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Abstract: Nickel-based alloys are considered promising materials for primary circuits of high-
temperature gas reactors (HTGRs), specifically for gas turbines. The primary helium (He) coolant
in the gas-turbine-based HTGRs is expected to reach temperatures of up to 900 °C; therefore, the
selected materials should adequately perform over a long service life at such an environment. A
promising manufacturing method in the production of reactor components is precision casting, where
the content of revert (recyclate) material in the alloy differs and can influence the material behavior.
In our study, Inconel alloy 738 was manufactured by casting 50% and 100% of revert material and
tested in HTGR conditions to examine the influence of helium coolant on the material’s properties.
Tensile specimens were exposed at 900 °C for 1000 h in helium containing a specified amount of
gaseous impurities. Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS),
in combination with X-ray diffraction (XRD) and nano-, microhardness methods, were used for
material characterization after performing the tensile tests at room temperature. The presence of
three types of layers was observed: a thin layer formed by aluminum and chromium oxides on
the surface; non-uniform surface oxides Ti3Os with inner (Al,Cr);O3; and the inner fine-grained
Inconel Cr-enriched phase (approx. 10-20 um below the surface), which can act as a protective
surface layer. Mechanical properties of both revert materials decreased after exposure to HTGR
conditions but did not show a significant difference as a result of the content of the revert material.
The increase of nano-hardness in line profiles throughout the specimen’s cross-section was observed
locally at the surface oxides and in the precipitates and grain boundaries. After exposure, Rp0.2
values decreased by 20% and 17.7%, and Rm values by 12.3% and 20.8% in samples with 50 and 100%
revert content, respectively. Furthermore, a decrease in microhardness values (HV0.1) was detected
by 4.98% in longitude and 5.80% in cross-section for samples with 50% revert material and by 3.85%
in longitude and 7.86% in cross-section for samples with 100% revert material. It can be concluded
that both revert materials have similar corrosion resistance in HTGR conditions. The presented results
complement the knowledge about the degradation of alloys in the coolant environment of advanced
gas-cooled reactors.

Keywords: nickel-based alloys; high-temperature helium; scanning electron microscopy; electron
backscatter diffraction; X-ray diffraction; mechanical testing

1. Introduction

Advanced energy systems, which include generation IV nuclear reactors, are, in most
cases, designed for higher temperatures of the working medium than existing energy
systems. The working medium/coolant differs according to the type of system. Among the
considered coolants, helium will work with a temperature of up to 900 °C or higher. These
high temperatures place higher demands on the corrosion and mechanical resistance of
the used structural materials. Helium is applied due to its high thermal conductivity and
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chemical inertness allowing a higher operating temperature. However, gaseous impurities
(Hp, HyO, CHy, CO, CO,, and O,) found in the HTGR primary circuit contaminate the
helium coolant. Depending on the ratio of the partial pressures of these admixtures, this
environment can cause carburization, decarburization, or oxidation in alloys, and that
affects their properties [1-3].

Nickel-chromium-based alloys are highly promising for application in Generation IV
nuclear reactors due to their strength, creep resistance, and corrosion resistance at high
temperatures. For example, components located outside the reactor’s active zone could be
created from these alloys. Some gas-cooled reactor concepts include a gas turbine located
directly in the primary circuit. This solution has not yet been implemented on a real device.
However, it should bring greater efficiency and simplification to the entire system [2-8].
Inconel alloys are considered for use in the primary circuit components, mainly for blades
and discs in gas turbines out of the reactor s active zone [9,10]. It was found that in
an oxidizing environment, Inconel alloys form a passivating oxide layer, protecting the
components from additional corrosion at high temperatures [11]. Alloy 230 has been
shown to form chromium oxide layers on the surface at 950 °C [11,12] and aluminum oxide
internally [11]. A comparison of the corrosion rates between irradiated and non-irradiated
Inconel 718 at 900 °C shows that irradiation accelerates the growth of a denser scale of
Cr,O3 as well as the inner oxide layers of Al,O3 and TiO,, and improves the material’s
resistance to oxidation [13]. Inconel 617’s creep behavior was investigated in air and helium
environments at high temperatures. A shorter creep rupture time was found in He than in
air at 900 and 950 °C, mostly due to the thicker protective oxide grown on the material in
He [14]. Given its excellent corrosion resistance and strength at high temperatures, Inconel
738 has been extensively studied [15-30]. The dispersion of gamma prime y” particles was
characterized as a function of the solidification rate, where the morphology of the particles
transformed from round to cluster-like with a decreasing cooling rate, displaying different
behavior in the inter-dendritic areas [31]. The high oxidation resistance of Inconel 738 was
because of the dense surface of Cr oxide and inner alumina layers [25].

