Chapter 8

Methods for Creep Rupture
Analysis—Previous Attempts
and New Challenges

Zbigniew L. Kowalewski

Abstract The chapter presents selected methods of creep analysis with special
emphasis on damage development. It is divided into three main sections. In the first
one some previous methods of creep rupture analysis are described. The attention
is focused on certain kind of uniaxial creep characterisation of materials, namely,
an influence of prior deformation on creep behaviour. Subsequently, the results
from creep tests under complex stress states are presented together with theoreti-
cal approaches commonly used to their description. In the second section a com-
prehensive historical survey concerning advances in modelling of creep constitutive
equations is discussed. The third section illustrates selected new concepts of damage
development due to creep on the basis of data captured from the own experimental
programme.

Keywords Creep + Creep damage - Prior deformation + Constitutive equations *
Complex stress states - Non-destructive testing

8.1 Introduction

Typical creep phenomenon occurs as a result of long term exposure to high levels
of stress that are below the yield point of the material. It is more severe in materials
that are subjected to elevated temperature for long periods, and near melting point.
It always becomes faster with temperature increase. The rate of this deformation
is a function of the material properties, exposure time, exposure temperature and
the applied structural load. Depending on the magnitude of the applied stress and
its duration, the deformation may become so large that a component can no longer
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perform its function. Creep is usually of concern to engineers and metallurgists when
evaluating components that operate under high stresses or high temperatures. The
temperature range in which creep deformation may occur differs in various materials.
For example, tungsten requires a temperature in the thousands of degrees before creep
deformation can occur while lead will creep near the room temperature 20 °C. The
effects of creep deformation generally become noticeable at approximately 30 %
of the melting point (as measured on a thermodynamic temperature scale such as
Kelvin) for metals and 40 % of melting point for alloys. For typical creep curve one
can distinguish three stages. In the initial stage, or primary creep, the strain rate is
relatively high, but slows with increasing time. This is due to work hardening. The
strain rate eventually reaches a minimum and becomes near constant. This is due
to the balance between work hardening and thermal softening. This stage is known
as secondary or steady-state creep. In tertiary creep, the strain rate exponentially
increases with stress because of necking phenomena.

Creep leads to the development of material damage process. There are two essen-
tial periods of such process:

e damage developing without microscopically visible cracks due to the nucleation
process and growth of the microvoids, and
e propagation of the dominant fissure up to failure.

At the end of the first stage, the macroscopically observed crack takes place in form
of one or several fissures. In the second stage of the rupture process the dominant
fissure propagates decreasing, as a consequence, loading admissible capacity of a
construction element and leading finally to its failure. In most cases the duration of the
second stage of damage process is negligible short in comparison to the exploitation
time of an element. Experiments concerning the processes of microcrack nucleation
and growth, which are responsible for the failure of materials during creep, exhibit
that failure mechanisms can be divided into the three following types (Hayhurst
1972, 1983; Dyson and Gibbons 1987; Abo El Ata and Finnie 1972; Browne et al.
1981; Ashby et al. 1979): brittle, ductile and mechanism being their combination.
For brittle failure mechanism the microdefects are created and developed on the grain
boundaries perpendicular to the maximum principal tension stress. During ductile
failure mechanism the microdefects are created on the grain boundaries and they
are developing due to grain boundary slides. Brittle failure mechanism is usually
dominant in the case of polycrystalline materials tested at low levels of the uni-
axial stress states. Material degradation during this mechanism has the intergranular
character. At high stress levels the rupture takes place mainly due to the ductile failure
mechanism, for which the damages have a transgranular character and develop due to
the slides passing through the grains. It is well known that there are no exact values,
which can be treated as the limits for particular failure mechanism domination. For
majority of real exploitation loading conditions the failure mechanism seems to be a
combination of the simultaneously developing brittle and ductile failure mechanisms.
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8.1.1 Uniaxial Creep Tests—Tool for Initial Material
Characterization

During manufacturing and exploitation processes most engineering structures or
some their elements are subjected to deformation. Therefore, it is important from
engineering point of view to know the influence of this deformation on such different
material properties at high temperatures as minimum creep rate, ductility, lifetime,
rupture and crack propagation. It has been found that plastic deformation at both
room and elevated temperatures prior to creep testing has either beneficial or detri-
mental effect on the material properties (Dyson and Rodgers 1974; Dyson et al.
1976; Kowalewski 1991a, 1992; Marlin et al. 1980; Murakami et al. 1990; Ohashi
et al. 1986; Pandey et al. 1984; Rees 1981; Trampczyriski 1982; Wilson 1973; Xia
and Ellyin 1993). Although the problem has been previously studied experimentally
for several materials, only limited amount of available data reflects the influence of
plastic predeformation on creep process up to rupture (Dyson and Rodgers 1974;
Dyson et al. 1976; Marlin et al. 1980; Pandey et al. 1984; Trampczyriski 1982). It is
well known that the problem is particularly important during fabrication or assem-
bly processes, where a number of materials used in critical elements of engineering
structures may receive such cold work, and as a consequence, it may change signif-
icantly their lifetime. Up to now the amount of experimental data is still insufficient
to estimate exactly whether the increase or decrease of creep strengthening occurs
up to a certain amount of prior deformation only, or whether this creep property is in
some way proportional to the amount of predeformation. Thus, in order to achieve
better understanding of this problem further systematic investigations are required.

In this paper in order to identify an influence of prior plastic deformation on the
basic creep parameters the results of uniaxial tensile tests obtained for aluminium
alloy will be presented.

8.1.2 Multiaxial Creep Tests—Advanced
Characterization of Materials

The results from uniaxial creep tests are not able to reflect complex material behav-
iour. Therefore, many efforts are focused on tests carrying out under multiaxial
loading conditions. Such experiments are very difficult not only in execution but
also in elaboration of the results.

A description of creep process requires the essential interrelations among stress,
strain, and time. The well known method depicting these interrelation-ships under
complex stress states, first proposed by McVetty (1934), is through isochronous
stress-strain curves obtainable from the standard creep curves. Since that time,
many graphical methods of the creep data presentation have been elaborated.
It has been found that multi-axial creep rupture results are conveniently plot-
ted in terms of isochronous surfaces (Piechnik and Chrzanowski 1970; Leckie and
Hayhurst 1977; Chrzanowski and Madej 1980; Hayhurst et al. 1980; Litewka and
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Hult 1989; Kowalewski et al. 1994; Kowalewski 2004) being loci of constant rupture
time in a stress space. Such approach especially simplifies theoretical and experimen-
tal creep results analysis giving comprehensive graphical representation of material
lifetime, and therefore, it will be used as a tool for the creep data presentation. The
paper demonstrates comparison of experimental creep data achieved for pure copper
(Kowalewski 1995, 1996; Lin et al. 2005) with the results for 2017 aluminium alloy
obtained. Theoretical approach for determination of the isochronous surfaces will be
discussed, and the data from creep tests will be used to illustrate how to construct an
experimental form of such surfaces.

