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ABSTRACT

Gigacycle fatigue tests were conducted on additively manufactured (AM) Hastelloy
X. Individual AM samples manufactured in the Z and X directions were tested at room
temperature, and the results were compared with those for conventionally produced material.

The samples were subjected to ultrasonic fatigue testing up to 10° cycles and to servo-
hydraulic fatigue testing up to 107 cycles. The microstructures of the AM samples consisted
of (101) texture that showed high internal plastic strain. The 0.2% proof stress levels of the AM
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samples were much higher than those of the conventional samples. Internal fractures were
seen in both the AM and the conventional samples above 107 cycles, indicating conventional
fatigue limits at 107 cycles to be absent in Hastelloy X. The gigacycle fatigue strengths were
comparable between the AM and conventional samples and between the Z and X directions.
The conventional fatigue test results for the AM samples revealed longer fatigue lives than
those for the conventional samples because of the high 0.2% proof stress. These results show
the ultrasonic fatigue test results of the AM samples to be continuously connected to the
conventional fatigue test results, unlike the gap seen with conventional samples. Conventional
fatigue limits at 107 cycles appear to be absent in Hastelloy X, with new fatigue limits possible
in the gigacycle region. The internal fracture origins in the AM samples were solidification
cracks or the matrix itself, meaning that fatigue failure was not caused by porosities or lack of
fusion in these AM samples.
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IMPACT STATEMENT

This paper discloses gigacycle fatigue test results on additively manufactured (AM) Hastelloy
X. The Hastelloy X revealed internal fractures above 107 cycles, indicating conventional fatigue
limits at 107 cycles to be absent.

1. Introduction . . . I
of major research interest [1-11]. Past investigations

have clarified many features of the fatigue properties
that are caused by their unique microstructures and
defects. One of the characteristics of many types of
AM metallic materials is their absence of fatigue limits
[12-17]. This has created a need for investigations into
these materials of very high cycle fatigue (VHCEF) at

Additively manufactured (AM) metals are valuable
materials, since their high degree of design freedom
enables the manufacture of components with complex
shapes. However, it is crucial to know the fatigue
properties for AM metallic materials before applying
them in practical contexts. This has made them a focus
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over 107 cycles and gigacycle fatigue up to and over 10°
cycles. This urgent need prompted ASTM to develop
recommended practices for VHCF testing [18].

The authors have over 20years’ experience of
research into the gigacycle fatigue of metallic materials
[19,20]. The key technology has been ultrasonic fati-
gue testing at 20 kHz [21-27], a technique that enables
10° cycles to be applied in a single day, unlike the 3 - 4
months needed for conventional 100-Hz fatigue test-
ing. Frequency effects were initially a concern; how-
ever, it has been confirmed that frequency effects are
very small in many gigacycle fatigue tests of high-
strength metallic materials. In short, ultrasonic fatigue
test results show good agreement with conventional
fatigue test results for many types of high-strength
metallic materials [19,20,25,28-30]. Ultrasonic fatigue
testing can also be conducted at high temperatures
[31]. Gigacycle fatigue failures are frequently caused
by internal fractures, which are fatigue fractures that
originate in internal defects. These internal fractures
were closely studied, resulting in our proposed new
model for predicting gigacycle fatigue strength in
which the effects of internal defect sizes can be taken
into account [32-34]. This new model can thus be
applied to research into gigacycle fatigue in AM metal-
lic materials.

We adopted these techniques in launching
research into gigacycle fatigue of AM metallic mate-
rials. Our target materials were nickel-based super-
alloys used for gas turbines. The first material
selected was Hastelloy X, a solid-solution hardened
type with simple single-phase microstructures. Laser
powder bed fusion (LPBF) was the AM technology
used. The authors have experience of producing AM
Hastelloy X using this technology [35]. The fatigue
properties of AM Hastelloy X have been reported for
high-cycle fatigue [36-38], for low-cycle fatigue [39]
and for crack propagation [40]; however, there was
no literature on gigacycle fatigue or VHCEF. In this
study we conducted gigacycle fatigue tests using
ultrasonic fatigue testing and, for comparison, high-
cycle fatigue (HCF) tests using a servo-hydraulic

Table 1. Chemical compositions of the Hastelloy X samples.
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fatigue testing machine. These were conducted at
room temperature as the first step, so high-
temperature gigacycle fatigue tests will be the
obvious next step. This report aims for prompt dis-
closure of these fatigue test data, discussing the
validity of the fatigue testing methods. Another
point to be discussed in this report is the presence
or absence of fatigue limits in AM Hastelloy X, as
well as the actual mechanism of fatigue failure.

