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High cycle fatigue (HCF) strength of dissimilar welded rotor steels was investigated
under axial loading for lifetime of 5x10’ cycles in air at 25 °C and 370 °C. Scanning
Electronic Microscopy (SEM) was utilized to characterize fractured surface. Results show
that the largest fatigue strength occurs in upper side SAW at 25 °C while TIG has the
lowest fatigue strength at 370 °C. Subsurface crack initiation with fish-eyes were
observed on all fractured surfaces but without fine granular area (FGA). The changing of
fatigue strength was rationalized by temperature influence and different crack initiation
mechanisms in SAW and TIG, where cracks initiated from internal inclusions and
porosities, respectively. Welding pores are more detrimental to fatigue life.
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1 INTRODUCTION

In many industries, the required design lifetime often exceeds 10® cycles. The traditional
safe-life design based on infinite-life criterion has been challenged with the continuous
decreasing stress-life response when fatigue cycles beyond 10’ cycles in many materials,
where the fatigue limit cannot display [1]. Recently, the concept of competing modes of fatigue
failure [2, 3] has been introduced to emphasize the importance to improve the life design
methods. During the past few years, very high cycle fatigue (VHCF) has been widely
investigated, and it has been generally established that fatigue failure can occur over 10’
cycles and is always related to subsurface initiated cracks leading to final fracture [4-6].

A variety of materials were used to understand VHCF mechanisms, such as high-strength
steels [6], cast irons [7] and cast aluminums [8]. However, little study uses welding joint. Petit
et al. [9] reviewed the influence of atmosphere environment on the VHCF behavior by taking
into account of air humidity, degree of vacuum, and most importantly, the air temperature. Up
to now, effect of temperature on VHCF behavior is still short of investigation. The available
literatures are mainly focused on reporting VHCF properties leaving the crack initiation and
growth mechanisms incompletely elucidated [10-12]. Therefore, it is quite significant to
examine the VHCF properties of weld joint at high temperatures.

In this work, HCF strength of dissimilar welded rotor steels were investigated at room and
moderate temperatures. Scanning Electronic Microscopy (SEM) was utilized to characterize
fracture surface. Effects of temperature and welding method on fatigue strength and fracture
mechanisms in the very high cycle regime were highlighted.

2 MATERIALS AND EXPERIMENTS

Two rotor steels, i.e., 23CrMoNiWV88 and 26NiCrMoV145 were butt-welded by tungsten inert



gas (TIG) welding at the bottom and submerged arc welding (SAW) at the top (Fig. 1). The
chemical compositions of the dissimilar welding base metals are shown in Table 1.
Mechanical properties of IP and LP are listed in Table 2. Post weld heat treatment was
performed at 620 °C for 10 h. In this research, specimens for VHCF tests were cut off from
both the SAW and TIG welding parts in the radical direction (includes upper and lower sides),
as depicted in Fig. 1. Fig. 2 shows the schematic of VHCF specimens.

Fatigue tests were carried out at 25 °C and 370 °C under axial loading at R= -1. Different
stress levels were chosen in an attempt to cycle 5x10’ cycles to obtain endurance strength.
After testing, fracture surfaces of failed specimens were characterized by SEM.

Materials C Si Mn P S Ni Cr Mo \% Sn As Sb
23CrMoNiwV88 0.23 006 0.70 0.006 0.002 0.74 2.09 082 0.29 0.005 0.005 0.0013
26NiCrMoV145 025 004 029 0005 0.001 356 1.71 038 0.09 0.003 0.004 0.0013

Table 1. Chemical composition (wt.%) of base metals of the welding joint

Materials Yield strength Ultimate tensile Elongation 6, Reduction of
0v.2, MPa strength on, MPa % area v, %
23CrMoNiwV88 703 816 19 74
26NiCrMoV145 835.5 938 20 73

Table 2: Mechanical properties of base metals of the welding joint
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Fig. 1: Schematic of specimen preparation from the dissimilar welding joint
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Fig. 2: Schematic of VHCF test specimen

3 RESULTS AND DISCUSSION

3.1 S-Ncharacteristics

Fig. 3 shows the stress amplitude o, versus number of cycles to failure N; of VHCF tests at