Current gas turbine materials are commonly produced by casting from virgin and
revert materials. The precision casting method can be used especially in the production
of blades and discs of gas turbines, or other components for advanced energy systems.
In production using this method, a large amount of waste alloy, the so-called revert, is
produced, which is returned to production, melted, and mixed with fresh (virgin) alloy.
Virgin alloy is produced by melting pure elements (Ni, Co, Cr, Mo, W, Ti, Al) [10,32]. It is
known that using revert material can influence material properties [32], especially tensile
strength. A company involved in the production of high-temperature components using
the precision casting method was also involved in a research program in the Czech Republic
focused on advanced gas-cooled reactors. This foundry uses several types of nickel alloys
for production, mainly Inconel 738. One of the goals of joint research with the participation
of the mentioned foundry was to find out how the presence of revert in the material will
affect its mechanical properties and microstructure under the specific high-temperature
helium environment.

2. Materials and Methods
2.1. Test Material

The test material was a nickel-based alloy, Inconel 738 (IN738), chosen in cooperation
with a precision-casting foundry that uses this alloy for most of its production. In the
production of a so-called fusible model using the precision casting method, a large amount
of waste alloy is produced. This alloy is returned to production (revert), where it is mixed
with a new alloy (virgin material) in a certain ratio. According to various research and
empirical findings (obtained in a specific foundry), in order to maintain a stable quality of
production, it is necessary to maintain the content of virgin material in the alloy at a level of
at least 20% (i.e., the revert content max. 80%). IN738 contains 60% nickel, 16% chromium,
8.5% cobalt, and a lower concentration of molybdenum, aluminum, titanium, tungsten,
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tantalum, niobium, and zirconium. The alloy was purchased from Bibus Metals s.r.0. in
the shape of a rod profile with a circle diameter of 10 mm, which was then machined into
tensile specimens with a shaft diameter of 6.35 mm. The composition of the virgin IN738 is
shown in Table 1. Two IN738 rods were prepared using 50-100% of revert material. The
IN738 alloy passed the so-called solution annealing by heating to 950 °C under vacuum
(without holding), then annealing was performed under argon atmosphere at 1120 °C for
120 min, followed by aging at 843 °C under vacuum for 24 h. The test materials were named
according to the proportion of virgin/revert material used: 50R consisted of a mixture of
50% virgin and 50% revert material and 100R was 100% revert material.

Table 1. Chemical composition of virgin and revert IN738 by producer [wt.%].

Alloy C Cr Ni Co Mo Ti Al W Ta Nb Zr
Inconel 738 0.11 16 base 8.5 1.75 3.45 3.45 2.6 1.75 0.85 0.035

2.2. Exposure to He Gas

The mechanical and microstructure properties of IN738 tensile samples 50R and 100R
were verified under conditions simulating an HTGR primary circuit. The device used
during exposure to high-temperature helium consists of a silicon retort furnace with a
high-temperature vacuum tube, gas lines with a moisture sensor, and pressure cylinders
(Figure 1).