2, Experimental method
2.1. Materials

AM samples were fabricated using Hastelloy-X
powder (AMPERPRINT 0228.074 by Hoganéds AB)
using an SLM 280 HL (SLM solutions GmbH)
commercial SLM machine. Table 1 shows the che-
mical composition of Hastelloy-X powder. Table 2
shows the LPBF process conditions. Two types of
samples, made in the Z- and X-direction, were
fabricated as shown in Figure 1. Their geometry
consisted of round bars of diameter 15mm and
length 70 mm. These samples were fabricated on
a stainless steel baseplate with support structures
and were tested without heat treatment, i.e. in their
as-built condition.

Conventional Hastelloy X was also tested for com-
parison. The conventional Hastelloy X consisted of
forged round bars of the type described in NIMS
creep data sheets [41], designated as heat iHB in
creep data sheet No. 55 [42]. Their chemical composi-
tions are also displayed in Table 1.

The microstructures were characterized by electron
backscatter diffraction (EBSD), using inverse pole fig-
ure (IPF) and grain reference orientation deviation
(GROD) maps. The tensile tests were performed at
room temperature, to identify 0.2% proof stress, ten-
sile strength, elongation and reduction of area.
Young’s modulus and density were also evaluated,
which were prerequisites to conducting ultrasonic fati-
gue testing.

Element (mass %)

Sample C Si Mn P S Cr Mo w Co B Fe Ni
AM powder 0.05 <0.1 <0.0 <0.002 0.002 218 8.9 0.5 1.6 <0.002 18.6 bal.
Conventional 0.06 0.34 0.45 0.01 <0.01 214 9.0 0.8 1.2 0.004 17.9 bal.

Table 2. LPBF process conditions.

Process parameters Value
Laser power, P 300W
Scanning velocity, v 909 mm/s
Hatching space, h 100 um
Power layer thickness, d 30 um
Rotation angle of scanning direction 67°

Scan strategy
Square size in chessboard scan

chessboard scan
5% 5 mm?
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Z-direction sample

X-direction sample X
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Figure 1. Fabrication of Z- and X-direction samples.

2.2. Fatigue testing

Ultrasonic fatigue testing at 20 kHz was carried out
using a commercial-available machine (Shimadzu
USF2000). The maximal cycle number tested was 10
cycles. The ultrasonic fatigue testing machine was
equipped with an air cooling system to minimize tem-
perature increase in the specimens that consisted of
a vortex tube-type cooler and a 5.5 kW-class compres-
sor. Intermittent testing [23] was also applied, since
too much heat was generated by the Hastelloy
X specimens to be limited by air cooling alone.
Intermittent test conditions, i.e. pulse/pause ratios,
were adopted so as to maintain the specimen’s surface
temperature, measured using an infrared thermo-
meter and Black-body tape, at below 30°C. The HCF
tests, using a servo-hydraulic fatigue testing machine,
were conducted under load-controlled conditions.
The maximal cycle number tested was 107 cycles.
The frequencies, ranging from 1-20 Hz, were deter-
mined in the same manner as during the intermittent
ultrasonic fatigue testing. Both the ultrasonic fatigue
and HCF tests were conducted at room temperature in
air with a stress ratio of R =—1.

