (D = 24), axial position (z), dimensionless parameters (D7,
zD™') and the fiber length (I) considering semi-theoretical approaches. After determining the
unknown coefficients, QSL formulation will be determined as below:

_ d 54] — 35z
where 7;|._] is the maximum value of shear stress along the fiber length at the interface (i.e., at
z=1,r =a). Note that the formulation of interfacial shear stress, i.e. 7; is proposed by
Monfared et al. [22], which has been used for determining average axial stress in the fiber &
as follows [22]:

7:(z) = Ln 14 V3€, ©)
V3 1
In which,
V3 dr;
= — 1| — 7
C=exp ( p i) 4, (7)
Other relation for obtaining a shear stress at the interface has the following form [22]:
[ (v
Ti = Tpy L, = limit 2 8)
= ()= () 3€¢ B
In which,
ou ow
) =t 5o =260

where 1 = [a,b], X = (0,1] which imply a<pu<band 0 < R</. Also, y_, is the shear strain rate
in the direction indicated by its subscript and u and w are, respectively, the radial and axial
displacement rates.

On the other hand, the average axial stress in the fiber is approximately linear in elastic state,
that is, _ = ¢,z + g,. Note that the unknown coefficients g, and g, are obtained employing
mentioned calculations and engineering estimations. In general, average axial stress in the
fiber is calculated using maximum shear stress at the interface and geometric factors. As
mentioned earlier, a weight coefficient is considered for any parameter such as g, and g, with
parameter z employing numerical methods, weighted calculus (computer coding) and meta-
calculus with considering nonlinear regression and neural network approaches [33].
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4. Experimental methods

Unlike several difficulties of the experimental methods such as complexity of them (they may
be time-consuming, expensive and intricate), they are useful to predict the steady state creep
behaviors [34-49]. For instance, the second-stage creep behavior of the composite “SiC/Al6061”
was experimentally and analytically analyzed by Morimoto et al. [36], in which happening of
the non-aligned fibers and creation of the microcracks in the creeping composite are some
difficulties during the experimental process. For more illustration, the creep behavior of the
TiC-particulate-reinforced Ti alloy composite was studied at temperatures from 500 to 650°C
and applied stresses from 230 to 430 MPa [37].

The steady state creep behavior of poly (vinylidene fluoride) (PVDF)/multiwall carbon
nanotubes nanocomposites was investigated at various stress levels and temperatures exper-
imentally. To fine-tune the ability to transfer stress from matrix to carbon nanotubes, bud-
branched nanotubes were fabricated. The PVDF showed improved creep resistance by
adding carbon nanotubes. However, bud-branched nanotubes showed a modified stress-
and temperature-dependent creep resistance in comparison with carbon nanotubes. Also, at
low stress levels and low temperatures, bud-branched nanotubes showed better improve-
ment of the creep resistance than that of virgin carbon nanotubes, whereas at high stress
levels and high temperatures, the virgin carbon nanotubes presented better creep resistance
than that of bud-branched nanotubes. Differential scanning calorimetry (DSC), WAXD and
Fourier transform infrared spectroscopy (FTIR) were used to characterize the crystalline
structures, and dynamic mechanical properties were characterized by dynamic mechanical
analysis (DMA) testing. The Burger’s model and the Findley power law were utilized to
model the creep behavior, and both were found to well describe the creep behavior of PVDF
and its nanocomposites. The relationship between the structures and properties was ana-
lyzed based on the parameters of the modeling. The improved creep resistance for PVDF by
adding the nanotubes would be beneficial for its application in thermoset composite welding
technology [47].

The high-temperature creep behaviors of 7075 and 2124 aluminum alloys have been ana-
lyzed by the constant-stress uniaxial tensile creep experiments. In addition, constitutive
models for describing the high-temperature creep behaviors of the studied aluminum alloys
were established based on the continuum damage mechanics (CDM). Initially, the contin-
uum damage mechanics (CDM) models were simplified to explain the primary and second-
ary creep of 7075 aluminum alloy. Then, because the effects of the applied stress on the creep
damage during tertiary stage were not entirely considered in the original CDM model, the
modified constitutive models were presented to predict the creep-rupture behavior of 2124
aluminum alloy. A stress exponent D, which can preferably reveal the effects of the applied
stress on the stationary creep damage, was presented in the modified model. The results of
this investigation showed that a good agreement between the measured and predicted
results was determined, which confirms that the established creep constitutive models can
give an precise and exact approximation of the high-temperature creep behaviors for 7075
and 2124 aluminum alloys [48]. Briefly, the high-temperature creep behaviors of 7075 and
2124 Al alloys were investigated; a stress exponent was proposed to preferably reveal the
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effects of the stress on creep damage and the established CDM models correlate well with the
experimental results [48].

