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A B S T R A C T

Inconel alloy 718 is a high-strength and corrosion resistant alloy that is commonly used as a beamline vacuum window. The accumulation of irradiation-induced
damage substantially decreases the window’s service lifetime, and replacing it engenders significant beamline downtime. With this application in mind, herein we
examine whether post-irradiation annealing can alleviate irradiation-induced damage of Inconel alloy 718. Inconel alloy 718 was received in a solution annealed
state. We then irradiated samples using two different modalities (1.5 MeV H+ and 5 MeV Ni2+) at three representative temperatures for beamline windows (room
temperature, 100 °C, and 200 °C), followed by annealing at temperatures viable for in-situ annealing processes (no anneal, 300 °C, and 500 °C). Using na-
noindentation, we determined that irradiation-induced hardening occurs but is largely mitigated by post-irradiation annealing. Overall, our results suggest that in-
situ annealing of radiation damage in Inconel alloy 718 vacuum windows appears feasible, which could potentially decrease beam downtime and maintenance costs.

1. Introduction

Inconel 718 (IN718) is a high strength nickel superalloy that is
commonly used for structural applications in the aerospace and nuclear
industries [1,2]. IN718 possesses a large ultimate tensile strength of
~0.8–1.2 GPa [3], high corrosion resistance between room temperature
and 500 °C, and reasonable irradiation tolerance up to 20 dpa [1,2]. As
a result, this material has received considerable interest for structural
applications (e.g., beamline windows at the Isotope Production Facility
(IPF) and the Lujan Center [4,5] within the Los Alamos Neutron Science
Center (LANSCE), as well as the spallation neutron source (SNS) [6,7]
at Oak Ridge National Lab (ORNL)). Precipitation hardened (PH) IN718
has served as the material of choice in beamline windows. However, the
′ and '' strengthening precipitates are not stable under low tempera-
ture irradiation, even at relatively low doses [3,8–10]. In addition,
because of the high strength of IN718 in the precipitation hardened
condition, microcracking was observed in areas where spot welds were
placed on the window material [11]. Because replacing damaged IN718
vacuum windows results in significant downtime of beamlines, solution
annealed (SA) IN718 has received recent attention as a candidate to
supplant PH IN718 [5].

Recent experiments have elucidated the effects of irradiation on SA

IN718 [3,6] under various irradiation modalities and fluences. Hunn
et al. [6] showed that the measured indentation hardness of ion-irra-
diated SA IN718 increased with dpa (as calculated from stopping range
of ions in matter (SRIM) simulations). Furthermore, Byun and Farrell
characterized the effects of neutron irradiation on the failure strain and
the flow stress of bulk tensile specimens of SA IN718 [3]. However,
systematic studies of the influence of post-irradiation annealing on the
mechanical properties of IN718 are lacking. Studies in other materials
have demonstrated that post-irradiation annealing can mitigate irra-
diation damage, thereby potentially extending service lifetime [12–14].

To this end, herein we examine whether post-irradiation annealing
of SA IN718 can alleviate irradiation damage, thereby potentially ex-
tending the operating lifetime of beamline windows. To do so, we ir-
radiated SA IN718 using two different modalities (1.5 MeV H+ and
5 MeV Ni2+), as to induce various levels of damage that are re-
presentative of those experienced by beamline windows [5]. The irra-
diation occurred at representative temperatures experienced by beam-
line vacuum windows (room temperature, 100 °C, and 200 °C),
followed by annealing at various temperatures viable for in-situ an-
nealing (no anneal, 300 °C for 1 h, and 500 °C for 1 h). We then used
nanoindentation to examine the corresponding influence on mechanical
properties, particularly the hardness of the material. We also
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implemented complementary transmission electron microscopy (TEM)
studies to observe whether precipitates formed during the irradiation
and annealing. By combining SRIM simulation with finite element
analysis, we provide an explanation for the depth dependence of me-
chanical properties observed in the nanoindentation measurements.
Moreover, by annealing IN718 at various temperatures after irradia-
tion, we study the feasibility of damage recovery in SA IN718.