Figure 1. Scheme (top) of high-temperature helium in the test system and the real facility (bottom):
1. Gas cylinder; 2. Two mass flow controllers; 3. Unit for controlled gas humidification; 4. Moisture
analyzer (Hygrometer); 5. Tube furnace with a metal retort; 6. Sample holder; 7. Gas outlet/gas
sampling point.
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Tensile specimens of 50R and 100R materials were made from the rod profile and
were given threaded ends. The specimens were exposed to high-temperature helium at
900 °C and 0.5 MPa pressure, with a flow of 50-100 mL/min for 1000 h, followed by
tensile testing at room temperature. The helium environment contained specific gaseous
impurities (Table 2) that simulated the gas coolant of the HTGR.

Table 2. Gaseous composition of the helium coolant.

Gas CHy co H, H,O0 Helium
Concentration [vppm] 100 500 100 5-10 Bal.
Partial pressure [Pa] 10 50 10 0.5-1 Bal.

2.3. Mechanical Testing

Tensile tests were performed on as-received and exposed round bar-type samples
(CSN EN ISO 6892-1) up to rupture at room temperature using the Instron 1362 with strain
rate 7.107° s~! and maximal load between 25-32 kN. The tensile tests were followed by
Vickers microhardness HVO0.1, which was performed using the DuraScan 70 G5 in a matrix
of 5 x 5 indents on longitudinal and cross-sections of the metallographic samples. Changes
in local mechanical properties were described by nanoindentation performed in hardness
line profiles through the specimen’s cross-section. Nanoindentation measurements were
performed on the Bruker TI 950 TriboIndenter with a Berkovich-type diamond indenter
tip calibrated on a fused silica standard. A line of 50 indents with 2 pm spacing near
the edge of each longitudinal sample was used as a depth profile measurement. Each
indent was performed using a load-controlled single-cycle mode at a 5 mN indentation
load. Hardness values were evaluated from individual load-displacement curves using the
Oliver—Pharr [33] method according to ISO 14577.

2.4. Microstructure Investigation

A microstructure investigation was performed after tensile testing. Samples gauge
sections were cut in cross-sectional and longitudinal view, then hot drenched into con-
ductive resin Polyfast (phenolic conductive resin with carbon filler). Metallographic cuts
were prepared by automatic grinding and polishing. Automatic grinding of samples was
performed on a grinding wheel with a grain size of 220, wetting agent water, rotation speed
300 rpm, pressure 40 N/1 sample, for 03:00 min. Then, grinding and fine polishing were
performed on MD-Largo and MD-Dac wheel, wetting agents were diamond suspensions
Allegro/Largo 9 um and DiaPro Dac 3 um, 1 um, rotation speed 150 rpm, pressure 30 N/1
sample, each step for 05:00 min. Finally, chemical polishing was performed on MD-Chem
wheel (a wheel with a special surface for chemical polishing), wetting agent OP-S NonDry
0.04 pm (colloidal silica for final polishing), rotation speed 150 rpm, pressure 15 N/1
sample, for 02:00 min. After individual steps, the samples were cleaned with water in a
Lavamin ultrasonic cleaner from Struers. Grinding and polishing were performed on an
automatic metallographic grinder and polisher Tegramin 25 from Struers.

The microstructure was evaluated using SEM methods with an SEM TESCAN Lyra3
GMU equipped with a field emission gun, and energy dispersive X-ray spectroscopy (EDX)
for chemical microanalysis and electron backscatter diffraction (EBSD) both from Oxford
Instruments, to determine the crystallographic orientation of grains in cross-sectional and
longitudinal directions, as well as close to the surface. Secondary electrons (SE) were used
to observe fractures, backscatter electrons (BSE) for chemical contrast, and EBSD for crystal-
lographic analysis. SEM results were completed by XRD for phase identification. A grazing
incidence X-ray diffraction (GIXRD) pattern was collected from the 100R sample using an
Empyrean third-generation diffractometer (Malvern-PANalytical) that was equipped with
a Co X-ray tube (X-ray wavelength 0.1789 nm, 40 kV, 40 mA), focusing the X-ray mirror for
Co-radiation, a 5-axis cradle, and a multichannel detector, PIXcel3D (1D mode). During the
measurement, the incident angle (w) was fixed to 1°, while the diffraction angle, 20, varied
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from 20 to 100° with a step size of 0.026°. Before measurements were taken, height and
tilt were calibrated for the sample. The identification of crystalline phases was performed
using High Score Plus software (PANalytical) which includes the PDF-4+ database.

