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ABSTRACT

The creep behavior of Hastelloy X fabricated by laser powder bed fusion was investigated,
focusing on the testing temperatures of 700°C, 800°C, 900°C and 1000°C. Hastelloy X was
selected as the first step because the Hastelloy X is a solid solution strengthened Ni-based alloy
and a relatively simple material. For PiHA heat, the stress axis was parallel to the build direction,
whereas for PiHC heat it was perpendicular. The creep strength of PiHA was similar to that of
the conventional Hastelloy X at 700°C to 1000°C. The creep life of PiHC was one order of
magnitude shorter than that of PiHA at 800°C and 900°C. For estimating allowable stress of
additively manufactured Hastelloy X, the creep strength of PiHC will be minimum value.
Therefore, the creep strength should be improved for PiHC to establish allowable stress
comparable to the conventional Hastelloy X. The creep ductility was much lower in PiHA and
PiHC than in the conventional Hastelloy X at all testing temperatures. No large difference in
creep ductility was observed between PiHA and PiHC. Double local minimum values of creep
rate were recognized in creep rate versus time curves at 700°C and 800°C for PiHA and PiHC.
Creep voids and cracks were observed at grain boundaries perpendicular to the stress axis in
PiHA and PiHC. M,5Cg, 1 phase, R phase and M¢C particles were observed after creep exposure.
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IMPACT STATEMENT

This paper shows systematic creep data for Hastelloy X fabricated by laser powder bed fusion.
The creep strength of PiHA (stress axis//build direction) was similar to that of the conventional
Hastelloy X at 700°C to 1000°C. The creep life of PiHC (stress axis L build direction) was one
order of magnitude shorter than that of PiHA at 800°C and 900°C.

1. Introduction

The additive manufacturing (AM) technique allows
a near-net shaping of complex products. For heat-
resistant materials, many works have focused on AM
of Ni-based alloys for aircraft engines and gas turbines
[1-6]. In the case of heat-resistant steels, for example,
creep properties of Modified 9Cr-1Mo steel and
SUS316 steel fabricated by AM have been reported
[7-10]. For the safety of components fabricated by
AM, the long-term reliability of AM materials should

be ensured, considering fatigue and creep behavior.
The American Society of Mechanical Engineers
(ASME) code actively standardizes materials fabri-
cated by AM [11] and the Japan Society of
Mechanical Engineers (JSME) has also started to
develop a standard for AM materials [12]. For the
standardization of heat-resistant materials fabricated
by AM, long-term creep data should be systematically
obtained. Furthermore, heat-to-heat variation of creep
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strength should also be investigated to evaluate mini-
mum creep strength and establish allowable stresses
[13]. However, there are not enough creep data for
AM materials for standardization compared with
those for conventional heat-resistant materials.

For Ni-based alloys, a material strengthened by y’
and y” precipitates such as alloy 718 and IN738LC has
good creep resistance. Therefore, many studies have
examined these materials fabricated by AM [3-5,14].
Hastelloy X is known as a solid solution strengthened
Ni-based alloy, although a carbide and intermetallic
compound are formed after creep exposure [15]. To
understand the comprehensive creep properties of Ni-
based alloys fabricated by AM, a relatively simple
material such as Hastelloy X should be selected as
the first step. However, there are not enough systema-
tic creep data for Hastelloy X fabricated by AM [16-
18]. Accordingly, this study investigated the creep
properties and microstructural changes for Hastelloy
X fabricated by AM, at testing temperatures of 700°C,
800°C, 900°C and 1000°C.