2. Materials and methods

2.1. Material preparation

IN718 was purchased from High Temp Metals. It was solution an-
nealed as per Aerospace Materials Standards (AMS) standard 5596 K:
the samples were heated to a temperature between 950 and 990 °C,
followed by air-cooling. As per High Temp Metals, IN718 possesses a
melting point of between 1210 and 1350 °C and a density of 8.11 g /
cm3 [15]. The allowable composition as per AMS 5596 can be viewed in
Table 1. The samples were cut into 3 mm diameter disks via wire
electrical discharge machining (EDM). The samples were initially ap-
proximately 300 µm in thickness. The IN718 disks used in the H+ ion
irradiations were mechanically polished to a thickness of approximately
200 µm to minimize the temperature gradient established during the
irradiation. For the samples used in the Ni2+ tests, jet electropolishing
was conducted (using Tenupol-5 equipment) for 30–45 s using a solu-
tion of perchloric acid (5%) and methanol at −40C with an applied
voltage of 20 V to remove the surface deformation zone. An additional
sample to function as a control specimen (no annealing or irradiation)
was jet electropolished using identical conditions to the Ni2+ irradia-
tion specimens. For post-irradiation annealing, irradiated specimens
were annealed in a vacuum for one hour.

2.2. Simulation of the region probed during nanoindentation

To model the zone of plasticity occurring beneath the indenter
during nanoindentation, we used ABAQUS 2017 finite element soft-
ware. A Berkovich indenter tip possesses a self-similar area function,
with respect to depth, that is equivalent to a 70.2° cone. By simulating
the contact of an elastic-perfectly-plastic solid with a rigid indenter (an
analytical rigid surface at a 70.2° angle), we explored the size of the
plastic zone and the corresponding stresses. The “indenter” was speci-
fied to have x displacement, z displacement, and all rotations fixed at
zero (U1 = U3 = UR2 = UR3 = UR1 = 0), with the indenter tip
displaced downward into the solid (i.e., U2 = –hc, where hc is the
contact depth). The solid was defined as having an encastre boundary
on the bottom-most surface with the left side possessing a y-axis sym-
metric boundary condition. The interaction between the indenter and
the solid was defined as having a frictionless tangential behavior, with a
finite-sliding type formulation using surface-to-surface discretization
and only adjusting to remove overclosure.

3. Experimental methods

SRIM 2013 with the Kinchin-Pease mode was used to predict the
dosage-depth curves and injected interstitial curves [16]. For Ni2+ ir-
radiation simulations, an energy of 5 MeV and fluence of 1.9E16 ions/

cm2 was employed, while an energy of 1.5 MeV and fluence of 1.54E19
ions/cm2 was employed for simulating the H+ irradiation. The target
density was 8.9 g/cm3. The displacement energy, surface binding en-
ergy, and lattice binding energies were taken as 40 eV, 3 eV, and 4.4 eV,
respectively.

The Ni2+ irradiation was performed in the Accelerator Laboratory
at Texas A&M University, using an incident energy of 5 MeV and a
fluence of 1.9E16 ions/cm2 over a period of 3 h. A static defocusing Ni
ion beam was used to avoid pulse effects [17]. A multiple beam de-
flection technique was applied to minimize contamination [18]. The
target vacuum was maintained at about 8 × 10-8 torr during the irra-
diation, with liquid nitrogen trapping applied to improve the vacuum.
The irradiation temperatures were monitored by placing two thermo-
couples on the front face of the hot stage. The overall irradiation
temperatures fluctuations were less than 5 °C.

The proton irradiation was performed at Los Alamos National
Laboratory using a defocusing proton beam with an energy of 1.5 MeV
at 100 °C over a period of 13.5 h. The first sample was irradiated to a
fluence of approximately 1.15E19 ions/cm2 over a period of 22 h. The
second and third samples were irradiated to fluences of approximately
1.54E19 ions/cm2 over periods of 28 and 31 h, and later annealed for
one hour at 300 and 500 °C, respectively. During each run, one sample
was pressure fit onto a TEM holder, with an additional layer of silver
paste between the sample and the plate. The temperature fluctuation
was less than 10 °C. Under these conditions, it is likely that any re-
sulting increase in the indentation hardness is primarily due to irra-
diation damage (i.e., damage incurred in stopping the incoming ions)
with no significant contribution from hydrogen embrittlement.