Figure 2 shows the dimensions of the fatigue test
specimens. The difference between the AM and con-
ventional Hastelloy X specimens was their length,
designed to have them resonate at 20 kHz. The speci-
men length was determined by measuring the
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(a) AM Hastelloy X (Z- and X-directions)

Figure 2. Profiles of specimens in mm.
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resonance frequencies of three different lengths of
the specimens. These specimens were subjected to
both the ultrasonic fatigue tests and to the HCF tests,
i.e. the same geometries of the specimens were used in
the ultrasonic fatigue and HCF tests. The specimens
were machined from above-mentioned round bars of
the AM and conventional Hastelloy X samples, mean-
ing that the surface roughness characteristic of the AM
processes was removed. The narrowed areas of the
specimen surfaces were finished by longitudinal pol-
ishing with 1200-grade silicon carbide paper. The
fracture surfaces of the specimens were observed
using a scanning electron microscope (SEM), and the
microstructures beneath the fracture surfaces were
evaluated by cross-sectional EBSD analysis.

3. Experimental results
3.1. Microstructure and tensile properties

Figure 3 shows the microstructures evaluated by
EBSD. The IPF maps are for the longitudinal direction
(LD) and Z-direction (ZD) in the conventional and
AM Hastelloy X samples, respectively. The IPF maps
indicated that the AM samples had a (101) texture, in
contrast to the random texture of the conventional
samples. The GROD maps are drawn using the same
contour range. It was concluded from the GROD
maps that internal plastic strain was much greater in
the AM samples than in the conventional samples.
Identifiable defects such as cracks and pores were not
found in these microstructure observations. The AM
microstructure observations at much higher magnifi-
cation revealed cellular structures within the grains as
described in Section 3.3. Although the AM micro-
structures shown in Figure 3 are for the Z-direction
sample, those for the X-direction sample are similar,
i.e. the only difference is the loading directions.
Table 3 shows the tensile test results. The tensile
properties of the AM Z-direction sample were close to
those of the conventional sample except for the 0.2%
proof stress. The strong internal strain of the AM
samples could result in higher 0.2% proof stress. The
AM X-direction sample was revealed to have higher
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Figure 3. IPF and GROD maps of the tested Hastelloy X.

Table 3. Tensile test results at room temperature.

0.2% Proof Stress, Tensile strength, Elongation, Reduction of Area,
Sample Direction MPa MPa % %
Conventional - 344 763 47 66
AM Z-direction 594 708 43 70
X-direction 669 863 29 51

strength and lower ductility than the AM Z-direction
sample. This anisotropy might be attributable to the
(101) texture of the AM samples.

Table 4 shows Young’s modulus and density. The
Young’s modulus was observed, based on the specimen
lengths, at the resonance frequency of 20 kHz, as shown
in Figure 2. The specimen length resonated at 20 kHz is
a function of the Young’s modulus and the density. The
Young’s modulus can, therefore, be reversely calculated

Table 4. Young’s modulus and density.

Young's modulus, Density,
Sample Direction GPa g/cm
Conventional - 182 8.13
AM Z-direction 177 8.22

X-direction 177

from the specimen length when the density is provided
[31]. Table 5 shows measured resonance frequencies to
determine the specimen lengths. By linearly fitting these
data, we calculated the specimen lengths resonated at
20.00 kHz which was the resonance frequency of the
used ultrasonic fatigue testing machines without
a specimen. The density was estimated by measuring
the weight of disks cut out from a 10 mm-diameter
section of the specimens. The difference in Young’s
modulus and density between the AM and the conven-
tional samples was negligible. No anisotropy was
observed in the Young’s modulus of the AM samples,
since the specimen lengths were the same in the Z- and
X- directions. The AM samples had a (101) texture,
with the Young’s modulus of this texture being very
close to that of the random texture [43,44].

Table 5. Measured resonance frequencies of three different length of specimens.