2. Experimental procedures

The chemical composition of powder for fabrication
by AM is listed in Table 1 together with the require-
ments of conventional Hastelloy X fabricated by hot
rolling and forging. The chemical composition of the
powder was in the range of requirements. The particle
size of the powder was 15-45 um. Laser powder bed
fusion (LPBF) was used to manufacture bars with
15 mm diameter and 90 mm length, using a 3D printer
(SLM 280, SLM Solutions). The laser power, scan
speed, hatch distance, layer thickness and rotation
angle were 300 W, 909 mm/s, 0.1 mm, 0.03 mm and
67 degree, respectively. A chessboard scanning strat-
egy, with each square dimension of 5 mm x 5 mm, was
employed. The laser scanned each island with a 90-
degree rotation of the scan vector relative to its neigh-
bors, which helped to reduce residual stress and
improve microstructure homogeneity. No heat treat-
ment was performed after building the bars. Tensile

Table 1. Chemical compositions of powder for fabrication by AM.
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and creep specimens with gauge diameter of 6 mm
and gauge length of 30 mm were longitudinally
machined from the bars. For heat PiHA, the stress
direction of tensile and creep testing was parallel to
the build direction, whereas for heat PiHC it was
perpendicular.

Tensile tests were performed at room temperature,
700°C, 800°C, 900°C and 1000°C in accordance with
JIS G 0567 [19]. The nominal strain rate of the speci-
mens was controlled to 5x 107 s™" up to about 1.0%
proof stress and 1.25x 107> s' beyond that. Creep
tests were conducted at 700°C, 800°C, 900°C and
1000°C in accordance with JIS Z 2271 [20]. Creep
strain - time data were obtained using single-type
creep testing machines. The temperature was main-
tained to within +3°C for 700°C, 800°C and 900°C,
and +4°C for 1000°C.

For microstructural observations, the sample was
cut longitudinally parallel to the build direction, then
embedded in hard resin, and then polished with emery
paper and mechanically and chemically polished by
colloidal silica. Scanning electron microscopy (SEM),
electron backscattered diffraction (EBSD) and Vickers
hardness tests were used for investigating gauge and
grip portions of creep ruptured samples. Extracted
residues obtained from these grip portions were ana-
lyzed by X-ray diffractometry (XRD) to identify pre-
cipitates formed during creep exposure.

3. Experimental results
3.1 Tensile properties

Figure 1 shows the 0.2% proof stress and tensile
strength of PIHA and PiHC together with those of
conventional Hastelloy X plate and bars [21]. The
0.2% proof stress was clearly higher in PiHA and
PiHC than in conventional materials up to 800°C.
However, no large difference of 0.2% proof stress
was observed between PiHA, PiHC, and the conven-
tional materials at 900°C and 1000°C. There was no
clear difference in tensile strength between PiHA and

Chemical composition (mass percent)

C Si Mn p S Ni Cr Mo
Require-ment” 0.05-0.15 <10 <10 <0.040 <0.030 bal.? 20.5-23.0 8.0-10.0
ASME code 2" 0.05-0.15 <10 <10 <0.04 <0.03 bal.¥ 20.5-23.0 8.0-10.0
PiHA 0.05 <0.1 <0.0 <0.002 0.002 bal.¥ 21.8 89
PiHC

w Co Ti Al B N Fe o}
Require-ment” 0.2-1.0 0.5-2.5 <0.010 17.0-20.0
ASME code 2" 0.2-1.0 0.5-2.5 17.0-20.0
PiHA 0.5 16 <0.01 0.09 <0.002 0.006 186 0.018

PiHC

1) NW6002, JIS H 4551-2000, “Nickel and nickel alloy plate, sheet and strip”, JIS H 4553-1999, “Nickel and nickel alloy bars”

2) ASME SB-435, 2021. Specification for UNS N06002, UNS N06230, UNS N12160, AND UNS R30556 PLATE, SHEET, AND STRIP
3) ASME SB-572, 2021. SPECIFICATION FOR UNS N06002, UNS N06230, UNS N12160, AND UNS R30556 ROD
4)

balance
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ture for PiHA and PiHC.(a)0.2% proof stress (b) tensile strength
o: stress axis BD : build direction

the conventional materials. The tensile strength of
PiHC was lower than those of the conventional mate-
rials at 700°C to 1000°C although it was higher at
room temperature.

