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ABSTRACT 
High cycle thermal fatigue failure of pipes induced by fluid temperature change is one of the interdisciplinary 
issues to be concerned for long term structural reliability of high temperature components in energy systems. In 
order to explore advanced life assessment methods to prevent the failure, fatigue crack propagation tests were 
carried out in a low alloy steel and an austenitic stainless steel under typical thermal and thermo-mechanical 
histories. Special attention was paid to both the effect of thermo-mechanical loading history on the fatigue crack 
threshold, as well as to the applicability of continuum fracture mechanics treatment to small or short cracks. It 
was shown experimentally that the crack-based remaining fatigue life evaluation provided more reasonable 
assessment than the traditional method based on the semi-empirical law in terms of "usage factor" for high cycle 
thermal fatigue failure that is employed in JSME Standard, S017. The crack propagation analysis based on 
continuum fracture mechanics was almost successfully applied to the small fatigue cracks of which size was 
comparable to a few times of material grain size. It was also shown the thermo-mechanical histories introduced 
unique effects to the prior fatigue crack wake, resulting in occasional change in the fatigue crack threshold.  
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1.  Introduction 
 
High cycle thermal fatigue failure of pipes induced by fluid temperature change is one of the 

interdisciplinary issues affecting long term structural reliability of power generation system [1,2]. 
Since the high cycle thermal fatigue loadings are often superimposed on low cycle thermal fatigue 
loadings resulting from the start-up and shut-down of the system, it is still too difficult to prevent and 
estimate the high cycle thermal fatigue failures from the beginning of structural design; hence, the 
remaining life estimation based on the concept of damage tolerance design play a key role. Here, the 
knowledge of fatigue crack propagation behavior in the low stress intensity factor regime, and that of 
effects of varied types of thermo-mechanical loading histories on fatigue crack thresholds, play an 
essential role [1,2]. In general the fatigue crack threshold, denoted by ∆Κth, is known to be dependent 
on material’s microstructure, stress ratio, and test environment. It is significantly affected by crack 
closure [3-7] and mechanical loading histories [7-12]. In some cases thermal and thermo-mechanical 
history are also important. For example, suppose a case in which a fatigue cracked structure is 
repaired by fusion welding process. When the crack still exist after the repair, the welding followed by 
the post heat treatment may introduce a new residual stress field around the prior crack plane or wake 
associating with a possible material transformation, which can influence the subsequent fatigue crack 
propagation resistance [12]. These histories are classified into the so-called thermo-mechanical 
histories in which both thermal and mechanical histories can interact in a complicated manner. 
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However, there has been very limited knowledge on this topic [11,12]. Meanwhile, the length of crack 
nucleated by high cycle thermal fatigue must be sometimes in order of sub-millimeters. The cracks in 
this order is often called by “small cracks”, to which continuum fracture mechanics treatment fails to 
be applied in some cases [3,5,13]. Hence, availability of fracture mechanics approach should be also 
confirmed for the fatigue failure prevention. 

The aim of the present work is to obtain basic knowledge on the effects of mechanical, thermal, 
and thermo-mechanical loading histories on the fatigue crack threshold. A special attention was paid 
to fatigue threshold affected by the thermo-mechanical loading histories. 

 
2.  Materials 
 

Two kinds of heat resisting alloys were investigated in this work. One is SUS316 austenitic steel 
and the other is a ferritic low alloy steel, JIS SCM440.  They have the following chemical 
compositions in wt.%: 0.07 C, 0.9 Si, 1.85 Mn, 0.045 P, 0.03 S, 12.1 Ni, 17.7 Cr, 2.31 Mo and bal. Fe 
in  SUS316; 0.41C, 0.22 Si, 0.79 Mn, 0.008 P, 0.004 S, 0.01 Cu, 0.03 Ni, 1.06 Cr, 0.17 Mo, and bal. 
Fe in SCM440. Before the fatigue tests the heat treatments were given to the respective materials:  
a solution heat treatment at 1050℃ for SUS316, and a quenched treatment at 880℃ followed by a 
tempering at 630℃ for SCM 440, respectively. 

 
3. Fatigue test procedure 

 
Roughly classifying, two types of tests were carried out in this work. The first was the test to 

investigate the interaction in crack growth process between the high level low-cycle fatigue (LCF) 
cycles and the low level high-cycle fatigue (HCF). The second was the test to examine the effect of 
thermo-mechanical history on fatigue crack propagation.  