In addition, the second-stage creep and recovery behaviors of polystyrene composites filled
with 2D chemically diminished graphene oxide sheets have been investigated, in which a
series of stationary creep and recovery characterization tests have been carried out for thermo-
plastic composites filled with three different types of carbon nanoadditives (including CB,
CNT and graphene). Furthermore, the thermal and dynamic mechanical properties of the
composites have been studied and analyzed to find and understand the relative formation
mechanisms generally [49].

5. Complementary methods

Complementary methods may be a combination of the three mentioned methods of analytical,
numerical and experimental approaches such as semi-analytical methods or other supplemen-
tary approaches. The mentioned methods (complementary methods) are a supplementary for
the three mentioned methods (analytical, numerical and experimental methods).

A semi-analytical formulation has been presented for obtaining the viscosity of solids (such
as metals) using the steady state creep model of the short fiber composites. For achieving this
aim, fluid mechanics theory was used for determining the viscosity. Sometimes, obtaining
the viscosity is experimentally difficult and intricate. Therefore, the present model may be
beneficial to obtain the viscosity of the metals [50].

Another research work was presented for simple and fast estimation of the creep plastic
behavior of the short fiber composites by a new approach based on neural network prediction.
The method has been introduced to diminish the solution process. Furthermore, as an impor-
tant application of the approach and the model mentioned in Ref. [51], spaceships and turbine
blades are commonly under the stationary creep effects. Thus, analysis of the steady state
creep is necessary and essential in various industries. Therefore, analysis of the second-stage
creep behavior is mandatory for analysis of failure and fracture and creep resistance of the
fibrous composites. One of the major applications of the research work [51] is the design of the
fibrous composites with optical fibers and devices [51].

A new analytical approach was presented for analyzing the steady state creep in a short fiber
composite SiC/Al6061 (Silicon Carbide/Aluminum 6061) under axial load based on high order
displacement functions. The creep behavior of the matrix was described by an exponential law
with elastic behavior of fibers. Predicting the creep behavior of the short fiber composite
“Silicon Carbide/Aluminum 6061” using high order functions analytically was the novelty of
the work. The research work was presented in order to prevent unwanted happenings, in
addition to the control of the second-stage creep deformation rate. As a result, the creep
behaviors are controllable, and the diagrams have smooth gradients and slopes [52]. Indenta-
tion creep behavior at room temperature and its mechanism of Ti-10 V-2Fe-3Al alloy with dual
phase structure were investigated. Micro-indentation creep tests were performed under the
maximum indenter load ranging from 1500 to 4500 mN and the holding time of 300 s. The
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effect of indenter load on creep behavior and creep parameters, like creep rate, creep strain
rate, indentation stress and creep stress exponent, were analyzed at the steady state creep. The
results revealed that creep parameters exhibited significantly indentation depth dependent. At
the secondary stage of creep, creep strain rate and creep rate increased with the increase of
maximum indenter load, whereas creep stress and creep stress exponent exhibited an opposite
trend. Especially, creep stress exponent of 7.65 + 1.25 in power-law creep behavior of Ti-10 V-
2Fe-3Al alloy, which was consistent with dislocation process, indicated that the secondary stage
of creep may be dominated by dislocation climb. Furthermore, experimental data and figures
were used to evaluate and comprehend likely creep mechanisms during a micro-indentation
scheme of Ti-10 V-2Fe-3Al alloy [53]. Briefly, micro-indentation creep behavior with various
indenter loads was investigated; creep rate and indentation stress showed a linear relationship
with indenter loads; high creep strain rate can be induced by increasing indenter load at holding
time; indenter load effects on creep stress exponent are similar to that of hardness and the creep
behavior at secondary stage may be dominated by dislocation climb [53].

