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Cyclic yield strength in definition of design limits for fatigue and creep
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This study proposes a cyclic yield strength (CYS, o7) as a key characteristic for the definition of safe design for engineering
structures operating under fatigue and creep conditions. CYS is defined on a cyclic stress-strain curve, while monotonic yield
strength (MYS, oy") is defined on a monotonic stress-strain curve. Both values of oy and oy’ are identified using a 2-steps
fitting procedure of the experimental stress-strain curves using Ramberg-Osgood and Chaboche material models. Comparison
of 0§ and fatigue endurance limit ok on the S-N fatigue curve reveals that they are approximately equal. Hence, basically
safe fatigue design is guaranteed in purely elastic domain defined by the oy. A typical creep rupture curve in time-to-failure
approach for creep analysis has 2 inflections corresponding to the oy and oy’. These stresses separate 3 sections on the
creep rupture curve, which are characterised by 3 different creep fracture modes and 3 creep deformation mechanisms. Thus,
basically safe creep design is guaranteed in linear creep domain with brittle failure mode defined by the oy. These assumptions
are confirmed for several structural low- and high-alloy steels for normal and high-temperature applications.
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Characterisation of long-term strength of structural materials is an important engineering task for prevention of potential
catastrophic failures of critical equipment. However, studies of this type are usually very long-lasting, technically challenging
and involve expensive experimental work. Thus, the main scope of this study is the formulation of a simple way to predict
characteristics of the long-term material behaviour (creep and fatigue, in the first instance) using basic material properties.

There are several methods to characterise the yield strength oy that are discussed by Dowling [1]. Here the elastic limit
051, defined in the scope of unified Chaboche model [2], is used as oy. This study proposes oy as a key characteristic for the
definition of safe design for engineering structures operating under fatigue and creep conditions, as illustrated in Fig. 1. It is
defined in context of a cyclic stress-strain curve (SSC), which is obtained from results of cyclic tests for a number of different
strain ranges. In the case of steels with a cyclic softening effect, oy separates the low stress range of purely elastic behaviour
from moderate stress range of mixed elasto-plastic behaviour. Monotonic yield strength oy, which is conventionally defined in
context of a monotonic SSC, separates the moderate stress range of mixed elasto-plastic behaviour from the high stress range
of purely plastic behaviour. Both values of 0" and oy are identified using a 2-steps fitting procedure of the experimental S-S
curves. The first step applies the Ramberg-Osgood (R-O) material model, which produces basic smoothing and extrapolation,
to the both monotonic and cyclic SSCs separately. The second step of fitting involves a typical rate-independent form of the
Chaboche material model with 3 kinematic backstresses (N = 3) according to [2]. Fitting the Chaboche model to the both

R-O extrapolated SSCs provides the values of 0" and oy with minimum offset from the elastic line as crf,l as follows [2]:
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where the first relation corresponds to monotonic SSC, while second to cyclic SSC having different values of the kinematic
hardening constants (C, ;). Two sets of constants (C;, v; and o) are identified by automatic fitting equations (1) to the
monotonic and cyclic R-O extrapolation. The identification procedure is implemented in Microsoft Excel using an add-in
Solver by running an optimisation process, which minimises the difference between R-O and Chaboche stress responses.

Structures operating at normal temperature are usually designed against fatigue failure using stress-life approach. It involves
experimental fatigue S-N curves with number of cycles to failure N* vs. stress. Fatigue endurance limit alfim on S-N curve is
observed for many structural steels in benign environmental conditions and represents a stress level below which the material
does not fail. The comparison of oy defined as material constant and experimental ol reveals that they are equal as shown
in Fig. 1. This assumption is confirmed in [3] on examples of standard low-carbon steel A36 and medium-carbon low-alloy
high-strength steel AISI/SAE 4340. Hence, a safe fatigue design is guaranteed in purely elastic domain defined by the o7.

Structures operating at high temperature are usually designed against creep failure using time-to-failure approach. It in-
volves experimental creep rupture curves with time to failure t* vs. stress. A typical creep rupture curve is a trilinear smoothed
curve in double logarithmic coordinates with 2 inflections corresponding to oy and oy". These inflections separate 3 domains
on the creep rupture curve, which are characterised by 3 different creep fracture modes — brittle, ductile and mixed (see
Fig. 1). Three sections with different creep deformations mechanisms can be typically observed on the minimum creep strain
rate curve, which is also a trilinear smoothed curve in double logarithmic coordinates. The deformations mechanisms (linear
creep, power-law creep and power-law breakdown) are separated by the same 2 transition stresses (see Fig. 1). This assump-
tion is confirmed in [3] on example of heat resistant high-alloy martensitic steel ASTM P91 at different temperatures. Hence,
a safe creep design is guaranteed in linear creep domain with brittle failure mode, which is also defined by o7y.
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Fig. 2: Fitting of SSCs for P91 steel
Fig. 1: Concept of the safe structural design for fatigue and creep using cyclic yield strength. [4] at 550°C (a) and 600°C (b).

Table 1: Comparison of oy", oy and ok, for P91 steel.
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Fig. 3: Elliptic yield surfaces of P91 steel using 03" and oy.

The values of o' and oy for P91 steel defined using Chaboche model as shown in Fig. 2 are listed in Table 1. They are
plotted versus temperature in °K in Fig. 3. The temperature dependence of a yield strength defined as 051 is extrapolated by a

simple elliptic equation, which can be considered as an extension of the von Mises yield criterion, in the following form:
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where Tey; = 1000°K is a typical eutectic temperature for steel alloys; oy = 210 [MPa] and oy = 2 - oy = 420 [MPa] are
theoretical yield strengthes at absolute zero temperature for monotonic and cyclic responses correspondingly.

Kimura’s [5] assumption of half monotonic yield (08'2% /2), which corresponds to inflection of creep rupture curves,
agrees with the outcomes of the current study, since the relation o &~ o /2 is valid for all temperatures according to Table 1.
Equality of oy and ol at RT can be explained by the concept of gigacycle fatigue [6] introducing two fatigue limits.

The principal advantage of the oy application to the characterisation of fatigue and creep long-term strength is the relatively
fast experimental identification. The total duration of all cyclic tests, which are required to reach the stabilised stress response

for cyclic SSC is much less than the typical durations of fatigue and creep rupture tests at stress levels around oy
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