8.1.3 New Concepts of Creep Analysis

Nowadays many new approaches and testing techniques are used for damage assess-
ments. Among them one can generally distinguish destructive (Hayhurst 1972,
1983; Krauss 1996; Lin 2003; Trampczynski and Kowalewski 1986; Dietrich and
Kowalewski 1997; Kowalewski 2002), and non-destructive methods (Sablik and
Augustyniak 1999; Narayan GR 1975; Fel et al. 2001; Martinez-Ona and Pérez 2000;
Ogi et al. 2000). Having the parameters of destructive and non-destructive methods
for damage development evaluation it is instructive to analyze their variation in order
to find possible correlations. This is because of the fact that typical destructive inves-
tigations, like creep or standard tension tests, give the macroscopic parameters char-
acterizing the lifetime, strain rate, yield point, ultimate tensile stress, ductility, etc.
without sufficient knowledge concerning microstructural damage development and
material microstructure variation. On the other hand, non-destructive methods pro-
vide information about damage at a particular time of the entire working period of an
element, however, without sufficient information about the microstructure and how it
varies with time. Therefore, it seems reasonable to plan future damage development
investigations in the form of interdisciplinary tests connecting results achieved using
destructive and non-destructive methods with microscopic observations in order to
find mutual correlations between their parameters. This issue will be demonstrated
on the basis of last own results.

8.2 Previous Attempts of Creep Analysis—Selected
Examples of Uniaxial and Biaxial Tests

8.2.1 Analysis of Prior Deformation Effect on Creep Under
Uniaxial Loading Conditions

It is commonly known that standard tensile creep tests are most often used to
characterize a majority of engineering materials. In this section such kind of material
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testing was applied to identify an influence of prior cold work on creep of 2017 alu-
minium alloy. Thin-walled tubular specimens of 40 [mm] gauge length, 22 [mm]
internal diameter, 0.75 [mm] wall thickness and 140 [mm] total length were used in
all tests. The experimental programme comprised creep tests under uniaxial tension
carried out at two different temperatures 423 and 473 K. Creep tests were performed
for the material in the as-received state and for the same material plastically pre-
strained at the room temperature. The aluminium alloy specimens were prestrained
up to 1.0, 2.0, 6.0 and 8.0 % for both creep test temperatures taken into account.

Investigations of the effect of prior plastic deformation on subsequent creep
process were carried out according to the following procedure. First of all, each
thin-walled tubular specimen was proportionally deformed up to the selected value
of plastic prestrain by uniaxial tension at the room temperature using an Instron test-
ing machine, and then unloaded. Subsequently, each specimen was mounted at the
standard creep testing machine, heated uniformly at the chosen test temperature for
24 [h] prior to creep testing, and then subjected to the constant stress level depending
on the creep testing temperature. Both creep stress levels selected for tested material
were smaller than the value of yield point of the material at the considered tempera-
tures. Diagram of the experimental procedure is schematically presented in Fig. 8.1.

The experimental results for aluminium alloy are presented in Fig.8.2. As it
is clearly seen from this figure, creep process under constant stress is generally
affected by prior plastic strain at the room temperature. Cold work preceding the
creep induced hardening effect expressed by significant decrease of the minimum
creep rate, Fig.8.3. Similar effect was earlier observed by Trampczynski (1982)
and Kowalewski (1991a) who tested copper. Taking into account the recovery creep
theory based on the Orowan’s equation in the following form

d —(a—a)d +(8—J)dt 8.1)
7= \%: )T s '

!
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Fig. 8.2 Creep curves of 2017 aluminium alloy at: a o = 300MPa, T = 423K; b 0 = 200MPa,
T = 473K (/ material in the as-received state; 2—5 material prestrained up to 1.0, 2.0, 6.0, 8.0 %,
respectively (Kowalewski 2005)

Fig. 8.3 Variation of the
dimensionless minimum
creep rate due to prior plastic
deformation for aluminium
alloy (Minimum creep rates
of nonprestrained material
are used as the reference
values (Kowalewski 2005))
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this is an expectable effect. According to this theory a balance between the recovery
rate do/dt and the rate of strain hardening do/de is responsible for constant value
of strain rate observed in the second period of the creep process.

Plastic predeformation of a material generates dislocations, the density of which
depends on the prestrain amount. Therefore, the plastically prestrained material
should creep at lower rate during second period of the process than the nonpre-
strained one. Taking into account the results of tests carried out at 423 K, Fig.8.3,
it is easy to note that the strain hardening effect observed exhibits gradual increase
with the plastic predeformation increase only up to the prior plastic deformation close
to 6 %. Over this value the hardening effect expressed by decrease of the secondary
creep rate was also remarkable, but its amount was not proportional to the magnitude
of prestraining. In the tests carried out for copper at 473 K similar tendency can be
observed.

On the basis of the results achieved for 2017 aluminium alloy it may be concluded
that the tensile plastic prestrains decrease the secondary creep rate, but the magnitude
of this decrease is not proportional to the amount of tensile plastic prestrain. Such
behaviour cannot be predicted by the recovery creep theory.
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Lifetime extension was obtained for prestrained aluminium alloy at both temper-
atures considered, Fig. 8.4. For relatively small values of prior plastic deformation
(up to 6 %) the mutual relation between the lifetime and the amount of prior plastic
deformation was almost proportional. For higher values of plastic prestraining the
lifetime extension can be also observed in comparison to the lifetime achieved for
the nonprestrained material, however, in these cases mutual relation between the
lifetime and the amount of prior plastic deformation was not proportional. It means
that for higher magnitudes of plastic deformation (>6 %) the creep lifetime becomes
to be smaller, and for sufficiently high magnitude it can reach the lower value than
that obtained for the material tested in the as-received state.

Prior plastic deformation also can change the duration of typical creep stages
(Table 8.1). The duration of the primary creep period was reduced, in practice, inde-
pendently on the amount of prior plastic deformation. The duration of secondary
creep stage was increased with the increase of the plastic prestrain magnitude.

The ductility during creep was also strongly affected by the prior plastic deforma-
tion at room temperature. For both temperatures considered an essential reduction
of the total creep strain at rupture was observed.

8.2.2 Creep Tests Under Complex Stress States

The vast majority of the creep-to-rupture investigations have been carried out
under uniaxial stress states (Norton 1929; Malinin and Rzysko 1981; Rabotnov
1969; Gittus 1975). Results of such tests have been subsequently used to deter-

Table 8.1 Creep parameters determined from tensile creep tests of 2017 aluminium alloy
o =300 (MPa), T =432 (K) o =200 (MPa), T =432 (K)
e (%) |0 1.0 2.0 6.0 8.0 0 1.0 2.0 6.0 8.0

& x 1.4 13 1.2 0.7 09 5.5 3.0 23 1.8 29
1073

(1/h)
ONED 60 50 50 40 1 2 2 4 3
) (160 (180  [200 [260 [250 |6 9 125 |17 12

rr (h) | 330 384 399 705 601 17.3 24.8 353 46.6 34.6
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mine material constants existing in different theoretical models with the objective
to precisely reflect creep behaviour of the material considered. These models are
often generalized into multi-axial stress states under assumption of the isotropy of
a body examined (Hayhurst 1983; Garofalo 1965; Kachanov 1958; Odqvist 1966).
However, the isotropic materials exist in practice rather seldom since manufacturing
processes used to produce semi-manufactures, such as rods, tubes, sheets etc., induce
anisotropy which cannot be often remove by any heat treatment subsequently applied.
In some cases the material can be isotropic in sense of plastic parameters such as yield
limit and ultimate tensile strength, but during creep can exhibit anisotropic properties
(Kowalewski 1991a,b). In these situations carrying out only uni-axial creep tests to
obtain material constants for constitutive model describing material behaviour may
lead to significant errors.