3. Results
3.1. Crystallographic Analysis by SEM—-EBSD

EBSD measurements were used to compare the crystallographic structure before and
after exposure to high temperature, specifically the structure of grains after tensile testing
and the misorientation inside the grains close to the fracture surface. Figure 2a—d displays
the EBSD maps in Euler angles of both materials in the cross-section and longitudinal
directions of the sample in low magnification.

As-received After He exposure

Figure 2. EBSD mapping of IN738 after tensile testing in Euler angles: (A) as-received 50R, cross-
section (up), longitudinal (down); (B) as-received 100R, cross-section (up), longitudinal (down);
(C) after He exposure, cross-section (up), longitudinal (down); (D) after He exposure, cross-section
(up), longitudinal (down). Recrystallized structure is marked by black ellipses. On the left is a legend
for IPF coloring.

The EBSD maps of the as-received materials after tensile testing show large grains
elongated in the radial direction of the cross-section with a decrease in grain sizes towards
the specimen’s surface. The maps of the exposed materials after tensile testing show a
similar grain structure. No significant extension of the grains was observed along the
longitudinal direction after tensile testing, whereas a dendritic fracture was observed. In
addition, the recrystallized structure was observed in the grains near the fracture surface in
the longitudinal cut, marked by black ellipses in Figure 2.

Detailed EBSD maps close to the surface area in the cross-section show some fine-
grained crystalline structure which is marked by arrows in Figure 3b,d. This fine-grained
layer was formed on the entire surface of material during exposure to high-temperature
He, because it was not observed on the as-received samples.
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Figure 3. Detailed EBSD mapping of IN738: (a) as-received 50R; (b) 50R after He exposure; (c) as-
received 100R; (d) 100R after He exposure. Fine grains are marked by white arrows. On the left is a
legend for IPF coloring.

3.2. Microstructure and Chemical Change Evaluation by SEM-EDX

SEM-BSE imaging showed that the subsurface microstructures of both the 50R and
100R were visibly changed after exposure to the He conditions. The microstructure of
both materials in the as-received state is seen in Figure 4a,c. The Inconel microstructure
shows an austenitic matrix with y” precipitates consisting of (Ti, Cr) based particles marked
with ellipses.

After He exposure, a 10-20 pm thick layer was observed close to the surface and
is marked with black dashed arrows in Figure 4b,d. This layer is probably a new phase
that likely arose during the exposure of the virgin material, as shown in the EDX analysis
Figures 5-7. The layer has an obviously distinct microstructure from the inner regions
of the material. Apparently, this layer experienced the dissolution of the y* precipitates.
Further, surface protrusions marked with white arrows and a thin surface layer marked
with full-line black arrows were probably formed by the interaction of the material with
gaseous impurities in high-temperature He.
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surface and

subsurface

Figure 4. Microstructure of IN738 cross-sections close to the sample surface: (a) as-received 50R;
(b) after He exposure; (c) as-received 100R; (d) after He exposure. ¥’ precipitates are marked with
ellipses on the left. The surface is on the right; the dashed arrows mark the phase layer, and full-line
arrows mark the surface and subsurface layers.
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Figure 5. EDX chemical mapping of IN738—50R after exposure to He.
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Figure 6. EDX chemical mapping of IN738—100R after exposure to He.

— 10um
10pm 10pm

Figure 7. EDX point analysis of IN738 after He exposure, with Inconel phase and oxides on the
surface: (a) 50R; (b) 100R. The chemical composition of point analysis is graphically represented in
Diagrams 1 and 2.