Figure 2 shows relationships between tensile ductility
and temperature. The tensile ductility increases with
increasing temperature at higher than 600°C for the
conventional materials while the ductility of PiHA and
PiHC decreases with increasing temperature. At room
temperature, the elongation and reduction of area for
PiHA and PiHC were similar to those of the conven-
tional materials, whereas they were clearly lower at 700°C
to 1000°C. The tensile ductility was higher in PiHA than
in PiHC at all testing temperatures, indicating that the
ductility is improved when the stress direction is parallel
to the build direction. There was no large difference
between the material studied and the data in the tensile
strength — elongation map at room temperature reported
in the literature [22].

3.2 Creep properties

Figure 3 shows the stress versus time to rupture
curve at 700°C to 1000°C together with the data of

K. SAWADA et al.
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the conventional materials [23]. The creep strength
of PiHA was similar to those of the conventional
materials at 700°C to 1000°C. On the other hand,
the creep strength was clearly lower in PiHC than
in PiHA and the conventional materials. At 800°C
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and 900°C, the creep life of PIHC was one order of
magnitude shorter than that of PiHA. The value of
the slope of stress versus time to rupture curve was
larger in PiHC than in PiHA at 700°C to 900°C,
indicating that the difference in creep life between
PiHA and PiHC will be large in the long term. As
shown in Figure 1, the 0.2% proof stress of PiHC is
clearly higher than those of the conventional mate-
rials at 800°C and 900°C. However, the creep
strength of PiHC is very low compared with those
of the conventional materials at 800°C and 900°C,
indicating that the 0.2% proof stress is not enough
for evaluating the high-temperature strength of AM
materials.

Creep ductility at 700°C to 1000°C are shown in
Figure 4 and Figure 5. The elongation and reduction
of area for PiHA and PiHC were much lower than
those of the conventional materials at 700°C to
1000°C. The difference in ductility will be small
among PiHA, PiHC and the conventional materials
in the long term because the ductility of the conven-
tional materials decreases with increasing time to
rupture. There was no large difference in creep duc-
tility between PiHA and PiHC. As shown in Figure 3,
for AM Hastelloy X, improving creep strength,

[ | o O o
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100
[ o
— o)
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z O conventional HX o
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especially when stress is applied perpendicular to
the build direction, is crucial at all testing tempera-
tures. Figures 6 and 7 show relationships between
creep rate and time at 700°C to 900°C for PiHA and
PiHC, respectively. The creep rate basically decreased
with increasing time and then increased after reach-
ing the minimum creep rate at all testing tempera-
tures. For PiHA, double local minimum values of
creep rate were recognized under 140 MPa at 700°C
and under 60 MPa at 800°C. The same behavior was
observed under 100 MPa at 700°C for PiHC. It has
been reported that the recovery of dislocation struc-
tures and the precipitation of carbides at grain
boundaries during creep exposure are related to the
occurrence of double local minimum values of creep
rate in austenitic stainless steels [24]. Precipitation
behavior will be discussed later. On the other hand,
no double local minimum values of creep rate were
observed at 900°C for PiHA and PiHC. Creep rate
versus time curves under 30 MPa at 900°C are shown
in Figure 8. The minimum creep rate of PiHA is one
order of magnitude smaller than that of PiHC in the
same way as creep life shown in Figure 3, although the
creep rate of PiHA is almost the same as that of PIHC
at the beginning of creep deformation.

120 — s B
[ Hastelloy X o 800°C
100 Q-0
] b o o
L G q
80
O o &
60 o}
I O
I &
40
I l¢)
20 [
I °
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Figure 4. Relationship between elongation and time to rupture at 700°C to 1000°C for PiHC. o: stress axis BD : build direction.
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direction.

Figure 9 shows the relationship between mini-
mum creep rate and stress at 700°C to 1000°C
together with those of the conventional materials.
The minimum creep rate of PiHA was basically
lower than those of the conventional materials
under the same stress at all testing temperatures.
For PiHC, the minimum creep rate was higher
than those of the conventional materials at 900°C
while there was no large difference at 700°C and
800°C. The minimum creep rate of PiHA was
lower than that of PiHC at all testing temperatures.
This is consistent with the difference in creep life
shown in Figure 3.