Specimen length

Total without an external thread,

Shoulder part, Resonance frequency,

Sample Direction mm mm kHz
Conventional - 49.2 10.0 20.02
51.2 11.0 19.87
53.2 12.0 19.76
AM Z-direction 47.4 9.1 20.06
49.4 10.1 19.94
514 1.1 19.82
X-direction 474 9.1 20.08
494 10.1 19.92
514 1.1 19.83
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3.2. Fatigue properties

Figure 4 shows the fatigue test results. The open and
solid marks respectively indicate the HCF and the
ultrasonic fatigue test results. The slash marks indicate
specimens that ended in internal fractures. The ultra-
sonic fatigue tests were conducted at below 340 MPa
since the temperature of the specimens exceeded 30°C
at over 350 MPa even for minimum pulse periods. The
HCEF tests were conducted at above 360 MPa, since the
AM samples reach 10 cycles at that stress level. As
a result, the ultrasonic fatigue test results did not over-
lap with the HCF test results.

Most of the specimens subjected to the ultrasonic
fatigue tests ended in internal fractures at above 107
cycles. Internal fractures also occurred in the HCF tests
at around 107 cycles, whereas conventional surface
fractures could be seen in most of the HCF specimens.
Fatigue strengths from the ultrasonic fatigue test results
were comparable between the AM and the conventional
samples, while in the HCF test results, the AM samples
revealed longer fatigue lives than did the conventional
samples. The longer fatigue lives of the AM samples
subjected to the HCF tests are attributed to their higher
0.2% proof stress. In short, the HCF tests on the con-
ventional samples were conducted at above their 0.2%
proof stress, while the 0.2% proof stresses of the AM
samples were much higher than under the test condi-
tions. When the stress amplitude exceeds the 0.2%
proof stress, macroscopic and cyclic plastic deformation
occurs, resulting in decrease of the fatigue lives. As
a result, the results for the conventional samples
revealed a gap between the HCF and the ultrasonic
fatigue test results, unlike the continuous connection
seen in the results for the AM samples.

The difference in results between the Z- and
X-direction AM samples was minor, both for the HCF
tests and for the ultrasonic fatigue tests. The tensile
strength of the X-direction AM samples was higher
than that of the Z-direction AM samples. Namely, the
effects of tensile strength were not observed in the

Proof stress of the AM t
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Figure 4. Fatigue test results at room temperature.
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fatigue test results. The difference was also minor
between the AM and conventional samples in the ultra-
sonic fatigue test results despite difference of tensile
strength. The effects of tensile strength were thus
obscure in these fatigue test results particularly in the
VHCE regions. Fatigue strength is normally correlated
with tensile strength, so these obscure tensile strength
effects could be a characteristic of the AM Hastelloy
X. However, the detailed mechanism was not clarified
in this study.

3.3. Fracture surfaces

Figure 5 shows typical fracture surfaces at the internal
fracture origins. The conventional samples revealed no
defects at the internal fracture origins. Flat areas,
resembling so-called ‘facets’ [45,46], were observed at
the internal fracture origins. The internal fracture
origins of the AM samples were revealed to constitute
two types: Type A and Type B. In Type A, a distinctive
pattern was observed at the internal fracture origins,
whereas Type B did not show this pattern.

Figure 6 shows the results of the cross-sectional
EBSD analysis. Three cases: conventional, AM
Z-direction (Type A) and AM Z-direction (Type B),
were selected for this analysis. The IPF map of the
conventional sample indicated that the facet was
formed in an inclined direction, close to 45° relative to
the loading direction, i.e. very close to the shear direc-
tion. The plane on which the facet was formed could
match a {111} slip plane. This result suggests the facet to
be a shear-type fatigue crack. The GROD map revealed
only a slight increase in the internal plastic strain,
meaning that the plastic strain induced during the fati-
gue test was not very high. The IPF map of the AM
Z-direction sample (Type A) indicated that the area of
the distinctive pattern had been formed in a more
inclined direction than the facet of the conventional
sample. The direction in which the distinctive pattern
area was formed was closer to the Z-direction than to
the shear direction. The distinctive pattern area did not
match any slip plane. The GROD map was almost
identical to that of the initial microstructure shown in
Figure 3. The IPF map of the AM Z-direction sample
(Type B) indicated that the fracture surface was very flat
and that the crack was of a transgranular type. The
GROD map did not differ from the initial version.