In the EDX analysis, the chemical mapping of the samples after the 50R and 100R
materials were exposed to He can be seen in Figures 5 and 6, respectively. The fine-grained
layer at the surface (Figure 4, marked with dashed arrows) is enriched with Cr, Co, Mo
and depleted of Ni, Ti and Al elements (see Figures 5 and 6). Such inner phase of similar
composition does not occur in common nickel-based alloys, which do not contain Co [11,14].
The surface protrusions (Figure 4, marked with white full-line arrows) are Ti, Cr and Al-
containing oxides. The thin surface layer (Figure 4, marked with black full-line arrows)
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is likely Al-based oxide scale. Al-oxide-rich regions are also found below the surface
protrusions. Particles (Ti, Nb, Ta)C are visible in Figures 5 and 6d, and probably Cr3Cy is
seen at the grain boundaries on Figure 6.

50R
100 —_—
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Diagram 1. Chemical composition [wt.%] of IN738—50R after He exposure.
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Diagram 2. Chemical composition [wt.%] of IN738—100R after He exposure.

The chemical composition from the quantitative measurement by EDX point analysis
is shown in Figure 7, and Diagrams 1 and 2. Surface protrusions (marked with white arrows
and a thin surface layer marked with full-line black arrows in Figure 4) were identified as
oxides.

The contents of Fe and Mn elements are supposedly exfoliated material from the
furnace with a metal retort. The higher content of C is due to the EDS measuring tech-
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nique, which is unable to determine the exact amount of this element and underestimates
its amount.

Chemical composition was also measured using EDX line scans to perform the distribu-
tion of elements through the individual surface and subsurface layers (Diagrams 3 and 4).
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Diagram 3. Chemical composition (wt.%) of elementary lines on the 50R sample after He exposure.
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Diagram 4. Chemical composition (wt.%) of elementary lines on the 100R sample after He exposure.
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3.3. Microstructure and Chemical Change Evaluation by X-ray Diffraction Measurements

SEM results were followed by XRD measurements to perform phase identification.
The oxides formed on the surface of the 100R sample after exposure to high-temperature
He were analyzed by GIXRD (Figure 8). The main phases identified are the base Inconel
alloy, aluminium-chromium oxide (Al,Cr),0O3 and titanium oxide Ti3Os, with Ti3Os as
the outermost layer and (Al,Cr),03 the layer underneath it (Figure 9). Minor phases are
aluminium chromium AlCr; and niobium titanium TixNby. The presence of Cr,O3 could
not be confirmed because of the overlapping of major phase peaks. A closer view of the
diffraction lines for Inconel shows the presence of a second Inconel-like phase with a higher
lattice constant (a = 3.586 A) than that of the base Inconel (a = 3.579 A). The increase in
lattice constant conforms to the substitution of Ni atoms with Cr atoms, given the bigger
atomic radius of chromium (1.85 A) compared to nickel (1.62 A). Looking back to Figure 4d
and Diagrams 2 (100R), we can conclude that the 10-20 pm thick layer (the inner Inconel
phase) is a Cr and Co-enriched Inconel phase. There is a 1 um thick (Al,Cr),O3 layer on
the surface, adjacent to the Inconel phase, which is usually formed when Inconel is heated
above 800 °C. The fact that Cr is present across the Al;O3 oxide is a clear indication that
slow Cr diffusion is happening [34]. XRD measurements were not performed on 50R as it
was assumed that both materials have the same chemical composition and, therefore, the
same layer-forming mechanism.

10000 T T T T T T T T T T T
® Inconel 738
[
Al,Cr),O.
gooo-| © (AMCN0s
* Ti,Oy
6000 |

Intensity (Counts)

20 30 40 50 60 70 80 90 100
20 (°), Co-Ka

Figure 8. XRD pattern of IN738 100R after He exposure.