In this section the results of biaxial creep tests will be presented to identify
phenomena that should be reflected during elaboration of reasonable constitutive
equations.

The materials investigated were electrolytic copper of 99.9 % purity and 2017
aluminium alloy (notation according to ASTM). Creep investigations were carried
out on thin-walled tubular specimens (40 mm gauge length, 140 mm total length,
22 mm internal diameter, 1.5 mm (copper specimens) or 0.75 mm (aluminium alloy
specimens) wall thickness in the gauge length region) with the use of the biaxial
creep testing machine enabling realisation of plane stress conditions by simultane-
ous loading of the specimens by an axial force and twisting moment at elevated
temperature.

The experimental programme comprised creep tests up to rupture for copper
and aluminium alloy specimens subjected to biaxial stress state obtained by var-
ious combinations of tensile and torsional stresses: (o12/011 = 0,012/011 =
V3 /3,012/011 = oo. For each material tests were carried out at three effective
stress levels (o¢): 70.0; 72.5; and 75.0 [MPa] in the case of copper, and 280.0; 300.0;
and 320.0 [MPa] in the case of aluminium alloy. The effective stress was defined in
the following form:

1

1
3 z 3
e = (Esijsi,-) - (012] + 30122) , 8.2)

where S;j—stress deviator, o11—axial stress, ojo—shear stress.

Before creep test each specimen was heated uniformly at the test temperature
(523K in the case of copper, and 423K in the case of aluminium alloy) for 24 h.
Creep investigations were carried out until rupture of the specimens was achieved
giving as a consequence whole creep curves.
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8.2.2.1 Creep Results of Pure Copper

The creep curves up to rupture for copper are presented in Fig.8.5. The effective
creep strain was defined by the relation in the following form:

2 % 2 4 2
e = 58,']'81']' =./&11 + 5812, (8.3)

where €11 and €17 denote axial and shear strain, respectively.

The creep characteristics obtained at the same effective stress but under different
stress states exhibit drastic differences for all stress levels considered. In all cases
the shortest lifetimes, and moreover, the lowest ductility have been achieved for

Fig. 8.5 Creep curves for . I T T
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tensioned specimens. The opposite effect was observed for specimens subjected to
pure torsion. It has to be emphasized that differences in creep curves due to different
loading types applied are great, and they are reflected by variations of the basic
creep parameters. Microscopic examination showed that the majority of microcracks
were observed at those grain boundaries which were perpendicular to the maximum
principal stress. It was confirmed by the shapes of the specimen cross-section in places
where rupture occurred. The failure line in each creep rupture test was perpendicular
to the maximum principal stress. Since the maximum principal stress was not the
same for the same effective stress creep tests, it can be concluded that the resulting
variations in lifetimes for the same effective stress tests follow from the differences
in magnitude of the maximum principal stress. The longest lifetimes were achieved
for pure torsion creep tests for which the maximum principal stresses had the lowest
values.

8.2.2.2 Creep Results of 2017 Aluminium Alloy

The creep curves up to rupture for aluminium alloy are presented in Fig.8.6.
Similarly as for copper the creep characteristics of aluminium alloy, obtained at
the same effective stress but under different stress states, exhibit drastic differences.
In this case, however, the shortest lifetimes, and moreover, the lowest ductility were
achieved for specimens subjected to pure torsion. All of the creep parameters which
characterise macroscopically creep behaviour prove that the process is a stress state
sensitive. More importantly, it has to be noticed that creep behaviour depends on the
material type. Analysis of the results for both materials allows to conclude that for
some materials tested at the same effective stress the longest lifetime can be achieved
under uniaxial tension (e.g. aluminium alloy) whereas for the others under torsion
(e.g. copper). Microstructural observations of damage in aluminium alloy showed
narrow grain boundary cracks along some grain boundary facets perpendicular to the
direction of the maximum principal tension stress in both uniaxial and biaxial stress
creep tests. Similar observations were made by Johnson et al. (1962) and later by
Hayhurst (1972). These observations suggest that the growth of damage is dependent
on the maximum principal tension stress. However, the biaxial tests carried out by
both Hayhurst (1972); Johnson et al. (1962) unambiguously showed that the alu-
minium alloy studied did obey an effective stress criterion. Also, certain aspects of
the presented results for aluminium alloy support the latter thesis.

The failure lines of the ruptured specimens were not perpendicular to the maxi-
mum principal stress. More importantly, the shortest lifetimes were achieved for the
specimens subjected to pure torsion for which, taking into account the same effective
stress level, the maximum principal stresses were significantly lower than those at
uniaxial tension creep tests applied. The dichotomy between the observation of max-
imum principal stress controlled damage growth and the observed effective stress
rupture criterion is still being discussed, although a suggestion has been made that
it is a consequence of tertiary creep being controlled by more than a single damage
state variable only (Dyson and Gibbons 1987).
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8.2.2.3 Creep Rupture Data Analysis Using Isochronous
Surface Concept

The comprehensive presentation and comparison of the experimental data from tests
performed at complex stress states procure many difficulties, particularly for stress
states being a combination of tension and torsion. In these cases, the data comparison
is usually carried out for the effective strains defined in the form of a function of
the second invariant of strain tensor, since effects of the first as well as the third
invariants are relatively small and they can be often neglected.

Although creep curves in diagrams representing effective strains versus time can
be compared, it is difficult to evaluate precisely all differences in material response
due to the action of different stress state types. To overcome this deficiency, creep rup-
ture results are commonly presented in the form of isochronous surfaces (Hayhurst
1972, 1983; McVetty 1934; Piechnik and Chrzanowski 1970; Leckie and Hayhurst
1977; Chrzanowski and Madej 1980; Hayhurst et al. 1980; Litewka and Hult 1989;
Kowalewski et al. 1994; Kowalewski 1996, 2004; Lin et al. 2005), being loci of
constant rupture time in a stress space. This approach especially simplifies theoret-
ical creep results analysis giving the comprehensive graphical representation of the
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material lifetime. However, the accurate experimental determination of the shape of
these surfaces requires a large number of creep rupture data from tests carried out
under complex loading over a wide range of stress levels.