Steady state creep was characterized for Ni-8YSZ solid oxide fuel/electrolysis cell (SOFC/
SOEC) substrate material. Intrinsic and extrinsic factors affecting creep behaviors such as
compositional ratio, porosity and mechanical loading configuration were assessed. Mechanical
tests were supported by analytical and numerical calculations. The results indicated a
diffusion-dominated creep mechanism under both compressive and tensile creep conditions.
Creep appeared to be dominated by the ceramic phase. Porosity significantly reduced creep
resistance. The activation energy was discussed based on loading configuration, temperature
and porosity [54]. In brief, the creep of porous Ni-8YSZ anode substrates was investigated
systematically; the porosity, composition ratio and loading configuration have effects on creep;
the suitability of different testing methods was successfully analyzed and derived creep
parameters can be used for materials” validation and modeling [54].

Creep deformation and fracture behaviors of Sanicro 25 alloy were obtained based on long-
term creep strain tests. The multiscale precipitation behaviors were calculated thermodynam-
ically and inspected by examination of the microstructure of the as-crept alloy [55]. Briefly,
multiscale precipitation behaviors of Sanicro 25 during long-term creep were revealed; fine-
distributed nanoscale precipitates were found as the main strengthening phases of Sanicro 25
at elevated temperatures and preferred grain orientation of Sanicro 25 before and after creep
under different conditions were investigated by electron back-scattered diffraction [55]. In situ
neutron diffraction measurements were performed on monocrystalline samples of the Ni-
based superalloy CMSX-4 during N-type )’ raft formation under the tensile creep conditions
of 1150°C/100 MPa and subsequently on a rafted sample under the low temperature/high
stress creep conditions of 715°C/825 MPa.

During 1150°C/100 MPa creep, the ' volume fraction decreased from ~70 to ~50%, the lattice
parameter misfit was partly relieved and the load was transferred from the creeping y matrix
to the o/ precipitates. In the process of cooling back to room temperature, a fine distribution
of ) precipitates formed in the y channels, and these precipitates were present in the 715°C/
825 MPa creep regime. Under low temperature/high stress creep, the alloy with rafted )’
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microstructure exhibited superior creep strength to the cuboidal 9’ microstructure produced
following a standard heat treatment. A lengthy creep incubation period was observed,
believed to be associated with {111} (110, dislocations hindering propagation of {111} (112)
dislocations. Following the creep incubation period, extensive macroscopic creep strain accu-
mulated during primary creep as the y-phase yielded. Finally, the diffraction data suggest a
loss of precipitate/matrix coherency in the (0 k0) interfaces as creep strain accumulated [56].
Bending creep deformation mechanism for nickel nanobeam was investigated using molecular
dynamics simulation. Low temperature creep deformation (T < 0.3T,) was found to be
guided by jog formation and glide motion of grain boundary, whereas lattice diffusion, grain
boundary migration and sliding are the controlling mechanism for high-temperature deforma-
tion (I' > 0.5T,,). The occurrence of tertiary creep regime was observed only at high-
temperature deformation due to creep instability caused by cavity formation. It was revealed
through dislocation analysis that intrinsic Frank partial dislocations are the driving factor for
cavity generation leading to intergranular fracture [57]. Briefly, it is for the first time, the study
of bending creep deformation and the underlying mechanism at nanoscale level; jog formation
helps the grain boundary movement during low temperature bending creep deformation;
intrinsic Frank dislocations cause cavity formation at tertiary regime for high-temperature
bending creep [57].

The as-received cast and forged (C&F) P91 steel was subjected to the creep test at temperature
of 620-650°C for applied stress of 120 MPa. The room temperature tensile test was conducted
after normalizing and tempering (N&T) treatment of the ruptured creep specimen. The stan-
dard tensile test specimen was prepared from the gauge section of creep-ruptured specimen.
The N&T treatment was performed to restore the microstructure and mechanical properties of
virgin P91 steel (N&T P91 steel). The microstructure of creep-fractured specimen in ruptured
state and N&T condition were characterized by using field-emission scanning electron micro-
scope (FE-SEM) with energy dispersive X-ray spectroscopy (EDS). The fracture surface mor-
phology of crept specimen and the tensile tested specimen was also studied. The effect of prior
creep deformation on the mechanical strength was more significant in the sample with longer
creep rupture life [58].