Figure 7 shows the results of detailed observations of
the distinctive patterns. The specimens were the same as
those in Figure 5, whereas the fracture surface in the
AM Z-direction was on the opposite side and was
observed with the specimen tilted. The distinctive pat-
terns of the Z- and X-directions were very similar to
each other. Striped patterns were observed in the dis-
tinctive pattern area, with small protrusions distributed
throughout. Figure 8 shows the microstructure beneath
the distinctive pattern area at a much higher
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High magnification

Low magnification

Conventional

Ultrasonic
o, = 326 MPa
N;=1.64x 108

AM, Z-direction
(Type-A)

Ultrasonic
0, = 320 MPa
N;=1.43x108

AM, Z-direction
(Type-B)

Ultrasonic
o, = 340 MPa
N;=1.08x 108

AM, X-direction
(Type-A)

Ultrasonic
o, = 340 MPa
N;=4.46 x 107

AM, X-direction
(Type-B)

HCF
o, = 380 MPa
N;=1.47x107

o,: Stress amplitude, Ny Number of cycles to failure

Figure 5. Typical fracture surfaces at internal fracture origins.

magnification, which is a backscattered electron (BSE)
image of SEM. At this magnification, cellular structures
were observed as reported in the literature [9,47]. These
cellular structures were observed everywhere in the
microstructure, and the sizes of the cells were close to
the width of each stripe that constituted the striped
patterns on the fracture surfaces. Figure 9 shows the
result of matching the cross-sectional EBSD to the dis-
tinctive pattern. This result indicates that the distinctive
pattern area was formed at a grain boundary.

4, Discussion

4.1. Fatigue limit and validity of the ultrasonic
fatigue testing

The fatigue test results shown in Figure 4 clearly
indicate that conventional fatigue limits at 10" cycles
were absent in the AM Hastelloy X. Many specimens
revealed internal fractures at above 107 cycles,

indicating that the elimination of conventional fatigue
limits was attributable to the occurrence of the internal
fractures. Its gigacycle fatigue behavior is very similar
to that seen in high-strength metallic materials. This
was also the case with the conventional Hastelloy X. In
short, this gigacycle fatigue behavior is not
a distinctive characteristic of the AM version, but an
intrinsic characteristic of Hastelloy X.

Our past research on high-strength metallic mate-
rials suggests that new fatigue limits were present in
the gigacycle regions despite the absence of conven-
tional fatigue limits. New fatigue limits have been
confirmed in high-strength steels by conducting giga-
cycle fatigue tests up to 10"" cycles [48]. The presence
of new fatigue limits has been suggested in high-
strength wrought aluminum alloys [29] and in Ti-
6Al-4V alloys [30]. They may also be present in
Hastelloy X. Although the fatigue tests were termi-
nated at 10° cycles, fatigue failures near 10° cycles
were very rare, despite many fatigue failures at around
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Figure 6. Results of cross-sectional EBSD analysis.
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Figure 7. Detailed observations of distinctive patterns.

10® cycles. This result thus strongly suggests the pre-
sence of new fatigue limits in Hastelloy X.

The validity of the above discussion greatly depends
on the reliability of the ultrasonic fatigue test results. The
results for the AM samples in Figure 4 indicate that
ultrasonic fatigue test results can be linked uninterrupt-
edly to conventional HCF test results, supporting the

validity of the ultrasonic fatigue test results. Although
the results for conventional samples reveal a gap between
the ultrasonic fatigue and HCF test results, this gap is
caused by the low 0.2% proof stress of the conventional
samples as discussed in Section 3.2. In short, this gap is
unrelated to frequency effects. For these reasons, the
ultrasonic fatigue test results can be considered reliable.
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AM, Z-direction (Type-A)
(Ultrasonic, g, = 320 MPa, N; = 1.43 x 10%)

Figure 8. Microstructure beneath the distinctive pattern area.

AM, Z-direction (Type-A)
(Ultrasonic, g, = 320 MPa, N; = 1.43 x 10%)

Figure 9. Matching the cross-sectional EBSD for the distinctive
pattern. The specimen is the AM, Z-direction (Type A) shown in
Figure 6.