The relationship between minimum creep rate and
time to rupture is shown in Figure 10 together with the
data of the conventional materials [23]. The
Monkman - Grant rule was recognized for the con-
ventional materials. However, the data of PiHA and
PiHC disagree with the rule of the conventional mate-
rials; the time to rupture of PiHA and PiHC is always
shorter than those of the conventional materials at the
same minimum creep rate. The low creep ductility of
PiHA and PiHC may cause the shorter time to rupture
as shown in Figures 4 and 5.

3.3 Microstructural observation

Figures 11 and 12 show SEM micrographs of creep
ruptured specimens for PiHA and PiHC, respec-
tively. Creep voids and cracks were clearly
observed for PiHA at all testing temperatures.
The creep cracks tend to form at the grain bound-
aries perpendicular to the stress axis. For PiHC,
no creep cracks and voids were confirmed at
700°C and 800°C although many cracks were
formed at grain boundaries at 900°C. At 900°C,
creep cracks propagate linearly along the build
direction for PiHC while crack propagation occurs
in a zigzag manner along the direction perpendi-
cular to the stress axis for PiHA. The zigzag pro-
pagation of cracks is also observed after high-
temperature fatigue [25]. This indicates that the
crack propagation will be faster in PiHC than in
PiHA. The difference of creep strength between
PiHA and PiHC may be attributed to the differ-
ence of crack propagation behavior. If the grain
boundary of PiHC becomes zigzag shape due to
AM process optimization, the creep life of PiHC
may be improved.
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SEM micrographs in gauge portions of creep rup-
tured specimens of PiHA are shown in Figure 13 at
high magnification. It seems that creep voids initiated
around large precipitates at grain boundaries. The
precipitates formed during creep exposure because
no precipitates were observed for as built condition
of PiHA as shown in Figure 14. A similar behavior was
recognized for austenitic stainless steel in which creep
voids were formed around the o phase at grain bound-
aries [26].

Figure 15 shows the inverse pole figure (IPF) map
overlaid on the image quality (IQ) map by SEM-EBSD
for creep ruptured specimens. At 700°C to 900°C,
creep voids and cracks were clearly observed at grain
boundaries for PiHA. For PiHC, fine creep voids were
formed at grain boundaries at 700°C and 800°C

107 = :
: O Ct?nventional HX conventional HX a
[ | —®— PiHA, o //BD : NIMS Creep Data Sheet, No.55A |
102 L —e— PiHC, 0| BD
o L 900°C
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Figure 9. Relationship between stress and minimum creep
rate at 700°C to 1000°C for PiHA and PiHC. o : stress axis BD :
build direction.

although creep cracks were observed at grain bound-
aries at 900°C. Fine particles in Black and gray were
recognized near creep cracks for both PiHA and PiHC
at 900°C. It was confirmed by SEM-EDS that the
particles were Cr- and O-rich, indicating chromium
oxide may be formed by internal oxidation.
Chromium oxide was not clear at 700°C and 800°C
because of the lower temperature.

Figure 16 shows the results of XRD analysis for the
extracted residue of grip portions of creep ruptured
specimens for PIHA. At 700°C and 800°C, p phase and
M,3Cq carbide were detected after creep rupture. In
addition to these phases, R phase and MC carbide
were also confirmed at 900°C. Precipitation of the
R phase at 950°C was reported in AM Hastelloy
X [27]. These precipitates were formed during creep