Figure 9. SEM-BSE image of IN738 100R after He exposure showing phases, layers and particles,
with the composition identified by XRD.
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3.4. Mechanical Testing
3.4.1. Tensile Tests

The yield strength (YS) and ultimate tensile strength (UTS) of IN738 decreased after
exposure to He. The effect of He exposure was more significant in the 100R material than in
the 50R material. The decrease in YS was similar in both materials: 20% for 50R and 17.7%
for 100R. However, the decrease in UTS was very different: 12.3% for 50R and 20.8% for
100R, Diagram 5.

976

50V/50R as-received 50V/50R after He 100R as-received  100R after He exposure

exposure
M Yield strength -Rp 0.2 ® Ultimate tensile strength - Rm

Diagram 5. Yield strength and ultimate tensile strength of the two IN738 materials: as-received
material and after He exposure.

The fracture surfaces of the samples after tensile testing at room temperature were
observed by SEM. The images are shown in Figure 10a—f. A dendritic fracture typical for
cast Inconel alloys was observed in both 50R and 100R specimens. Another important
aspect of the fracture was the presence of shrinkage-cavities that developed along the
dendrites in the center of the material (Figure 10e,f, imaged in BSE). It appeared that more
shrinkages were found in the center of the 100R specimen than in the 50R specimen.
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. g e

200 pm 50V/50R after He in BSE ! 200 pm £M 100R after He in BSE

Figure 10. SEM-BSE micrographs of fractures in tensile specimens: (a) 50R as-received; (b) 50R
after He exposure; (c) 100R as-received; (d) 100R after He exposure; (e) 50R after He exposure in BSE;
(f) 100R after He exposure in BSE contrast.

3.4.2. Vickers Microhardness Testing

Vickers microhardness HV0.1 was measured after the tensile tests on a longitudinal
and cross-sectional plane from the edge across the center of the sample in five lines, each
line with five indents. Table 3 shows the average values, where a slight decrease of
microhardness after He exposure is observed along the cross-section and longitudinal
direction on both 50R and 100R specimens. However, a higher scatter of values should still
be considered (Diagram 6).
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Vickers microhardness 0.1 HV

Table 3. Vickers microhardness HV0.1 in the longitudinal direction and cross-section of specimens
before and after He exposure.

Material IN738 HV;1—Cross-Section HVj1—Longitudinal
50R as received 422 (4+20) 414 (+£12)
50R after He exposure 401 (£20) 390 (£16)
100R as received 390 (£30) 407 (£18)
100R after He exposure 375 (+10) 375 (£19)
460
440
420 ®
[
]
400 A
A
380
A A
360
340
50R 100R 50R 100R

Diagram 6. Comparison of Vickers microhardness 0.1 HV in the longitudinal direction and cross-
sections of specimens before and after He exposure.

3.4.3. Nanoindentation Measurements

Nanoindentation performed in a cross-sectional plane on as-received samples 50R and
100R showed a linear increase in values towards the surface of both materials (Figure 11).
Occasional oscillations in hardness were caused by precipitates and grain boundaries. An
increase in hardness was observed on the surface of both materials after exposure to He,
showing microstructure changes specifically in the oxides (Al,Cr),O3 and Ti3Os, in an area
of thickness of around 10 pum.
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Figure 11. Nanoindentation performed in the cross-section: (a) as-received 50R; (b) 50R after He
exposure; (c) as-received 100R; (d) 100R after He exposure.

4. Discussion

SEM (EDX, EBSD) and XRD were used to characterize the microstructural changes of
IN738 after tensile testing the as-received and exposed specimens of 50R and 100R materials.
SEM analysis showed similar dendritic structures in both materials. However, detailed
EDX analysis found subsurface and surface changes.