The curves of the same time to rupture determined on the basis of experimen-
tal programme are compared with theoretical predictions of the three well known
creep rupture hypotheses: (a) the maximum principal stress rupture criterion (8.4),
(b) the Huber-Mises effective stress rupture criterion (8.5), (c) the Sdobyrev creep
rupture criterion (8.6). For the biaxial stress state conditions, realised in the experi-
mental programme, the rupture criteria mentioned above are defined by the following

relations: |
OR = Omax = 5(011 + \/0121 +45122)7 (8.4)
OR = O¢ = ,/0121 + 30122, (8.5)

OR = BOmax + (1 — B)oe (8.6)

In Fig.8.7 the results for copper are shown, while in Fig. 8.8 for aluminium alloy.
The curves presented in the normalised co-ordinate system are referred to the rup-
ture time equal to 500 [h]. Tensile stress corresponding to the lifetime of 500 [h]
has been selected as the normalisation factor (oRr 500). In the case of copper it was
equal to 67.9 [MPa], whereas for aluminium alloy—288 [MPa]. As it is clearly seen
for copper, the best description of the experimental data has been achieved for the
Sdobyrev creep rupture criterion taken with the coefficient § = 0.4, calculated on
the basis of creep data from tests carried out. The value of § indicates that the damage
mechanism governed by the effective stress as well as the maximum principal stress
played a considerable role in the creep rupture of the copper tested. Contrary to the
results achieved for copper, the best fit of the aluminium alloy data is obtained using
the effective stress rupture criterion. It has to be noting however, that the lifetimes
predicted by this criterion are still quite far from experimental data.

Fig_8,7 Comparison()fthe 1.0 T s S R PP R
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8.3 A Short Survey on Advances in Modelling
of Creep Damage Development

A definition of damage measure is treated as the essential problem taking place in
creep rupture analysis. In 1958 Kachanov has introduced a scalar measure of damage
in the form of parameter of cross-section continuity, which becomes to be 1 at the
beginning of the deformation process and 0 at a localized failure of the material
(Kachanov 1958). It corresponds to the assumption that the load is only carrying by
the effective part of the specimen cross-section being a difference between the initial
cross-section and the damage area, i.e. the area resulted from the sum of all voids
or fissures areas. Rabotnov (1969) modified the Kachanov’s damage measure giving
more convenient measure being the complementary parameter to that proposed by
Kachanov. It is defined in the following form

_A()—A

, 0<w<l1 8.7
Ao <w= (8.7)

w=1—¢

and physically can be interpreted as the area of all defects referred to the undam-
aged initial cross-sectional area. Using this damage parameter the creep constitutive
equation set for uniaxial stress state can be written in the following normalised form:

& 1 a\" 1) 1 o\’
—=—\=), == (8.8)
£0 (1 —w)™ \op wo (1 —w)? \op
where n, m, v, n, &, wo, 0 are material constants.
For constant stress level it is easy to integrate the equations in set (8.8) to give the

time variations of strain and damage. By applying the rupture condition w = 1, it is
possible to determine time to rupture tg (Leckie and Hayhurst 1977).
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The generalisation of Eq. (8.8) to multiaxial stresses, proposed by Leckie and
Hayhurst (1977), has been achieved by making the assumption that the influence of
continuum damage on the deformation rate process is of a scalar character, and by
the introduction of the homogeneous stress function which reflects the stress state
effects on the time to rupture. Equation (8.8) can then be written as:

n—1 .
Gy _3 (2) (s_,) L (8.9)
& 2 \oo oo/ (1 —w)"
o I
S\ R — (8.10)
wo d+md —w)

where A = A(0ij/00) = Omax/00 for copper, and A = A(o;j/00) = 0c/00
for aluminium alloys. Integration of the damage evolution equation (8.10) for the
following boundary conditions: @ = 0, = 0 and w = 1,¢t = rR, yields after
normalisation to the relation describing time to rupture in the form:

R 1
— = — 8.11
PR (8.11)

Substitution of rrg = #y in Eq. (8.11) gives the equation of the isochronous surface.

It has been found convenient to present the rupture results in terms of the isochro-
nous surface representing stress states with the same rupture times. According to
(Johnson et al. 1956, 1962), the rupture criteria for aluminium alloy and pure copper
appear to represent the extremes of material behaviour, since the isochronous surface
for many metals lies somewhere between these criteria. They have shown that the
dependence of the rupture time upon the nature of the applied stress system for an
aluminium alloy can be described by the octahedral shear stress criterion, whereas
for pure copper—by the maximum principal stress criterion. In spite of the fact that
these observations have been made on the basis of a relatively limited amount of
the experimental data, and in certain cases did not give precise description of rup-
ture, they are still influencing the process of developing new creep damage models
(Hayhurst et al. 1980; Litewka and Hult 1989; Kowalewski et al. 1994; Kowalewski
2004; Lin et al. 2005; Dyson and McLean 1977; Sdobyrev 1959).

Multiaxial creep constitutive equations (8.9) and (8.10) describe phenomenologi-
cal aspect of the process. The material constants in this set do not have clear physical
meaning. Therefore, the physically-based constitutive equations have been devel-
oped in the last decades. Typical example of such equation set has been proposed by
Kowalewski et al. (1994) in the following form:
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dSij 3 A gij . Bo.(1 — H)
— =——————ginh{ ———),
dt 2 (1 —wp)" o 1—@
dH h A . (Boe(l—H) H
d_ = — sinh 1— = |
t oc 1l —wn 1-9 H (8.12)
do K. .
= ==t -o)
dr 3

dwy DA or\” . Bo.(1 — H)
——=———(—) Nsinph{————=),
dr (1 — wy)" \oe 1—@&

where A, B, H*, h, K., D—material constants and »n is given by

Bo.(1 — H) Bo.(1 — H)

n=————coth{ ———
1-@ 1-@

The stress level dependence of creep rate is described by a sinh function. Material

parameters which appear in this model may be divided into three groups, i.e.

e the constants 7, H* which describe primary creep;
e the constants A and B which characterise secondary creep;
e the constants K. and D responsible for damage evolution and failure.

The second equation in set (8.12) describes primary creep using variable H, which
varies from 0 at the beginning of the creep process to H*, where H* is the saturation
value of H at the end of primary period and subsequently maintains this value until
failure.

The equation set contains two damage state variables used to model tertiary soft-
ening mechanisms:

e @, which is described by the third equation in set (8.12), is defined from physics
of ageing to lie within the range 0—1 for mathematical convenience,

e wy, which is defined by the fourth equation in set (8.12), describes grain boundary
creep constrained cavitation, the magnitude of which is strongly sensitive to alloy
composition and the processing route.

The parameter N is used to indicate the state of loading; e.g. for o tensile N = 1; and
for o1 compressive, N = 0. In the equation set (8.12) a damage evolution depends
on the maximum principal stress as well as the effective stress. After appropriate
integration of the normalised form of equation set (8.12) the isochronous surfaces
can be achieved (Kowalewski et al. 1994). It has been shown that the shape of the
isochronous rupture loci is independent of the damage level (w;) for which they are
determined, but is dependent on the stress level. At lower stress levels the curves
become more dependent on the maximum principal stress.