K. SAWADA et al.

exposure because no precipitates were observed for as-
built samples as shown in Figure 14. Results of ele-
mental maps by SEM-EDS for the gauge portions of
creep ruptured specimens for PiHA are shown in
Figure 17. Mo-rich and Cr-rich particles were
observed at 700°C to 900°C. It was reported for con-
ventional Hastelloy X that p phase (Fe;Mog) and M;;
Ce were observed after aging [15]. Therefore, the Mo-
rich particles observed at 700°C and 800°C in
Figure 17 are p phase. The Cr-rich particles at 700°C
and 800°C in Figure 17 are M,;Cg because the M atom
is normally Cr and Fe for M,3Cq. It seems that rela-
tively large u phase and M,;Cs carbide are located at
grain boundaries at 700°C and 800°C. At 900°C, it is
difficult to distinguish R phase (FesMo,) and Mg
C (MosFe;C) from p phase because of the similarity
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Figure 10. Relationship between minimum creep rate and
time to rupture at 700°C to 1000°C for PiHA and PiHC. o :
stress axis BD : build direction.

of constituent elements on the elemental map. u phase,
R phase and M4C are visible in Mo maps at 900°C in
Figure 17. The size of the Mo-rich and Cr-rich parti-
cles increases with increasing testing temperature as
shown in Figure 17. The same precipitation behavior
was confirmed for PiHC in elemental maps, indicating
that the build direction does not affect the precipita-
tion behavior.

3.4 Creep deformation behavior and
microstructural change

Double local minimum values of creep rate were
observed at 700°C and 800°C as shown in Figures 6
and 7. For PiHA, elemental maps were obtained from
the grip portions of creep ruptured specimens to
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Figure 11. SEM micrographs of creep ruptured specimens of PiHA. (a)PiHA 700°C .140MPa tr=5612.4h, (b) PiHA 800°C . 80MPa

tr=4288.9h, (c) PiHA 900°C . 30MPa tr=5319.3h.

build direction 1

stress axis

200pm

Figure 12. SEM micrographs of creep ruptured specimens of PiHC. (a)PiHC 700°C .120MPa tr=4030.2h, (b) PiHC 800°C . 60MPa

tr=4288.9h, (c) PiHC 900°C . 15MPa tr=2949.5h.

clarify the relationship between precipitation behavior
and the double local minimum creep rate as shown in
Figure 18. At 700°C, u phase and M,;C¢ particles were
already formed by 279.8 h. The creep rate started to
decrease for around 300 h after reaching the first local
minimum value of creep rate at 700°C under 140 MPa
of PiHA as shown in Figure 6. This indicates that the
formation of u phase and M,;Cg particles during creep

exposure contributes to the decrease in the creep rate
after the first local minimum value at 700°C. At 800°C,
many precipitates were already seen for 63.6 h. For
PiHA, the decrease in creep rate after the first local
minimum value of creep rate occurs for around 50 h at
800°C under 60 MPa as shown in Figure 6. The pre-
cipitation causes the decrease in creep rate in the same
way as at 700°C. The same effect of precipitation
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Figure 13. SEM micrographs around grain boundaries of creep ruptured specimens. (a),(b) PiHA 700°C . 140MPa tr=5612.4h (c),
(d) PiHA 800°C . 80MPa tr=4288.9h (e),(f) PiHA 900°C . 30MPa tr=5319.3h.

build direction

Figure 14. SEM micrograph for as-built condition of PiHA.

during creep exposure on the decrease in creep rate
after the first local minimum value of creep rate was
observed at 700°C and 800°C for PiHC. At 900°C, the
double local minimum values of creep rate may not be
clearly seen as shown in Figure 6 because precipitation
during creep exposure is very fast due to high tem-
perature. It was reported for austenitic stainless steel
[28] that no double local minimum values of creep
rate were observed at 650°C and above while the
double local minimum values were clearly seen at
600°C. Furthermore, no double local minimum values
of creep rate were observed for austenitic stainless
steel when pre-aging was performed before creep
[29]. For AM materials, deformation twin and change
of cell structure [30] can also affect double local