After exposure, three types of layers appeared on the surface, characterized as: (i) an
inner mainly Cr-enriched Inconel fine-grained phase with a thickness of 10-20 um, formed
by the diffusion of the Cr element during HTGR exposure; (ii) inner (ALCr);O3 as products
of the reaction with gaseous impurities that penetrated the fine-grained phase; (iii) a non-
uniform surface oxide, Ti3Os. The inner Inconel phase is mostly Cr-, Co-enriched and
occurs along the sample close to the surface (up to 20 pm thick) after high-temperature He
exposure. In contrast, this phase is depleted of Al and Ti that subsequently formed oxides
on the surface with a high probability in order Al > Ti > Cr, as proposed in Ellingham'’s
diagram [35]. The oxide Al,O3 originated as a layer on the surface (with a thickness of
about 1 pm) and also penetrated the Inconel phase. Subsequently, Ti diffused from the
Inconel Cr-enriched phase and reacted with gaseous impurities from the He medium to
create islands of Ti3Os on the surface. The content of aluminum was probably completely
consumed and the amount was insufficient to create a thicker layer. Furthermore, the
presence of chromium reduced the protective properties of the aluminum layer and, thus,
allowed the formation of titanium oxide [36]. In the structure, molybdenum, tungsten,
tantalum, and niobium strengthened the matrix with a solid solution, while titanium and
aluminum increased the strength by age hardening. Higher strengthening comes from the
precipitation of the v’ and Ni3(Al,Ti) particles at high temperatures. Zirconium improves
both the creep properties and malleability of the material [3].

EBSD maps through the longitudinal view show that no significant extension of grains
occurred during tensile testing where the dendritic fracture was examined. This method
showed a fine-grained structure in the Inconel Cr-enriched phase, which was created on
both 50V /50R and 100R after exposure to He. The fact that there is no significant elongation
of grains probably points to low material plasticity; however, the misorientation inside
some grains near the fracture surface (marked by ellipses in Figure 2A-C, down) shows
that the material reacts plastically to the tension.

The mechanical properties of Inconel 738 decreased significantly after exposure to
high-temperature He. The decrease in ultimate tensile strength was 12.3% in the 50R
material and 20.8% in the 100R material; the decrease in yield strength was 20% in the 50R
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revert material and 17.7% in the 100R material, which is not a significant difference owing
to the content of the revert material. The Vickers microhardness test showed a decrease in
values of the exposed specimens.

The initiation of the fracture during the tensile tests may be explained by the following
mechanisms. The fracture along dendrites, which is typical for a dendritic structure, occurs
because dendritic segregation creates heterogeneous material that concentrates stress in
preferential regions where cracks initiate [5,31,37-39]. These shrinkages originated during
solidification in the casting process. The initiation of fracture caused by shrinkage cavities
was also observed elsewhere [5,14,40]. Therefore, the higher content of revert material may
decrease YS and UTS of as-received materials, as well as exposed materials, whereas, in the
case of exposed materials, the high temperature should play the main role.

An increase of nano-hardness performed by line profiles was observed in the oxides
at the surface of both materials after exposure to high-temperature He, showing that
the microstructure changes and scatter of values were measured at grain boundaries
and precipitates.

5. Conclusions

Inconel alloy 738, manufactured by casting from 50 and 100% revert materials, was
exposed in simulated primary HTGR conditions at 900 °C. New knowledge about the
microstructure and mechanical properties after high-temperature helium exposure with
gaseous impurities were obtained. No significant difference was confirmed between the
material behavior of 50V/50R and 100R.

Microscopic techniques proved the origin of the new-formed compact inner Inconel
Cr-enriched phase with a fine-grained structure, which signifies the reinforcement of the
surface of the material in primary HTGR conditions. On the other hand, diffused elements
in combination with the products of gaseous impurities caused a surface inhomogeneity as
a non-uniform layer from oxide Ti3O5 and Al,O3, which penetrated about 10 um into the
Cr-rich Inconel phase. The surface microstructure inhomogeneity, as well as a significant
decrease in mechanical properties, can be a risk for crack initiation and, therefore, for
operation under extreme HTGR conditions.

The mentioned methodology can also be applied to other alloys, especially those used
in casting production, for example to material IN713 that has also been tested and will be
evaluated in the next study.
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