It has been found from the experimental investigations that the minimum creep
rate, which is directly related to the primary creep controlled by H in equation set
(8.12), varies with stress-states for both materials. In the second equation of set
(8.12) H is only a function of o, and could not model the feature. In addition, the
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rupture lifetime is not a constant of o1 /o, for a given effective stress for both tested
materials. This indicates that both the primary hardening and damage rate equations
in (8.12) need to be modified. The modified equations are formulated based on set
of equations (8.12) by taking into account the influence of stress-states on primary,
secondary and tertiary creep. For the simplicity, only one damage state variable is
used here to model grain boundary creep constrained cavitation. The evolutionary
equations are given in the following form (Lin et al. 2005)

. A .
Ee = m sinh (BO'e(l — H)) ,
. 3. (Si')
Eij =z —
2\ (8.13)
47 _ o — mye
d[ - €

dw o1 Y .
— =D — ) Ne,
dt Oe

where Q = Q¢(01/0.)? and y = Boy. Parameter y varies linearly with the max-
imum principal stress. The constant § is used to express the stress-state effects on
the damage evolution of materials, and moreover, to model lifetimes and tertiary
creep deformation behaviour of materials. Relation 8 < 0 indicates that the damage
evolution of the material exceeds the effective stress control (a case typical for alu-
minium alloys), and, the presence of a low value of o1 would reduce the lifetime. If
B > 0 then the damage evolution is under controlled by the effective stress. In the
case of B = 0 the lifetime and tertiary creep of the material is controlled by effective
stress only. The parameter N is introduced in (8.13) to ensure @ = 0, when o7 is
compressive.

The evolution of the variable H in equation set (8.13) represents the primary hard-
ening of the materials, which is mainly due to the accumulation of dislocation density
during the primary creep process. As creep deformation proceeds, the increment of
dislocation density and its recovery under elevated temperature reaches a dynamic
balance condition. This is the steady-state, or, secondary creep, which is one of the
most important properties in creep deformation. In the equation, the parameter Q,
which indicates the end of primary creep and controls the secondary creep rate, is
stress-state dependent and defined as Q = Qo (o1/ 0e)?. For the stress-state indepen-
dent material, the constant ¢ = 0 and Q = Qg. Thus, Q is the saturation value of the
primary hardening variable H and also determines the secondary creep rates, i.e. the
minimum creep rate, &nin. However, if a material is stress-state dependent, ¢ # O,
the value of Q varies with the ratio of the maximum principal stress and effective
stress o1/0.. In consequence, the saturation value of the variable H changes with
a variation of the stress-state. Thus, the minimum effective creep rates can be con-
trolled according to the first equation of set (8.13). In this way, both primary and
secondary creep periods are modelled by the introduction of the internal variable H .
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The other material constants have the similar meanings as discussed for equation
set (8.12). Optimisation techniques for the determination of the material constants
arising in the constitutive equations are based on minimising the sum of the errors
between the computed and experimental data using Evolutionary Algorithms (EA)
(Lin and Yang 1999; Liet al. 2002). The fitness function used here for the optimisation
based on the concept developed by Li et al. (2002). In this method, errors are defined
by the shortest distance between computational and experimental data. An EA-based
optimisation software package was developed using C++- based (Li et al. 2002). The
multiaxial creep damage constitutive equations (equation set (8.13)) are implemented
into the optimisation software package through a user-defined subroutine.

Figures 8.9 and 8.10 show the comparison of the experimental (symbols), and
computed (solid curves) effective creep curves for the three stress-states for copper
and aluminium alloy, respectively. The curves are computed using the determined
material constants. It can be seen that there are some differences between the com-
puted and experimental data, although the overall fitting quality is good. The dif-
ference might be due to the errors of the experimental results coming from always
possible specimen-to-specimen variations of the material.

Presented here attempts for creep damage analysis reflect only advances in consti-
tutive equations development in which the scalar damage measures are used. There
are many papers devoted to creep damage where vector or tensor measures of damage
were applied. Due to limits required for this chapter such issue is not discussed here.
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8.4 New Attempts for Damage Development During Creep

There are many testing techniques for creep damage analysis. They can be gen-
erally divided into destructive and non-destructive methods. To assess damage
using destructive method the specimens after different amounts of prestraining were
stretched to failure (Kowalewski et al. 2008, 2009; Makowska et al. 2014). After-
wards, the selected tension parameters were determined and their variations were
used for identification of damage development. Ultrasonic and magnetic investiga-
tions were selected as the non-destructive methods for damage development evalu-
ation. For the ultrasonic method, the acoustic birefringence coefficient was used to
identify damage development in the tested steel. Two magnetic techniques for non-
destructive testing were applied, i.e. measurement of the Barkhausen effect (HBE)
and the magneto-acoustic emission (MAE). Both effects are due to an abrupt move-
ment of the magnetic domain walls depicted from microstructural defects when
the specimen is magnetised. The laboratory test specimens were magnetised by a
solenoid and the magnetic flux generated in the specimen was closed by a C-core
shaped yoke. The magnetizing current (delivered by a current source) had a trian-
gular like waveform and frequency of order 0.1 Hz. Its intensity was proportional to
the voltage Ug. Two sensors were used: (a) a pickup coil (PC), and (b) an acoustic
emission transducer (AET). A voltage signal induced in the PC was used for the
magnetic hysteresis loop B(H) evaluation (low frequency component) as well as for
the HBE analysis (high frequency component). The intensity of the HBE was given
by the rms (root mean square) voltage Ub envelopes. The maximal values (Ubpp)
of Ub for one period of magnetisation were compared. An analogous analysis was
performed for the MAE voltage signal from the AET. In this case the maximal values
(Uapp) of the Ua voltage envelopes were compared. The magnetic coercivity Hc,
evaluated from the B(H) hysteresis loop plots, was also compared.

8.4.1 Experimental Details

The X10CrMoVNDBO-1 steel commonly used in selected elements of Polish power
plants was investigated. Its chemical composition is presented in Table 8.2.

The experimental programme comprised tests for the material in the as-received
state and for the same material subjected to a range of selected magnitudes of prior
deformation due to creep at elevated temperatures, Fig. 8.11, and due to plastic flow
at room temperature, Fig. 8.12. Uniaxial tension creep tests were carried out for the

Table 8.2 Chemical composition of the X10CrMoVNb9-1 steel
C Mn Nb P S Cr Ni Mo v Cu
0.10 0.70 0.07 0.01 0.01 8.50 0.30 0.94 0.22 0.20
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X10CrMoVNb9-1 steel using plane specimens, Fig.8.13. All tests were conducted
in the same conditions: i.e. the stress level was 290 MPa, and the temperature was
773 K. Details of the destructive tests programme as well as its main results are
presented by Kowalewski et al. (2008).

In order to assess damage development during creep the tests for the X10CrMoV-
Nb9-1 steel were interrupted after 40h (0.85 %), 180h (1.85%), 310h (3.15 %),
390h (4.6 %), 425h (5.9 %), 440h (7.9 %) and 445h (9.3 %), which correspond to
increasing amounts of creep strain (values are presented in brackets). To check how
deformation type changes damage development, almost the same prestraining levels
as those under creep were induced by means of plastic flow: 2, 3, 4.5, 5.5, 7.5, 9,
and 10.5 %, Fig. 8.12. After each prestraining test the specimen damage was assessed
using the non-destructive methods. Two non-destructive methods were applied: mag-
netic (Augustyniak 2003) and ultrasonic (Szelazek 2001). In the next step of the
experimental procedure, the same specimens were mounted on a hydraulic servo-
controlled MTS testing machine and then stretched until failure was achieved.