In the first type of test the fatigue crack propagation behavior was examined in SUS316 at 300℃ 
using a solid cylindrical specimen with a semi-circular initial surface notch; Fig. 2(a) (of which 
diameter and depth were 100 µm and 50 µm, respectively), under a loading sequence illustrated in 
Fig.1; a two step multi-loading block consisting of the LCF and HCF cycles those were given under 
strain-controlled and load-controlled mode, respectively. The HCF simulates cyclic thermal fatigue 
period. The stress amplitude during the HCF was set up so that it was below the fatigue limit, 
resulting in no fatigue damage during this period. The experimental variable was the ratio of the 
number of high cycle fatigue cycles to that of low cycle loading, NH/NL. In this examination a special 
focus was put on what difference(s) was (were) there in the crack growth rates and the threshold, ∆Kth, 
between the loading pattern of Fig. 1 and the pure LCF cycles.  

In parallel the behavior of small crack propagation during the pure LCF cycles was also 
investigated by means of the same solid cylindrical specimen of SUS316 as in Fig. 2(a)，in order to 
explore an applicability of continuum fracture mechanics treatment to small fatigue crack growth. 
Note any artificial notches, as crack starters were not introduced there. On the examination, the 
replica of the specimen surface was taken using acetyl cellulose film to follow the small crack growth. 
The size of small crack examined was from 50 µm to a few millimeters in length. Taking account of 
such experimental works that small fatigue crack propagation behavior is often influenced by 
microstructural unit; e.g. grain boundaries, resulting in a failure in applicability of continuum fracture 
mechanics treatment [3,5,13], two kinds of heat treatments were intentionally given to the as-received 
SUS 316 in this work so that the material had different grain size. The conditions were given by 
1200℃ for 10 hrs and 1250℃ for 24 hrs in inert gas environment, to have 0.35 mm and 0.83 mm in 
average grain size, respectively, while the grain size of as-received SUS316 was approximately 0.05 
mm.  

In the second type of test to examine the effect of thermo-mechanical history on fatigue crack 
propagation, the fatigue crack propagation tests were performed in SCM440 steel, where the 
specimens were prepared according to the process displayed in Fig. 3. In the “thermal history” 
specimen the SCM 440 was heated at 740℃ for 5 minutes so that the virgin material received only a 
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thermal history below the Ac1 transformation temperature that was approximately 790℃ [8]. In the 
“thermo-mechanical history specimen”, on the other hand, the fatigue crack was previously 
introduced into the center notched specimen shown in Fig. 2(b) by applying the mechanical fatigue 
loadings under a constant ∆K condition (; 18 MPa(m)1/2) at 300℃ so that the total crack length was 
about 5 mm, followed by the heat treatment under the same condition as the thermal history specimen. 
Note that the “thermo-mechanical heat treatment” here was given to simulate an incomplete crack 
repair for cracked components, supposing a case when the crack still remains after the weld repair 
process accompanying with thermal history. After the preparation of the above history specimens and 
the virgin SCM440 specimen, the level of ∆Kth was experimentally measured at 300℃ by a so-called 
∆K decreasing fatigue crack propagation test according to the ASTM standard [9] under a loading 
frequency of 10 Hz, where the stress ratio was an experimental variable during the fatigue test. 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 1. Two-stage and multi-block loading sequence applied to the test material, which consists of 

high-cycle fatigue (HCF) and low-cycle fatigue (LCF) loadings. The stress amplitude during the HCF 
was set up by 100 MPa so that it was below the fatigue endurance of SUS316, resulting in no fatigue 

damage during this period on the basis of Miner rule. 
 

 
Fig.2. Geometry of specimens used. (a) JIS SUS316 specimen with a surface notch, 

(b) JIS SCM 440 specimen with a through-thickness center notch.  
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4. Experimental results and Discussion. 

4.1. Effect of loading history on ∆Kth; an interaction between LCF and HCF loadings. 

Figure 4 displays how the fatigue crack propagated with the number of loading blocks under a loading 
sequence given in Fig.1, where the variable was the ratio of the number of high cycle fatigue loading 
to that of low cycle loading, NH/NL. It is found from Fig. 4 that when the crack length was short 
enough, the crack seems to be propagating insensitively to the loading ratio, NH/NL. However, after 
the crack length was beyond a critical value, acr, the acceleration of the crack growth got significant, 
depending on the NH/NL ratio. 