20pum

minimum values of creep rate. However, creep tests
should be interrupted for time corresponding to
occurrence of double local minimum creep rate to
make clear how change of deformation twin and cell
structure affect double local minimum creep rate.
Vickers hardness was measured for the grip and gauge
portions of creep ruptured specimens as shown in
Figure 19. At 700°C for PiHA and PiHC, the hardness
of the grip and gauge portions of creep ruptured speci-
mens was higher than that of the as-built condition
(before creep). On the other hand, the hardness tended
to be low after creep rupture as compared to the as-built
condition at 800°C and 900°C. Dislocations introduced
during manufacturing and creep deformation and pre-
cipitation can contribute to hardness. At 700°C, in the
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Build direction
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Figure 15. Inverse pole figure (IPF) map overlaid on the image quality (IQ) map by SEM-EBSD for creep ruptured specimens.(a)PiHA
700°C. 140MPa tr=5612.4h, (b) PiHA 800°C. 80MPa tr=4288.9h, (c) PiHA 900°C. 30MPa tr=5319.3h, (d) PiHC 700°C. 120MPa
tr=4030.2h, (e) PiHC 800°C. 60MPa tr=903.8h, (f) PiIHA 900°C. 15MPa tr=2949.5h. Arrows in(c) and (f) indicate Cr and O rich particles..
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Figure 16. XRD results of extracted residue of grip portion of

creep ruptured specimens for PiHA.

grip portion, the dislocations introduced by the AM
process will not recover after creep exposure while pre-
cipitation can occur during creep exposure as shown in
Figure 17. Therefore, the high hardness value is attribu-
ted to precipitation at 700°C. At 800°C and 900°C, the
hardness of the grip portion decreased after creep rup-
ture regardless of precipitation. In this case, dislocations
introduced by the AM process may recover during aging
even for the grip portion due to the high temperature.
The hardness was basically higher in the grip portion
than in the gauge portion after creep rupture. In the
gauge portion, creep deformation can promote coarsen-
ing of precipitates, indicating a decrease in hardness.

4. Conclusions

Tensile and creep properties of Hastelloy X fabricated
by laser powder bed fusion were obtained at 700°C to
1000°C. The 0.2% proof stress and tensile strength of
PiHA and PiHC were basically equal to or higher than
that of the conventional Hastelloy X although the ten-
sile strength was slightly lower in PiHC than in the
conventional Hastelloy X. On the other hand, the ten-
sile ductility of PiHA and PiHC was much lower than
that of the conventional Hastelloy X at 700°C to
1000°C. The creep strength of PiHA was similar to
that of the conventional Hastelloy X while the creep
life of PiHC was one order of magnitude shorter than
that of the conventional one. The creep ductility was
much lower in PiHA and PiHC than in the
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Figure 17. Results of elemental mapping by SEM-EDS for gauge portion of creep ruptured specimens of PiHA. (a)-(c)PiHA 700°C .
140MPa tr=5612.4h, (d)-(f)PiHA 800°C . 80MPa tr=4288.9h, (g)-(i)PiHA 900°C . 30MPa tr=5319.3h (a)(d)(g) SE image, (b)(e)(h) Mo
map, ()(f(i) Cr map.

Figure 18. Results of elemental mapping by SEM-EDS for grip portion of creep ruptured specimens of PiHA. (a)-(c)PiHA 700°C
200MPa tr = 279.8h, (d)-(f)PiHA 700°C 180MPa tr = 680.8h, (g)-(i)PiHA 800°C 120MPa tr = 63.6h, (a)(d)(g)(j) SE image, (b)(e)(h)(k)
Mo map, () (i)()Cr map.
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Figure 19. Vickers hardness of grip and gauge portion of creep ruptured specimens for (a) PiHA (b) PiHC. o :stress axis BD:build

direction

conventional Hastelloy X. For PiHA and PiHC, double
local minimum values of creep rate were observed in
creep rate versus time curves at 700°C and 800°C. My;
Cs 1t phase, R phase and MsC particles were observed
after creep exposure. The formation of these particles
during creep exposure is proposed as a possible reason
for the double local minimum values of creep rate. For
estimating allowable stress of AM Hastelloy X, the
creep strength of PiHC will be minimum value.
Therefore, the creep strength of PiHC should be
improved to establish allowable stress comparable to
conventional Hastelloy X. It may be easy to use AM
Hastelloy X for actual components when stress direc-
tion is not perpendicular to build direction in the actual
components.
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