8.4.1.1 Non-destructive Techniques

Magnetic properties were measured using the standard laboratory method of mag-
netisation, where hysteresis loops with the HBE and also the MAE can be tested
(Augustyniak 2003; Augustyniak et al. 2000). A block diagram of the magnetising
circuit is shown in Fig.8.14. A specimen (1) was magnetised with the driving coil
(2). A current amplifier provided a triangular wave-form with a frequency of about
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1 Hz. Magnetic measurements were made with a pickup coil of 200 turns wound
directly on the central part of the specimen. The voltage U induced in this coil was
used to determine the hysteresis loop and the HBE signal. The HBE signal was sep-
arated from the U signal using an ac amplifier. The output voltage was transformed
to the rms like voltage Ub (intensity envelope). This envelope of the HBE intensity
is presented when the HBE envelopes are compared. The MAE signal was detected
with a resonant PZT transducer. The output of the MAE voltage signal was amplified
and then transformed to the Ua voltage using the analogous rms integral circuit.
The HBE properties along the specimen were also investigated as well as the
relationships between the HBE and static load by means of bending. Figure8.15
illustrates the experimental setup used for measurement of the HBE stress depen-
dence. Here, the HBE intensity was measured not at the specimen central part, but
near the specimen end. Each specimen was loaded by means of bending. A probe
during the HBE tests contains ferrite with a pick-up coil. The probe was used for
the HBE intensity measurement along the specimen. It was connected to the MEB-1
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Fig. 8.15 Measuring set for stress dependence of HBE: / specimen, 2 HBE probe, 3 metal support,
F applied force (Augustyniak 2003)

meter. This meter provides not only an analog rms voltage, but also a signal pro-
portional to the pulse counting rate and total number of detected pulses (Nc¢) with
amplitudes higher than a certain threshold level.

Ultrasonic wave velocity and attenuation are acoustic parameters most often used
to assess material damage due to creep or fatigue. The results of investigations (Fel
et al. 2001; Martinez-Ona and Pérez 2000) show that the attenuation of ultrasonic
waves is in practice stable until the last creep or fatigue stages. It was also observed
that velocity changes due to creep or fatigue are small, and therefore, an application
of velocity measurement for damage evaluation, in industrial conditions, is very diffi-
cult. Difficulties in the attenuation and velocity measurements, or their combinations,
are caused by the heterogeneous acoustic properties of technical materials, such as
steel. The second reason is a dependence of both the attenuation and velocity of
ultrasonic waves on numerous factors other than material damage. This observation
is confirmed by the results of tests (Martinez-Ona and Pérez 2000) where the steel
specimens were subjected to 10 % plastic deformation and subjected to loading for
a period of 140,000 h at elevated temperature. The results showed that the ultrasonic
wave attenuation was not influenced by the plastic deformation or long term, high
temperature load exposure.

In order to evaluate damage progress in specimens made of X10CrMoVNb9-1
steel, instead of the velocity and attenuation measurement, the acoustic birefringence
B was measured (Kowalewski et al. 2008, 2009). Specimens were subjected to creep
according to the programme presented earlier in this paper.

The acoustic birefringence B is a measure of material acoustic anisotropy. It is
based on the velocity difference of two shear waves polarized in the perpendicular
directions. In specimens subjected to creep the shear waves were propagated in the
specimen thickness direction and were polarized along its axis and in the perpen-
dicular direction. The birefringence was measured in the fixtures, where a texture of
material was assumed to be unchanged during a creep test, and in the working part
of the specimen, Fig. 8.16. The birefringence B was calculated using the following
expression (Szelazek 2001):

B — 2( — tp)

=B B 8.14
. o+ Bp (8.14)

where: #;7—time of flight of ultrasonic shear wave pulse for the wave polarization
direction parallel to the sample axis, t,—time of flight of ultrasonic shear wave
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(a) (b)

Fig. 8.16 Set-up for measurements of the birefringence coefficient: a scheme showing positions
of probes (B probes at the griping part of specimen, A probes distributed along gauge length of
specimen); b general view of specimen before ultrasonic testing

pulse for the wave polarization perpendicular to the sample axis, Bp—acoustic bire-
fringence for the material in the virgin state (before creep test), Bp—acoustic bire-
fringence for the material after deformation.

8.4.2 Experimental Results and Discussion

8.4.2.1 Evaluation of Damage Development Using Destructive Tests

The tensile characteristics for the material after prestraining are presented in Fig. 8.17.
In diagrams the characteristics for the prestrained steel are compared to the tensile
curve of steel in the as-received state.

On the basis of these tensile characteristics, Fig.8.17, variations of the basic
mechanical properties of steel, due to deformation achieved by prior creep or plas-
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Fig. 8.17 Tensile characteristics of the X10CrMoVNDb9-1 steel: a material after prior deformation
due to creep interrupted in different phases of damage development, b material after prior deforma-
tion due to plastic flow interrupted in different phases of the process, (numbers correspond to those
in Figs.8.11 and 8.12 presented)
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Fig. 8.18 Variation of tensile parameters of the X10CrMoVNb9-1 steel due to creep (solid lines)
and plastic (broken lines) deformations: a Young’s modulus; b yield point; ¢ ultimate tensile strength;
d elongation

tic flow were determined, Fig.8.18. It was observed that the Young’s modulus,
Fig. 8.18a, is almost insensitive to the magnitude of creep and plastic deformations.

Contrary to the Young’s modulus the other considered tension test parameters,
especially the yield point, Fig.8.18b, and the ultimate tensile strength, Fig.8.18c,
exhibit clear dependence on the level of prestraining. Taking into account the results
presented for the steel a difference between magnitudes of such parameters as the
yield point or ultimate tensile strength observed for the same value of prior deforma-
tion induced by creep and plastic flow is quite significant. Prior plastic deformation
caused the hardening of the steel, while creep prestraining led to its softening. It is
important to note that the observed softening effect is only expressed on the basis
of the ultimate tensile strength variations since for the testing conditions applied in
these investigations the magnitude of the yield point is not sensitive to the amount
of prior creep deformation.

8.4.2.2 Evaluation of Damage Development Using Magnetic Techniques

An influence of plastic flow and creep damage on the basic magnetic properties
can be analysed using B(H) hysteresis loops. Representative results are presented
in Figs.8.19 and 8.20 for the X10CrMoVNb9-1 steel. The curves obtained for an
undamaged specimen (¢ = 0 %) and for the specimens after prior deformation are
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compared. The quantity Ug denotes the voltage proportional to the driving current
intensity, and hence—magnetic field strength H.

The broadening as well as the decrease of the slope of the B(H) loops for both
cases is evident. Taking into account the same prestrain levels the effects are much
more intensive in the case of plastic flow than those after creep. The coercivity Hc
was evaluated from the width of B(Ug) plot at B = 0, Fig.8.21. The observed
systematic increase of coercivity is due to an increase of pining force of the 180°
magnetic domain walls by damage induced modifications of microstructure. It should
be emphasised that there is a two times higher increase of the coercivity (about
+60 %) for the specimens after plastic flow than for the specimens after creep (about
+30%).