4.2. Internal fracture mechanisms

The conventional samples revealed internal fracture
mechanisms of the type typically seen in nickel-based
superalloys. The internal fracture origins revealed
facets that had been formed in the shear direction
and on the {111} slip plane, suggesting that the inter-
nal fracture origins are shear-type fatigue cracks.

Y. FURUYA et al.

Similar facets have been frequently observed at fatigue
fracture origins in nickel-based superalloys [45,46].

The AM samples revealed two types of internal
fracture origins: Type A and Type B. Type
A revealed a distinctive pattern at the internal fracture
origins, while Type B did not. The distinctive pattern
area was formed in a more inclined direction than the
facets in the conventional sample, meaning that the
distinctive pattern area was not a shear-type fatigue
crack. Moreover, the distinctive pattern area was
formed at a grain boundary. These observations sug-
gest the distinctive pattern area to be evidence of
a history of solidification cracking [4]. In short, the
distinctive pattern area derives from an initial defect
formed in the AM samples. In Type B, the internal
fatigue cracks are formed in a part of the matrix with-
out defects, as established in the conventional sample.
However, the mechanism of Type B is different from
that seen in the conventional sample. Although the
conventional sample revealed shear-type fatigue
cracks at the internal fracture origins, Type B was
a tensile type. The details of the mechanism remain
unknown; however, it is possible that the texture and
high internal plastic strain are responsible for different
types of internal fatigue crack initiation.

It is established that the typical microstructural
defects of AM metallic materials are porosity, lack of
fusion, and solidification cracking [1]. In this study,
only solidification cracking appeared at the fatigue
fracture origins. In other words, porosity and lack of
fusion did not cause fatigue failure. Hastelloy X is
a low-strength, ductile material that is insensitive to
defects. Small defects therefore do not affect the fati-
gue properties of Hastelloy X. Moreover, the simple
single-phase microstructure of Hastelloy X is advanta-
geous to minimizing the defect sizes. For this reason,
porosity and lack of fusion had no deleterious effects
on the AM Hastelloy X produced in this study.

5. Summary

In this study, we carried out gigacycle fatigue tests on
AM Hastelloy X at room temperature. Two types of
AM samples, manufactured in the Z- and X-direction,
were fabricated to investigate the effects of direction of
build. Conventional samples were also tested for com-
parison. We used both ultrasonic fatigue tests and
conventional HCF tests. The conclusions obtained
from these fatigue tests are listed below.

(1) Microstructures of the AM samples revealed
a (101) texture and high internal plastic strain,
in contrast to the random texture and negligible
internal plastic strain seen in the conventional
samples.

(2) 0.2% proof stresses of the AM samples were
much higher than those of the conventional
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(4)

(5)

(6)

(7)

(8)

samples. The AM X-direction sample showed
higher strength and lower ductility than the
AM Z-direction sample due to the (101) texture.
Most of the ultrasonic fatigue tests ended in
internal fractures at above 10” cycles, showing
comparable results between the AM and the
conventional samples. The difference between
the Z- and X-direction samples was also minor.
The HCF test results for the AM samples
revealed longer fatigue lives than those of the
conventional samples because of the high 0.2%
proof stress of the AM samples. The difference
between the directions of the AM sample was
negligible.

The ultrasonic fatigue test results of the AM
samples were continuously connected to the
HCEF test results, supporting the validity of the
ultrasonic fatigue test results.

These results indicated conventional fatigue
limits at 107 cycles to be absent in Hastelloy X,
although the presence of new fatigue limits in
gigacycle regions was suggested.

Internal fracture origins of the AM samples
consisted of two types. One showed
a distinctive pattern, while the other did not.
The internal fracture origins of the conven-
tional samples were so-called ‘facets’.

The most distinctive pattern was a history of
solidification cracking, a typical defect of AM
metallic materials. In other words, other types
of defects (porosity and lack of fusion), did not
cause fatigue fajlure in the AM Hastelloy X.
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