Noting again that the low level high cycle fatigue loading cycle was set up to be too low to solely 
lead to fatigue failure in this work (see Section 3); and hence, a concept of “usage factor” employed 
in the JSME standard on the basis of the linear Miner rule [1,10] also provides an unsatisfactory 
estimation to the fatigue failure under the present loading sequence.  Under the LCF/HCF combined  

 
 
 

 
 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Process to prepare the “thermal history specimen” and “thermo-mechanical history specimens. 

 

Fig. 4. Fatigue crack propagation behavior in SUS 316 steel under a loading sequence given in Fig.1, 
which shows a significant interaction between the LCF and HCF cycles, after a critical crack length. 
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loading condition, therefore, we had better to do thermal fatigue life assessment focussing on the 
crack propagation process. 

It is not needless to say, it is a key for a crack-based remaining life assessment to make clear the 
mechanical background of acr  above which the LCF/HCF interaction is pronounced. Under the 
present test condition, the size of acr was in order of sub-millimeters; Fig. 4, that is often classified 
into “physically short crack” regime [3-5,13,14]. Note that continuum fracture mechanics sometimes 
fail to be applied to this type of short crack [3-5,13,14]. Accordingly, fracture mechanics treatment 
should be rationalized before starting discussion on acr .   
    Figure 5 reveals the rates of small cracks nucleated in the smooth specimen during the pure LCF 
in comparison with those of the long cracks [3-5,12], on the basis of J-integral range, ∆J; an 
elastic-plastic fracture mechanics parameter. In Fig. 5 the small crack propagation data are given in a 
combination between the material grain size and the strain range repeated: e.g., “0.8 mm, 1.0 %” (see 
Section 3). ∆J was evaluated by [15], 

     (1). 

∆σ, ∆εin and n in Eq. (1) are stress range, in-elastic strain range, and cyclic work hardening exponent 
in cyclic stress-strain relationship represented by ∆σ∝(∆εin)n, respectively. Φ and a are second type of 
ellipsoidal integral, and half-length of small surface crack, respectively. In the present work these 
values were evaluated, assuming the surface crack geometry being semi-circular. Since the long crack 
propagation data in the refs. [3-5,12] are given in terms of effective stress intensity factor range, ∆Keff; 
a parameter to take crack closure phenomenon into account [14], the following fracture mechanics 
conversion is made to keep a pace with the present work treatment in terms of ∆J: 
 
 
         (2), 
 
where E and ν are elastic modulus and Poisson ratio of material (ν ~0.3), respectively. 

It is seen from Fig. 5 that the rates of small cracks were almost comparable to those of the long 
cracks independently on the material grain size, whereas the small cracks grew accompanying with 
much scatter than the long cracks. It is worthy to note again that the length of small crack measured in 
this work was from 0.05 mm to 1 mm; comparable to or a few times of material grain size. In the 
words the crack propagation assessment based on continuum fracture mechanics can be 
approximately applied to the small fatigue crack regime appearing in Fig. 4.  

In order to explore background of acr appearing in Fig. 4, the following simple critical condition 
was assumed: even when the HCF cycle is solely unable to nucleate and advance the fatigue crack 
since the HCF stress amplitude is below the fatigue endurance (refer to Section 3), the crack is 
stimulated to get possible to advance once a critical failure condition during the HCF cycle followed 
by the LCF cycle is satisfied. Based on fracture mechanics concept the above critical condition can be 
expressed in terms of the occasional material fatigue crack threshold, ∆Kth, which is given by,   

  
FΔσH(πacr)1/2 ≧ΔKth       (3), 

 
where F and ∆σH are the boundary correction factor in stress intensity factor and the HCF stress range, 
respectively. In this work, the magnitude of ∆σH is fixed by 200 MPa (Fig.1). According to the 
previous work, the level of ∆Kth was sensitive to the stress ratio during the HCF period in the virgin 
SUS 316 [12]; they were ranged between 3 and 4 MPa√m, hence, the value of acr is estimated from 
Eq. (3) by, 
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  acr≒ 140μm (when ΔKth = 3.0 MPa√m),     (4a), 
 
  acr≒ 250μm (when ΔKth = 4.0 MPa√m),     (4b). 
 

These predictions are displayed by the dotted lines in Fig. 4. A reasonable estimation seems to be 
made by the above assumption. In the other work, the approach based on the crack propagation can 
provide rational remaining life estimation, compared with the traditional Miner rule [1,10-12], 
because the Miner rule provides zero fatigue damage during the HCF cycles under the present test 
condition.  
 