Briefly, creep test was performed in temperature range of 620-650°C and at stress of 120 MPa;
the effect of creep rupture life on precipitate size and fraction area of precipitates; the effect of
creep rupture life on fracture surface morphology of creep tested cast-forged P91 steel; the
tensile properties of N&T creep fractured material compared with N&T cast-forged P91 steel
and the fracture surface morphology of tensile fractured surface by using FESEM were studied
[58] (see Figures 2, 3).

The creep behavior and microstructural evolution of 8030 alloy at 90-150°C and 50-90 MPa
of applied tensile stress were investigated by creep testing and transmission electron microscopy.
The 8030 alloy possesses excellent creep resistance at low temperatures. The sizes of a small
number of subgrains increase during the creep process due to subgrain merging. A creep activa-
tion energy of 123.2 kJ/mol is close to that of the lattice self-diffusion in aluminum, implying
that a lattice self-diffusion mechanism is dominant at 150°C/90 MPa (Figures 4 and 5), [59].
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Figure 2. Creep rupture behavior of P91 steel [58].
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Figure 3. Engineering stress-strain curve [58].

Briefly, the 8030 alloy possesses excellent creep resistance at low temperatures; Alz3Fe-phase can
improve the creep resistance of 8030 alloy; there are two kinds of creep mechanism at low
temperature; the creep threshold stress is close to 0 MPa at 90 MPa/150°C [59].
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Figure 5. Relationship between In ¢; and In ¢ of 8030 alloys. (error bars: One standard deviation) [59].

Study of creep behavior of base metal (without weld) and welded specimens of P91B steel over
a range of temperatures (600-650°C) and stresses (50-180 MPa) showed similar values of
minimum creep rates for both specimens at higher stress regime (>100 MPa), whereas signifi-
cantly higher creep rates in the case of welded specimens at lower stress regime. Considering
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that welded specimen is composed of two distinct structural regimes, that is, weld-affected
zone and base metal, a method has been proposed for estimating the material parameters
describing creep behavior of those regimes.

Stress-strain distribution across welded specimen predicted from finite element analysis based
on material parameters revealed preferential accumulation of stress and creep strain at the
interface between weld zone and base metal (Figures 6 and 7). This is in agreement with the
experimental finding that creep rupture preferentially occurs at intercritical heat-affected zone
in welded specimens owing to ferrite-martensite structure with coarse Cry3Cs particles [60].
Briefly, comparison of creep properties of welded and virgin specimens of P91B steel was
performed; at lower stresses (<100 MPa), welded samples show higher minimum creep rate;
creep rupture at intercritical heat-affected zone (IC-HAZ) in welded specimens; FEA showing
accumulation of creep strain in weld/base metal interface and precipitate-free soft ferrite
matrix accumulates strain and weakens IC-HAZ [60].

A group of segmented polyurethane copolymers with different hard segment (HS) contents
were successfully synthesized. The microstructure of the PU copolymers was characterized via
Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),
dynamic mechanical analysis (DMA) and small-angle neutron scattering (SANS) [61]. The
creep behaviors of two alloys were studied under the temperature of 700°C and three applied
stresses (560, 650 and 720 MPa) in order to investigate the creep mechanisms of Inconel718 and
Allvac718Plus, using multiple microstructural analysis methods, including scanning electron
microscope (SEM), field-emission scanning electron microscope (FE-SEM) and transmission
electron microscopy (TEM).

Result showed that steady state region is not observed in these two alloys. Creep curves of two
alloys were composed of primary region and tertiary region. Tertiary region occupies a domi-
nant position. Ductile dimples were observed on creep fracture surface, indicating creep mecha-
nisms of two alloys are the formation of creep voids. Also, the formation of creep voids is found
to be correlated with three factors which are dislocation multiplication, dislocation motion and
dislocation obstacles. Inconel718 has higher dislocation multiplication rate, larger dislocation
motion rate and more d-phases and fewer bands than Allvac718Plus. Therefore, Inconel718 has
higher creep voids rate than Allvac718Plus, leading to the result that Inconel718 has shorter
creep life than Allvac718Plus [62].