All nanoindentation was conducted using a Nanomechanics iMicro na-
noindenter. Indentation was conducted at a specified target value
of P/P = 0.05 s−1 using a continuous stiffness frequency of 110 Hz and
target dynamic root-mean-square amplitude of 2 nm. Prior to data analysis,
all indent impressions were observed in an optical microscope to ensure that
they were symmetric (indicating that the sample surface was perpendicular
to the axis of indentation). Area function calibration was conducted on
fused silica at indentation depths from 75 to 675 nm for the Berkovich
diamond nanoindenter tip (MicroStar Technologies®). Frame stiffness cali-
bration was conducted on both the control IN718 sample and the fused
silica sample, with the resulting frame stiffnesses found as differing by less
than 5%. As such, the authors used the frame stiffness from the fused silica
calibration for extraction of the contact stiffness. The modulus and hardness
measurements follow the Oliver-Pharr approach [19].

Transmission electron microscopy (TEM) was used to characterize
the microstructure of the irradiated samples. Cross-sectional TEM
samples were prepared using a Tescan LYRA-3 Model GMH dual-beam
focus ion beam (FIB) instrument. Dislocation distribution and density
were measured using an FEI Tecnai G2 F20 Super-Twin FE-TEM oper-
ated at 200 kV. The dislocation density measurements followed the
approach outlined in chapter 9 of “Microstructural characterization” by
Brandon and Kaplan [20]. In quantifying the dislocation density, the
g∙b = 0 invisibility criterion was properly accounted for.

4. Results

Fig. 1 shows the calculated depth profile for the displacements per
atom (dpa) and implanted atom concentration resulting from the Ni2+

Table 1
Allowable Atomic Weight Percent Ranges for Inconel 718, as per Specification AMS 5596A.

Composition Element

Cr Ni + Co Mo Nb + Ta Ti Al B Fe
Wt % 17.00–21.00 50.00–55.00 2.80–3.30 5.00–5.50 0.65–1.15 0.40–0.80 0.0020–0.0060 Balance

C Mn Si P S Co Cu
Wt % 0.03–0.10 0.35 max 0.35 max 0.015 max 0.015 max 1.00 max 0.10 max
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and H+ irradiations. The projected ranges for Ni and H ions are about
1.8 μm and 11 μm, respectively. The Ni ion irradiation generates heavy
damage cascades with relatively high damage levels ranging from ~ 5
dpa near the surface to a peak damage of ~ 20 dpa near a depth of
1500 nm. The H ion irradiation creates light damage cascades at rela-
tively low damage levels below 1 dpa over a wide range of depth, with a
narrow peak of 10 dpa near a depth of 10.5 μm.

Fig. 2 shows the effects of the post-irradiation annealing tempera-
ture on the mechanical properties of irradiated IN718. Fig. 2A displays
the indentation hardness versus depth for the control (unirradiated, no
anneal) and the Ni2+ samples irradiated at room temperature, followed
by annealing at 300 °C and 500 °C for one hour. Each curve represents
the average of seven hardness tests placed randomly on the samples,
with the error bars representing the standard deviation within the set of
seven indents. In all samples, the hardness decreases with increasing
indentation depth, a result commonly associated with so-called in-
dentation size effects [21]. Moreover, the hardness decreases with in-
creasing annealing temperature; this trend can be similarly seen in
samples irradiated at 100 °C and 200 °C and annealed at various tem-
peratures, as in Supplementary Fig. A.1. As seen in Fig. 2B, the hardness
versus depth results for the H+ irradiations show the same trends as in
the Ni2+ irradiations. Namely, irradiation induces hardening of the
samples, while subsequent annealing reduces this irradiation-induced
hardening. Higher annealing temperatures lead to larger reductions in
irradiation-induced hardening. The hardness of unirradiated control
samples annealed under identical conditions, as shown in Fig. 2C, have

Fig. 1. Calculated displacement per atom (dpa – blue) and implanted atom
concentration (gray) profiles for 1A) 5 MeV Ni2+ ions and 1B) 1.5 MeV H+

ions. Both simulations use the Kinchin-Pease calculation with 40 eV displace-
ment energy.