Modification of the hysteresis properties, as shown by the HBE intensity envelopes,
can be deduced from the series of plots presented in Figs. 8.22 and 8.23 for specimens
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after plastic flow and after creep, respectively. It has to be noticed that there is an
increase of the scale of the Ub values in Fig. 8.23. Such a presentation of the results
was made in order to show the very high increase of the HBE intensity after the first
step of the creep damage experiment in comparison to the initial stage signal. The
HBE intensity envelope for an undamaged sample is characterised by a shape con-
sisting of two peaks. The X10CrMoVNDB9-1 steel has a martensitic microstructure,
and thus, the first peak (positioned at lower field strength) can be attributed formally
to the ‘soft” component of the alloy while the second one to the ‘hard’ component
without detailed discussion about the microstructure reference, which can be done
after microscopic inspection of the magnetic domain structure.

The increase of the plastic strain after plastic flow leads to some general decrease
of the HBE intensity: for the first tested stage of deformation (¢ = 2 %) one narrow
peak appears and further plastic flow leads to a monotonic decrease of its amplitude
as well as to the decrease of the area under the signal envelope. A shift of the
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maximum towards a higher level of the magnetic field strength can also be clearly
seen. However, the behaviour of the U b properties when the samples are subjected to
creep damage is very different. Figure 8.23 shows that for a low level of creep damage
(¢ = 0.85 %) the plot of the Ub envelope appears as one very high, narrow peak.
Such behaviour can be explained by the increase of the 180° domain walls mobility
due to the decrease of internal stress level resulting from an annealing or—more
probably, by anisotropy of magnetic domain structure due to the tensile load applied,
enhanced by the high temperature. Further creep damage leads to the systematic
decrease of this peak amplitude as well as to its shift toward higher field strength.

The as described features of the HBE intensity are well presented by means of plots
showing a dependence between the amplitudes of Ub envelopes and magnitudes of
prior deformation—peak to peak values Ub,, in Fig. 8.24, and a dependence between
the integrals of the Ub envelopes and prior deformation (Fig.8.25) for specimens
after plastic flow (squares) and after creep (circles). Thus, one can say that the HBE
intensity as a function of the resulting prestrain either decreases monotonically (for
integrals) or peaks when amplitudes of the Ub envelopes are compared. These two
sets of plots reveal also that creep damage leads (at its final stage) to a ‘decrease’
of the HBE intensity which is much lower than that observed for specimens after
plastic flow. Comparing two plots in each figure it can be seen that the Ub signal
properties such as the amplitude or integral for the highest strain after creep damage
are roughly the same as for the analogous signals for the first stage of plastic flow.

The main features of the magnetoacoustic effect are shown in Fig.8.26 (after
plastic flow) and in Fig. 8.27 (after creep).

The MAE intensity envelope for undamaged specimens is also characterised by
the existence of two peaks. Comparing plots in Figs. 8.22 and 8.26 one can easily
check that the plot of the MAE intensity envelope (U a) is much broader than the plot
of the Ub intensity. It is due to the fact that the MAE is caused mainly by an abrupt
movement of ‘not” 180° domain walls. The first peak is usually attributed mainly
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to a creation of the magnetic domains, and the second one—to their annihilation.
Both processes are characterised by a high contribution of this type of domain walls
(Augustyniak et al. 2000). These pictures also show that plastic flow as well as creep
damage modifies the MAE intensity significantly.

The plastic flow modifies the MAE intensity in two ways: the two peaks observed
after the first step of flow (¢ = 2 %) are broader and their amplitudes are much
smaller. This means that the produced dislocations tangles have strongly blocked
the mobility of ‘not’ 180° domain walls. Further plastic flow leads to a monotonic
decrease of the MAE intensity.

Again, the results of creep damage show an influence of prior deformation on
the MAE properties, as shown by the plots in Fig. 8.27. The stage with small creep
deformation level (¢ = 0, 85 %) is characterised by a single, narrow peak. This
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Fig. 8.26 Envelopes of the 9
MAE intensity as a function i Plastic deformation
of increasing field strength 84 e=0% [ 3 : ]

for the undamaged specimen
(plot 1, & = 0) and for two
specimens after plastic flow

Fig. 8.27 Envelopes of the
MAE intensity as a function
of increasing field strength
for the undamaged specimen
(plot 1, e = 0) and for two
specimens after creep
damage

means that now the displacement of ‘not” 180° domain walls may become the main
contributor to the MAE instead of the creation and annihilation processes. A synthetic
description of the MAE properties as a function of prior deformation is given by
the two sets of plots shown in Fig.8.28 (amplitudes of the MAE envelopes) and
in Fig.8.29 (integrals of the MAE envelopes). Amplitudes of the MAE intensity
decrease for both cases, but the dynamics of their change is different, as is evident
from Fig. 8.28. Moreover, amplitudes of the MAE intensity envelopes do not decrease
so abruptly for the creep prestrained specimens, and do not reach the level obtained
for the first step of plastic deformation due to plastic flow at room temperature.
Figure 8.29 shows how integrals of the MAE intensity vary with the increas-
ing prior deformation. The dynamic of the integrals decrease is not as high as that
observed in the case of amplitudes. However, a difference between both types of
damage is still visible. It is easy to observe that a level of the MAE intensity (esti-
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Fig. 8.28 Dependence 9
between amplitudes of Ua —— Plastic deformation
envelopes and prior

—~{— Creep

deformation due to plastic
flow (squares) and creep
(circles)

Fig. 8.29 Dependence
between integrals of Ua
envelopes and prior
deformation due to plastic
flow (squares) and creep
(circles)

Int (Ua) [au]

¢ (%)

mated by means of the integral) for the specimen after creep with a strain of order
& = 10 % is nearly the same as that detected for specimens after plastic deformation
with a strain level of order ¢ = 2 %. However, it does not mean that these two speci-
mens have the same microstructure. A difference in the microstructure for these two
stages is demonstrated well by different shapes of the Ua envelopes for ¢ = 2%
(Fig.8.26) and for ¢ = 10 % (Fig.8.27). The stresses which influence the MAE
activity are located inside the cells made by dislocation tangles. They are ‘created’
by these tangles and can be highly compressive in the case of plastic deformation.
The MAE intensity is also influenced by the precipitates developing mainly at grain
boundaries.
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8.4.2.3 Evaluation of Damage Development Using Ultrasonic Technique
and Correlations of Damage Sensitive Parameters

Figure 8.30 presents mean values of the acoustic birefringence measured in speci-
mens after creep or plastic deformation.

The birefringence was measured in the fixtures, where the texture of the material
was assumed to be unchanged during creep testing, and in the working part of the
specimen. The plots presented in Fig. 8.30 indicate that the acoustic birefringence is
sensitive to the amount of prior deformation. Another advantage of this parameter is
also well represented in Fig. 8.30. Namely, it is sensitive to the form of prior defor-
mation. For specimens prestrained due to plastic flow a decrease of this parameter
is observed with the increase of prior deformation. In the case of prior creep also
decrease of acoustic birefringence is observed, however, it is not as large as that after
plastic deformation obtained. The results show that the acoustic birefringence can be
a quite sensitive indicator of material degradation and can help to locate the regions
where material properties are changed due to creep. Measurements of the ultrasonic
wave attenuation and velocities carried out on the same steel did not exhibit such a
good sensitivity in the material damage assessments.