A spark plasma sintering (SPS) apparatus was used to perform uniaxial compressive creep
tests on dense SPS-processed fine-grained alumina (Figure 8). Experiments were carried out in
the 1125-1250°C temperature range under an applied stress of 80-120 MPa. Creep rates, stress
exponent and apparent activation energy were determined. The microstructure of deformed
samples was characterized by HRSEM. The creep rates, stress exponent (1.9-2.1) and apparent
activation energy (454 kJ/mol) values obtained are in a good agreement with data reported in
the study regarding creep of fine-grained polycrystalline alumina. These results, together with
microstructural observations, suggest that the creep mechanism involved was grain boundary
sliding (GBS), accommodated by dislocation climb and controlled by diffusion along the grain
boundaries. It was thus demonstrated that an SPS apparatus can be employed as an accurate
high-temperature creep testing system [63].
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Figure 6. SEM-BSE micrographs showing the microstructures at different locations across the weldments: (a-d) before
creep testing and (e-h) after creep testing (creep exposure at 650°C/50 MPa and rupture time is 3772 h) [60].
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Figure 8. Creep rates of alumina as a function of true stress [63].

Copper gives creep strain versus time curves at 75°C, which look very similar to those
recorded at much higher temperatures. Thus, an extended secondary stage where the strain
rate is constant is observed. Considering the high creep exponent that can be up to 75, one
would expect a creep curve with rapidly increasing strain rate but that is not found. The
difference of creep of pure metals at high temperatures is so large that we can talk about
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an entirely new material class with respect to creep. To explain the observations, a recently
developed dislocation model (Sandstrom, 2017) for cell structures is used.

A new creep model was presented where a back stress based on the dislocations in the cell walls
is introduced. Unbalanced sets of dislocations without matching dislocations of opposite signs
are formed in the cell walls. Since the unbalanced content is not exposed to static recovery, it
forms a stable back stress. It was shown that the computed back stress can fully explain the
observations and reproduce both creep curves and results for slow strain rate tensile tests [64].
Also, the creep behavior of alumina has been investigated [65-77]. There are numerous instances
of the structural application of GFRP in the construction of buildings and bridges [78, 79].
Exceptional reviews of the widespread studies on the topic may be found in some important
references [80-82]. Also, some studies were done regarding the proposition of quantum mechan-
ical tunneling of dislocations at very low temperature [83-88].

Till now, numerous constitutive models have been presented to address viscoplastic, plasticity
and the creep behaviors of materials [89-107]. Also, the time-dependent creep deformation of a
metallic component under applied stress and temperature was studied by many researchers
[92, 99, 104, 105].

Creep rupture and failure of the creeping metals are dedicated to the basic explanation of the
creep which happens extensively in high-temperature deformation of the creeping metals.
Particular concentration and attention are paid to the analysis of long-term strength, which
characterizes the stress at which the creeping metal does not fail after a predetermined time.
Lokoshchenko [106] details experimental and analytical results determined by Soviet and
Russian scientists who are absent in presently accessible publications and demonstrates theo-
retical models and methods to attain long-term strength in metals [106].

As another interesting book, the third edition of fundamentals of creep in metals and alloys [105]
stays generally up to date for the creeping metals, there are a wide range of improvements and
updates that are either pleasing, or necessary, to make sure that the book continues to meet the
needs of the investigators in the general area of steady state creep plasticity (time-dependent
plasticity, viscoplastic and viscoelastic). As well, updating the areas presently covered in the
second edition with new advances, the third edition will broaden its scope beyond metals and
alloys to include ceramics, covalent solids, minerals and polymers, hence addressing the funda-
mentals of creep in all fundamental classes of the creeping materials [105].

6. Solved problems

Problem 6.1. Determine the viscosity of the creeping fibrous composites semi-theoretically.

Solution:

A semi-analytical formulation is presented for obtaining the viscosity of solids (such as metals)
using the steady state creep model of the short fiber composites. For achieving this aim, fluid
mechanics theory is used for determining the viscosity. Sometimes, obtaining the viscosity is
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experimentally difficult and intricate. Therefore, the present model may be beneficial to obtain
the viscosity of metals (see Figure 9).