Fig. 2. A) Hardness versus depth for specimens irradiated at room temperature
with Ni2+ ions, followed by annealing at various temperatures. 2B) Hardness
versus depth for specimens irradiated at 100 °C with H+ ions, followed by
annealing at various temperatures. 2C) Hardness versus depth for un-irradiated
specimens of Inconel 718 annealed at different temperatures, displaying neg-
ligible changes in hardness with annealing temperature as compared to the
irradiated specimens in Fig. 2A and 2B.
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negligible hardness changes as compared with the irradiated specimens
(as shown in Fig. 2A and 2B).

Fig. 3 shows TEM images of IN718 irradiated with Ni2+ at room
temperature without post-irradiation annealing (shown in 3A) and with
annealing at 500 °C for one hour (shown in 3B). Fig. 3A contains a
bright-field TEM micrograph and diffraction pattern, both recorded
with specimen tilted to the [1 1 2] zone axis. The diffraction pattern
shown in the inset does not display any additional diffraction spots,
e.g., those that may be associated with precipitates. The boundary be-
tween the irradiation damaged zone and the pristine zone is clearly
visible, as marked by the green dashed line. Within the damaged zone,
the dislocation density is too large to be accurately quantified. Outside
the damaged zone, the dislocation density is much lower, which we
determined to be × m4.5 10 /12 2. In Fig. 3B, the bright-field TEM mi-
crograph and diffraction pattern were measured with the specimen
tilted to the [0 1 1] zone axis. Similar to the specimen in 3A, no extra
diffraction spots, e.g., from precipitates, were observed, indicating that
the sample likely remained single-phase during both the Ni2+ irradia-
tion and post-annealing process. The dislocation density within the
damaged zone shown in 3B appears significantly lower than the da-
maged zone of the specimen in 3A. The measured dislocation density in
the damaged region shown in 3B was markedly higher than in the
corresponding pristine region ( × m2.27 10 /14 2 vs. × m1.11 10 /12 2). Fur-
thermore, no voids ( 5 nm or larger) were observed in the specimen
shown in 3A or 3B.

The relationship between irradiation temperature and hardness of
IN718 is shown in Fig. 4A, which displays the hardness versus depth for
three irradiation temperatures (with no post-irradiation annealing
conducted). Each curve represents the average of seven hardness tests,
while the error bars represent the standard deviation within the set of
seven indents placed randomly on the samples. Similar to Fig. 2, the
hardness values decrease significantly with depth. At depths shallower
than 200 nm, the sample irradiated at 200 °C appears to possess a
slightly lower hardness as compared to the samples irradiated at room
temperature and 100 °C. Otherwise, the three irradiation temperatures
produce roughly the same hardness vs. depth curves. Fig. 4B and 4C
show similar trends for samples annealed at 300 °C and 500 °C, re-
spectively.

5. Discussion

Indentation hardness testing provides a method of assessing the
plastic properties of metals. Previous work has shown that indentation
hardness results can be related to properties derived from a bulk metal’s
uniaxial stress-strain curve. Specifically, David Tabor showed that for a
Berkovich indenter, the yield stress at 8% strain from bulk uniaxial tests
can be directly related to its indentation hardness by a constraint factor
(commonly taken as 2.8) [22]. However, for the material studied
herein, the damage (Fig. 1) and thus plastic properties (e.g., Fig. 2) vary
with depth. Thus, further quantification of the indentation process
proves useful in understanding the presented nanoindentation hardness
measurements. As such, we conducted finite element analyses, as out-
lined in Section 2.2. In prescribing the yield stress in the simulations,
we take a value of hardness divided by 2.8, with a representative value
of the hardness determined from the experiments at a depth of 300 nm
[22]. This analysis produces the plastic zones seen in Fig. 5. From these
simulations, the plastic zone extends to a depth 6.5 times the indenta-
tion depth for the Ni2+-irradiated IN718, and to a depth 6.2 times the
indentation depth for the H+-irradiated IN718. This analysis implies
that the plastic zone of the indent remains within the irradiated regions
of interest for indentation depths below ~300 nm and ~1700 nm for
the Ni2+ and H+ irradiations, respectively (where, according to Fig. 1,
the region of damage extends approximately the first ~2 µm and
~11 µm, respectively).