25 °C and 370 °C. The endurance strength at 25 °C in upper side SAW at 5x10’ cycles
approaches 360 MPa. Fatigue strength at 5x10 cycles are decreased at 370°C, regardless of
the weld methods and specimen locations. Interestingly, endurance strength at lower side
SAW which can reach 300 MPa are larger than that in the upper side (around 230 MPa) at
370°C. From Fig. 3, it can be seen that TIG welded specimen may have the lowest fatigue
strength at 370°C because all the four specimens fractured without reaching 5x107 cycles.
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3.2 SEM observations of fracture surface

Fig. 4 shows fracture surface of the specimen tested at 25 °C in the upper side SAW. In Fig.
4a, three zones exist on the surface, including a fish-eye feature, stable crack growth zone
and final fracture zone. It is apparent that crack initiates from the inclusion (Fig. 4b). Energy
Dispersive Spectrometer (EDS) analysis shows that chemical composition of the inclusion are
rich in Ca, Mg, Al and Si. In the stable crack growth zone (Fig. 4c), small fatigue striations can
be observed. Interestingly, the popular characteristics around the inclusion in VHCF such as
optically dark area (ODA) by Murakami et al. [13], granular bright facet (GBF) by Shiozawa et
al. [4] and FGA (fine granular area) by Sakai et al. [14] cannot be observed in a magnified
micrograph of the inclusion, as depicted in fig.4d. The surface without FGA may be related to
the lower fatigue cycles [13], here the N; only reaches 13,398,314 cycles.

Fig. 5 shows fracture surface of the specimen tested at 370 °C (0,=250 MPa, N;=29,307,156
cycles) in the upper side SAW. The crack was also initiated from the inclusion thus forming the
fish-eye, and Ca, Mg, Al and Si are the main chemical composition. It is interesting to find that
another inclusion (Fig. 5a) also exists on the surface, but this inclusion cannot initiate cracks
for further growth. By comparing with Fig. 4b, it can be seen that the fish-eye zone which
shows a deep color in Fig. 5b clearly differentiates from the crack growth zone. In the crack
growth zone (Fig. 5c¢), many fine striations can be observed. A magnified micrograph of
fish-eye in fig.5d shows that FGA is also not observed around the inclusion, which means that
3x107 cycles may be still short [13]. From Fig. 4 and Fig. 5, it can be seen that non-metallic
inclusions are the initiation site, and the fish-eye feature always locates near surface.
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Fig. 4: Fracture surface observation of the specimen tested at 25 °C (0,=380 MPa,
N=13,398,314 cycles) in the upper side SAW: (a) three different zones, (b) fish-eye feature, (c)
fatigue striations at ‘A’ in (a), and (d) a magnified micrograph of fish-eye in (b).

As for TIG, all the four specimens failed in weld metal. Fig. 6 indicates the fracture surface
observation results of the specimen tested at 370 °C. The specimen sustained 5,686,569
cycles at stress amplitude of 280 MPa. In fig.6a, it can be seen that many porosities are
present on the fracture surface, such as A, B, C, D and E. Micrographs showing the porosities
in detail are illustrated in Figs. 6b-e. Two fish-eyes can be observed in Fig. 6b which contains
porosities A and B. The cracks are initiated from both A and B, but only A forms the main crack
for further propagation (Fig. 6b). Figs. 6¢c-e shows the porosities C, D and E, respectively.
Ductile dimples can be observed around the porosity C (Fig. 6¢) while fatigue striations exist
close to the porosity D (Fig. 6d). The different character around porosities C and D can be
related to their position relative to the initiation zone. For example, the location of C is in the
final fracture zone, whereas D locates in the crack growth zone. Therefore, it would be not
difficult to find that fatigue striations occur mostly at ‘2’ (Fig. 6g) while less striations can be
found at ‘1’ (Fig. 6f). It is also worth noting that interface appears near the final fracture zone
(Fig. 6h), which marks the changing of rough ridges to smooth surface.
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Fig. 5: Fracture surface observation of the specimen tested at 370 °C (0,=250 MPa,
N=29,307,156 cycles) in the upper side SAW: (a) macrograph of fracture surface, (b) fish-eye
feature, (c) fracture mode at ‘B’ in (a), and (d) a magnified micrograph of fish-eye in (b).
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Fig. 6: Fracture surface observation of the specimen tested at 370 °C (0,=280 MPa,
Ni=5,686,569 cycles) in TIG: (a) macrograph of fracture surface, (b) fish-eye feature of
porosity A and B, (c) porosity C with ductile dimples around, (d) porosity D with striations
around, (e) porosity E, (f) fracture mode at ‘1’ in (a), (g) fracture mode at ‘2’ in (a), and (h)
microscopic observation of interface at ‘F’ in (a).