Figure 9 graphically shows a simple simulation and analogy between the steady state creep
behavior of the short fiber composite and viscosity of the viscous fluid. The shear stress is
generally defined by the following equation in the creeping solids at any given arbitrary r = r
and z = zp mathematically,

T — golnz 4 4 (10)
where the constants “ay” and “a;,” are introduced in Egs. (17a, b). On the other hand, the shear
stress in the fluids is given by:

Tj;lzuid = - fluid (11)

rz

“” 7 " cr

where the parameters “u” and “y” are the viscosity and shear strain rate, respectively. The

£ 7

shear strain rate “y” is defined as follows:

) 0w Ou
Ve T oy T8 (12)

£ 4

Now, the average shear stress at the interface is obtained for determining the viscosity “u” as
follows:

I
J (aplnz + ay)dz (13)
0

T —=

matrix | =4 1
rz average 1

Fluid or creeping metal
under high temperature
and stress

Creeping matrix

w(z)

Elastic short fiber

Figure 9. Simulation between creeping composite and viscous fluid.
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“” 7

Thus, the viscosity “u1” is determined by the combination of Egs. (10)—(13), which yields

e | T=0
matrix
T

rz

. average

= b (14)
rz

To summarize the calculations, previously published research results [13] are used for

obtaining the viscosity “u” (Eq. (14)). Therefore, the viscosity of the creeping matrix in the

short fiber composite is determined using fluid mechanics and creep theories. Finally, the

viscosity of the metals at the mentioned temperatures “1” is semi-analytically obtained by the
following relation:

obtained using available results [13,22—24] viscosity” u”is unknown

: ow Ou
[Tm”t”x]creep of composite - [TUISCO”S ﬂmd]ﬂuzd = Hyﬂuid =H (& + E) (15)

where 1 (radial displacement rate) and w (axial displacement rate) are obtained using the
obtained results presented in [13, 22-24]. Moreover, the creeping shear stress “Tjuix” is
presented in Egs. (17a, b). For the fibrous composite employed here “SiC/Al6061,” the volume
fraction of the fibers is approximately 15% and the fibers have an aspect ratio of 7.4 and
k =0.76, which are according to the Ref. [36]. In addition, the second-stage creep constants of
the creeping matrix material, A and B, in Eq. (16) at 300 C are considered as A =exp.(—24.7) and
B =6.47, given by Morimoto et al. [36].

10806
7.332

3._858

Shear stress at the interface,r=a
[
=]
=]
(i3]
e

.3B4

a 1.48 Z2.59%6 4_44 5.9z 7.4
-74 2.22 3.7 5.18 [ 1

Axial position, z

Figure 10. Shear stress behavior in the creeping metal matrix composite in the steady state creep (at interface, » = 4, with
the assumption of a = ).

207



208 Creep

£, = Aexp (%) (16)

where 0. and €. are the equivalent stress and equivalent strain rate of the creeping matrix,
respectively. A quantitative example is presented in this section. The interfacial shear stress is
in the following form mathematically:

T = = (17)
7 =3.75In G) 1272 (18)

Shear stress presented in Egs. (17a, b) is graphically shown in Figure 10.

The average shear stress, Tﬁ”t’i" (at interface, r = a), is obtained by Eq. (13). Also, the shear strain

rate, " is determined by Eq. (12). By a simple calculation, the viscosity,u, for the men-

tioned metal AI6061 under the mentioned conditions is approximately equal to 4.8 x 10'°A Pa.s,
in which the parameter of “1” is a positive and small number. Also, FEM nodal solution of the

-8%9.0%941
-77.2198%
—-55.3456
-33.4714
-11.5972
10.2771
32.1513
54.0255

75.89%98

87.774

Figure 11. FEM nodal solution of the unit cell for predicting the shear stress behavior (the distribution of the shear
stresses in the unit cell) [x = r(radial), y = z(axial) and z = 8(circumferential)].
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unit cell for predicting the shear stress behavior is shown in Figure 11 for better understanding
the shear stress behavior in the steady state creep of the short fiber composites. Figures 10 and 11
are presented with an assumption of a = 1.

For comparison purpose, the viscosity of pitch at 298 K is equal to 2.3 x 10® Pa.s [34]. The
results of the present method for obtaining the viscosity have a good agreement with the other
available research results. The value of the mentioned viscosity is logical in comparison with
the available results. In this problem, a novel approach was introduced to obtain the viscosity
of the metals using the creeping property of the composites.

In addition, the behavior of the creeping metals under applied stress and temperature was
simulated with the viscous fluids. The present method is useful and applicable for obtaining
the viscosity, because the expensive and time-consuming experimental methods have many
difficulties in determining the viscosity of the metals at high temperatures. Also, sometimes
obtaining the viscosity of the metals at some temperatures is very intricate. Finally, this method
can be used for obtaining the viscosity of the metals under different conditions using the
steady state creeping property of the composites [50].