In the next step of analysis possible relations between the mechanical and magnetic
parameters were evaluated Figs. 8.31, 8.32, 8.33, 8.34 and 8.35.

Figures 8.31, 8.32, 8.33 and 8.34 show relationships between two magnetic para-
meters of MBE: i.e. Ubp, and Int(Up) and two mechanical parameters: i.e. yield
point and ultimate tensile strength. Figures 8.31 and 8.32 do not include results of

Fig. 8.30 Acoustic 0.200
birefringence B variations

due to prior deformation of
the X10CrMoVNDBO-1 steel

< a0 delosmation
=i plastic deformation

Acoustic
birefringence [-]

-0.500 ~4———r———————1——
0 2 4 6 8 10 12
Prior deformation [%)]
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magnetic Barkhausen = 00 .
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Fig. 8.32 Variation of yield
point of the
X10CrMoVNDb9-1 steel
versus integral over
half-period voltage signal of
the magnetic Barkhausen
emission (results for steel
prestrained due to plastic
flow)

Fig. 8.33 Variation of
ultimate tensile stress of the
X10CrMoVNDb9-1 steel
versus amplitude of the
magnetic Barkhausen
emission

Fig. 8.34 Variation of
ultimate tensile stress of the
X10CrMoVNDBI-1 steel
versus integral over
half-period voltage signal of
the magnetic Barkhausen
emission (triangles steel
after creep; circles steel after
plastic flow)

Fig. 8.35 Variation of
ultimate tensile stress of the
X10CrMoVNDb9-1 steel
versus coercivity (triangles
steel after creep; circles steel
after plastic flow)
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the material prestrained due to creep, since the yield point of the X10CrMoVNb9-1
steel subjected to creep was insensitive to deformation level induced by this process.
The magnetic parameters are normalized to values captured for the non-deformed
specimen. Numbers in figures denote the level of prior deformation. Figures 8.31 and
8.32 allow concluding that both parameters (Ub, and Int(Up)) of the Barkhausen
noise may be used to estimate a level of the yield point of plastically deformed spec-
imens. Also, the ultimate tensile strength of the X10CrMoVNb9-1 steel subjected
to prior plastic flow may be assessed using relationships between Ry and Ubpp norm
or Int(Ub)porm (Figs.8.33 and 8.34), however, only for the material prestrained
due to plastic flow, since non-unique relationships between Ry, and Ubppnorm OF
Int(Ub)norm were found for the steel pre-strained by creep.

The relations in Figs. 8.31, 8.32, 8.33 and 8.34 indicate that the steel after plastic
deformation, leading to higher values of Ry and Ry, can be characterised by lower
values of magnetic parameters. This is because the prestrained material contains
more dislocation tangles that impede domain walls movement. On the other hand
the higher values of magnetic parameters can be attributed to the lower magnitudes
of Ry, for the steel after creep.

The results make evident that the MBE intensity varies significantly due to
microstructure modification, however, in different ways depending on prior defor-
mation type. This intensity decreases after plastic flow (for deformation higher than
2 %) and increases after creep. Strongly non-linear character of plots in Figs. 8.33
and 8.34 makes impossible direct estimation of mechanical parameters when only
single magnetic parameter is used. Addressing the issue for practical application of
the MBE measurement in assessment of mechanical properties for damaged steel
one can conclude that it is possible only then if at least two magnetic parameters
will be taken into account. It can be seen in Figs. 8.33 and 8.34 that relative decrease
of the Ub,, and Int(U,) with prestraining denotes plastic deformation while rapid
increase of the Int(Uj) associated with prestrain increase is observed for early stage
of creep damage development. The most difficult case for interpretation takes place
when advanced creep is in question. It should be emphasized that such analysis can
be done by simultaneous analysis of plots in Figs. 8.33 and 8.34 and the MBE peak
shape variations. The results obtained for such case are not consistent, i.e. points
representing subsequent magnitudes of prior deformation are not placed in order,
and therefore, cannot be described be an adequate function.

Better correlation was achieved between Ry, and coercivity H,, Fig.8.35. As it
is seen, except specimen prestrained up to 10.5 % due to plastic flow, all results are
ordered, and as a consequence, they can be well described by adequate functions
depending on the type of prior deformation. The main disadvantage of the relation-
ships between Ry, and H,, is related to the fact that it cannot distinguish a type of
prior deformation for small prestrain magnitudes.

Similar remarks can be formulated for the relationships between Ry, and acoustic
birefringence coefficient B, Fig. 8.36.

The relationships between selected destructive and non-destructive parameters
sensitive for damage development show a new feature that may improve dam-
age identification. In order to provide more thorough analysis reflecting physical
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interpretation of the relationships obtained further investigations are necessary.
Programmes of such tests should contain advanced microscopic observations using
not only optical techniques, but also SEM and TEM.

8.5 Concluding Remarks

This chapter is devoted to creep analysis using selected experimental methods. A
short survey dealing with theoretical aspects of creep investigations is also presented.

It is shown that prior plastic deformation changes significantly values of the typ-
ical creep parameters. Depending of the magnitude of prestraining some of these
parameters can be improved, the others however, become to be weaker than those for
the nonprestrained material achieved. The tensile creep resistance measured as the
value of steady creep rate was generally enhanced by plastic prestrain, which was
expressed by significant decrease of the steady creep rate. The effect has proportional
character up to certain limit value of plastic deformation, only. The creep data for
aluminium alloy exhibit essential lifetime variation due to prestraining in both tem-
peratures in question (423 and 473 K), namely, an extension of lifetime proportional
to the magnitude of plastic prestrain. It has to be noted however, that plastic pre-
strain magnitudes greater than 6 % led to the opposite effect, i.e. lifetime reduction.
The amount of creep deformation for both temperatures considered was markedly
reduced by prior tensile plastic strain, yielding very low levels. Elongation of the
testpieces was proportionally decreased when the magnitude of plastic prestrain was
increased.

The chapter emphasises significance of the multiaxial creep testing, and identifies
procedures for elaboration of data captured from such investigations.

This study also presents the results of interdisciplinary tests for damage assess-
ments as a new promising tool for damage identification.

It is shown that the same level of deformation induced due to different processes
does not guarantee the same mechanical properties of a material.
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The results clearly indicate that selected ultrasonic and magnetic parameters can
be good indicators of material degradation and can help to locate the regions where
material properties are changed due to prestraining. In order to evaluate damage
progress in specimens made of the X10CrMoVNb9-1 steel, instead of velocity and
attenuation measurements frequently applied, the acoustic birefringence B measure-
ments were successfully applied. In the case of magnetic investigations for damage
identification the measurements of the Barkhausen effect (HBE) and the magneto-
acoustic emission (MAE) were applied. Both effects show that the magnetic proper-
ties are highly influenced by prior deformation, and moreover, they are sensitive not
only to the magnitude of prior deformation, but also to the way it is introduced.

The results suggest that experimental investigations concerning creep problems
should be based on the interdisciplinary tests giving a chance to find mutual corre-
lations between parameters assessed by classical macroscopic destructive investiga-
tions and parameters coming from the non-destructive experiments. Such relation-
ships should be supported by thorough microscopic tests, thus giving more complete
understanding of the phenomena observed during creep damage development.
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