3.3 Temperature and welding method dependence of fatigue strength

As mentioned before, although the fatigue cycle is not very high, sub-surface initiated fish-eye
occurs on every fractured specimen at both 25 °C and 370 °C, regardless of welding methods.
Fatigue strength in upper side SAW at 25 °C is 130 MPa higher than that at 370 °C. Therefore,
it seems that test temperature plays an important role in fatigue properties. Another
interesting point should be mentioned is that for the same test temperature, fatigue strength of
TIG welded specimen are lower than those of SAW, and fatigue strength in upper side SAW
are lower than that in lower side. It is worth noting that fatigue cracks initiate from non-metallic
inclusions in all the SAW specimens, but it changes to welding defects such as porosity in all
the TIG specimens. This further indicates that fatigue strength also shows a welding method
dependent trend.

Kawagoishi et al. [15] concluded that the change of fatigue strength at higher temperatures is
dependent on the competition between the softening of matrix and the surface oxidation
process. Similar results show that fatigue strength of smooth specimens at elevated
temperatures up to 600 °C was higher than that at room temperature due to the oxidation
induced suppression of crack initiation and small crack growth [12]. In this work, it would be
expected that material oxidation has a lower influence on the initiation and propagation of
surface cracks at moderate temperatures, although the appearance of fish-eyes in figs. 5 and
6 are more distinctive to the crack growth zones. Therefore, it can be concluded that the



softening of the material may play a decisive role in the decreasing of fatigue strength at
370 °C.

The influence of microstructure can be introduced to explain why fatigue strength in the lower
side SAW is higher than that in the upper side. During the past few years, the relationship
between fatigue strength and inclusion size has been gradually emphasized [16, 17]. It is
reasonable to conclude that microstructures in the upper side SAW would be larger than
those in the lower side, where the microstructures are normalized in a multi-layer welding
process [18]. As a result of the easiness to initiate fatigue cracks in materials with larger
inclusions, it is convincing that the larger the inclusion size, the lower the fatigue strength. In
order to elucidate the distribution of inclusion size along the SAW weld joint, further VHCF
tests should be conducted.

The initiation of fatigue cracks at porosities in TIG can provide important information to
optimize welding parameters. Crack initiation in porosity has also been found in cast iron [7, 8]
and cast aluminum [8] in the very high cycle regime. It is reasonable that TIG welded
specimens have the lowest fatigue strength because it is easier to initiate fatigue cracks in
pores where the atomic binding force is lower.

It is interesting to find that although the crack initiation mechanisms are different between
upper side SAW and TIG specimens, the fatigue strength of them at 370 °C are close to each
other. It has been generally accepted that a large portion of fatigue life is occupied by crack
initiation in the long life regime. Further work should be made to establish the probable
relationship between the pores and inclusion size. On the other hand, of the two types of
defects (inclusion and pores), it is reasonable to conclude that the pores in the microstructure
are more detrimental to fatigue life.

4 CONCLUSION

HCF strength of dissimilar welded rotor steels was investigated under axial loading at room
and moderate temperatures. The main conclusions are listed as follows:

(1) Fatigue strength decreased at 370 °C when comparing with that at 25 °C, and it is also
influenced by welding methods.

(2) Subsurface crack initiations with fish-eyes but without FGA are observed on all fractured
surfaces. Cracks initiate from internal inclusion in SAW while welding porosities are the
initiation site in TIG specimens.

(3) Of the two types of defects (inclusions and porosity), porosities in the microstructure are
more detrimental to fatigue life.
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