Problem 6.2. The Cauchy stress tensor components at one point of a creeping material (second-
stage creep) considering Newtonian fluid, in which the bulk viscosity coefficient is zero, are
given by:

-1 1 -1
gi=| 1 =5 3|Pa (19)
-1 3 -3

Obtain the viscous stress tensor components in a creeping material (such as creeping matrix in
composites).

Solution:

If the bulk viscosity coefficient is zero, Stokes’ condition, we will have, p = p,., = p,, and more-
over, we may determine

oij = —poij + Tjj (20)
Also, have
2
K=A+ = 0 (21)
It yields
04 = —3]9 (22)

p=—to 2% 3 (23)

209



210 Creep

Therefore, we have

-1 1 -1 3 00 2 1
Tij = 0jj + pé,']' = 1 -5 3/4+10 3 0] = 1 -2
-1 3 -3 0 0 3 -1 3

(24)

Problem 6.3. Assume that the Cauchy stress tensor components at the point P of a creeping

material (steady state creep) are given by the following form:

1 6 7
Gi]‘I 6 7 9| GPa
7 9 4

a) Determine the hydrostatic stress (mean stress).
b) Obtain the deviatoric and spherical part of the stress tensor of "¢
Solution:

a) The hydrostatic stress (mean stress) is given by the following equation:

(o 1+7—|—4_

Gm:GHyd:?—T 4

b) The spherical part of stress tensor ‘0" is given by the following equation:

! OHyd 0 0 4 0 O
0 0 Onya 0 0 4

And the Deviatoric part becomes as follows:

! sph dev
0jj = 0y + 0ji

Therefore,
ij
Finally,

3 6 7
fje”:639GPa
7 9 0

(25)

(26)

(27)

(28)

(29)

(30)
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Problem 6.4. The below second-stage creep data have been taken on an aluminum alloy at

400" C and a constant stress of 25 MPa (see Table 1). Draw the following data as strain versus
time, and after that obtain the steady state or minimum creep rate generally and approxi-
mately. Comment: The preliminary and immediate strain is not included (Based on University
of California San Diego’s (UCSD) exams).

Solution:

These creep data are plotted as shown in Figure 12.

Time (min) Strain Time (min) Strain
0 0.000 16 0.135
2 0.025 18 0.153
4 0.043 20 0.172
6 0.065 22 0.193
8 0.078 24 0.218
10 0.092 26 0.255
12 0.109 28 0.307
14 0.120 30 0.368

Table 1. Aluminum alloy at 400°C and a constant stress of 25 MPa.

Strain

0.0 : ! N I . | :
0 10 20 30 40

Time (min)

Figure 12. Plotted creep data.

211



212 Creep

The steady state creep rate (Ae/At) is the slope of the linear region. The straight line has been
superimposed on the curve.
Problem 6.5. Steady state creep rate data for nickel at 1000°C (1273 K) are given in Table 2:

If it is known that the activation energy for creep is 272,000 J/mol, compute the steady state
creep rate at a temperature of 850°C (1123 K) and a stress level of 25 MPa (3625 psi) (based on
University of California San Diego’s (UCSD) exams).

Solution:

Taking natural logarithms of both sides of the following equation yield,

és = Ka"exp (—%) (31)
In(és) =In(K) +nln (o) — % (32)

With the given data, there are two unknowns in this equation (namely K and 7). Using the data
provided in the problem statement, we can set up two independent equations as follows:

272000

-4\ _ _ =
In(1x107%) =1In (K) + nln (15) — o—=——>0 (33)
272000
-6\ _ T
In(1x107°) = In(K) + nln (4.5) 831 < 1073 (34)

Therefore, we have
n=23.825 K=4661/s.

Thus, it is now possible to solve at 25 MPa and 1123 K using the mentioned equation.

. Q 3825 272000 5 1
— n — _C - N _— =
és = Ko"exp < RT 466 x 257" exp 831 < 1273 228 x107s (35)
€s(s) o[MPa (psi)]
107 15 (2175)
107 4.5 (650)

Table 2. Data of nickel at 1000°C (1273 K).
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