4.2. Effect of thermo-mechanical loading history on the fatigue threshold 

The influences of thermal and thermo-mechanical histories on both the fatigue threshold and the crack 
propagation rates are presented in Figs. 6 and 7, which show that the application of reheat treatment to 
the cracked specimen (i.e., thermo-mechanical history) significantly accelerated the subsequent 
fatigue crack propagation rate. In Fig. 6 the fatigue threshold was also noticeably reduced in the 
thermo-mechanical history specimen, compared with that in the virgin specimen. On the contrary, the 
crack growth rate of the thermal history specimen is similar to that of the virgin specimens; Fig. 7. 
Thus the application of a mere reheat treatment to the fatigue cracked components may not extend, 
but rather shorten the remaining fatigue life. It is worthy to note in Figs. 6 and 7 that the change in 

 
Fig. 5 Small crack growth rates in comparison with long cracks during the LCF loading in SUS316. 

 



M.Okazaki et al./ Effect of Thermo-Mechanical Loading Histories on Fatigue  
Crack Growth Behavior and The Threshold in SUS 316 and SCM440 Steels 

  
  

30 

fatigue threshold influenced by the history was insensitive under higher loading ratio. This suggests 
that crack closure phenomenon would play an important role there, since crack closure becomes 
non-pronounced under adequately high loading ratio condition [14]. 

In order to explore the background of the above behavior, focus was put on the volume fraction 
of the ferritic phase around the fatigue crack wake.  In this work, the fraction was measured by an 
image analysis. As given in Fig. 8, the measurement demonstrated that the volume fraction of the 
ferritic phase in the thermo-mechanically affected zone (TMAZ) locating near (or along) the fatigue 
crack wake was significantly higher than that in the mere thermally affected zone (TAZ) locating at 
the region remote enough from the wake. This suggests that the plastically deformed area formed 
along the fatigue crack face during the previous fatigue loading period would be recovered during the 
subsequent reheat treatment, as illustrated in Fig. 8. This kind of recovery may a release of compres- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
sive residual stress field [3-7,11,12] (or loss in a stress shielding effect from external stress), resulting 

 
Fig. 6. The influences of thermal and thermo-mechanical loading histories on the subsequent crack 

propagation rates in SCM440 (R=-1, 300℃). 

 

 
Fig. 7 Influence of thermal history on the subsequent fatigue crack propagation rates in SCM 440 

(R=0.8 and 0.5, 300℃). 
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in an occasional reduction in ∆Kth, as schematically presented in Fig. 9. 
Thus, it is a critical issue to know the real fatigue threshold level that is insensitive to loading 

histories, stress ratio of cyclic loading, and thermo-mechanical histories. The introduction of the 
effective stress intensity factor range [3-7] in which the crack closure phenomenon is taken into 
account seems to be useful, whereas this concept forces us very tedious works, since it has been still 
difficult to measure the crack closure level, especially at high temperatures [7,11,12]. It would be an 
alternative way to gather the fatigue threshold data under higher stress ratio conditions where the 
crack closure hardly occurs; it is a future work to be concerned.  

 

 

 

 

 

 

 

 

 

 

 

 

5. Summary 
In order to gain basic understanding to help prevent the high cycle thermal fatigue failure, the 

effects of some typical thermal and thermo-mechanical histories on the fatigue crack growth threshold 
were investigated. It was shown that the HCF loadings superimposed on the LCF cycle accelerated the 
fatigue crack propagation rates, even when the HCF stress amplitude was remarkably below the 
fatigue endurance limit. This interaction between LCF and HCF loading was rationalized by 
considering the fatigue crack growth. Here, the crack propagation analysis based on continuum 
fracture mechanics was almost successfully available to the small crack assessment when the size was 
comparable to a few times of the material grain size. Thus, the crack-based remaining fatigue life 
evaluation provided more reasonable assessment than the traditional method based on the 
semi-empirical "usage factor" for high cycle thermal fatigue failure. It was also shown experimentally 
that the thermo-mechanical histories induced unique effects along the fatigue crack wake, resulting in 
the fatigue crack threshold occasionally lower than that in the virgin and thermal history specimens, 
where the crack closure phenomenon might be essential role there. Thus, further quantitative works 
are recommended to evaluate an intrinsic fatigue crack threshold independent on, or insensitive to 
thermo-mechanical loading histories.  

 
 

 
 

 
Fig. 8. Fraction of ferritic phase in the TAZ and TMAZ near the crack wake. 
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Fig. 9 Illustration showing the thermo-mechanical loading history appearing  
around the fatigue crack wake. 
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