The key takeaway of this study is contained in Fig. 2. Namely, ir-
radiation hardens the IN718 (over the entire range of tested depths),
but post-irradiation annealing significantly reduces the level of irra-
diation-induced hardening. Increasing the annealing temperature fur-
ther reduces the level irradiation-induced hardening. This observation
occurs under varying irradiation modalities (Ni2+ and H+) and corre-
spondingly under varying levels of damage (Fig. 1). Bright-field TEM
micrographs also reveal a marked decrease in the dislocation density
within the irradiation-damaged region following post-irradiation an-
nealing. As such, it appears that annealing may serve as a viable option
for mitigating irradiation-induced damage in IN718 irradiated under
various modalities and conditions, all without forming second phase
precipitates (studies associated with Fig. 3). As further evidence to this

Fig. 3. Bright-field TEMmicrographs of Ni2+-irradiated Inconel 718 3A) without annealing, and 3B) annealed at 500 °C for one hour. Both specimens were irradiated
at room temperature. Corresponding zone axis diffraction patterns ([1 1 2] and [0 1 1]) are shown as figure insets. The dashed red lines approximately correspond to
the boundary between the irradiation damaged zone and the pristine zone. The green line corresponds to a grain boundary.
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claim, while this effect is pronounced in the irradiated (damaged)
samples, annealing does not seem to significantly affect the uni-
rradiated (control) samples, as shown in Fig. 2C. Thus, these results
strongly suggest that even a relatively short (1 h) and low-temperature
annealing significantly aids in relieving irradiation-induced damage in
IN718, likely by reversing microstructural changes that were induced
during irradiation. To more quantitatively illustrate this point, we

examine properties at a depth of 250 nm (Fig. 2A and 2B), which is
predicted to be fully within the irradiated region of interest according
to our SRIM and finite element calculations, as previously discussed. At
this depth, the hardness of Ni2+-irradiated no-anneal specimen is 28%
larger than the control (unirradiated, no anneal) sample, while the
samples annealed at 300 °C and 500 °C have hardnesses only 22% and
14% larger, respectively, than the control sample (Fig. 2A). This trend is
also seen in the indentation data collected from samples irradiated with
H+ ions (Fig. 2B), where the samples without anneal, annealed at
300 °C, and annealed 500 °C were 44%, 30%, and 17% harder than the
control sample, respectively.

Previously, Hunn et al. conducted nanoindentation on solution an-
nealed and precipitation hardened IN718 specimens prepared via
electropolishing and irradiated with various fluences at 200 °C using
different modalities (H, He, Fe) and varying amounts of damage (dpa
values between 0.01 and 10 dpa) [6]. Their results show that the
sample irradiated to nominally 10 dpa has a hardness approximately
33% higher than the control sample at an indentation depth of 250 nm
[6]. Thus, the relative change in hardness between their control sam-
ples and their irradiated samples is similar in magnitude (and thus
comparable) to the data presented in this study (28% increase in
hardness of unirradiated to 15 dpa) [6]. Differences in relative hardness
measurements with damage may be due to various influences including
the irradiation fluence, irradiation temperature, sample preparation,
radiation source, saturation of damage, or error in estimation of dpa.

In terms of microstructural changes that produce these changes in
mechanical properties, irradiation damage commonly introduces defect
clusters, dislocation loops and lines, voids and bubbles, and/or pre-
cipitates in FCC metals [23]. These effects are most pronounced below
0.3 Tm (~210 °C for IN718) [23]. Furthermore, previous work has
shown that SA IN718 can form precipitates during various irradiation
and heat treatment processes [24]. However, TEM analysis (Fig. 3)
failed to reveal any precipitates, voids, or bubbles resulting from Ni2+

irradiation or subsequent annealing at 500 °C. Many studies have
shown that Ni based super alloys exhibit excellent swelling resistance
due to effects from minor alloying elements [25–27]. It is thus not
surprising that IN718 does not develop any voids in the present study.
Likewise, it is perhaps not surprising that we did not form any pre-
cipitates in the present study. As void swelling is sensitive to dpa rate, a
future study may be necessary to determine if precipitates do form at
different dpa rates [23,25]. Additionally, all irradiation and annealing
in this study took place well below 0.5 Tm, and thus any change in grain
size is likely negligible. Instead, the hardening and recovery observed in
this study may result from changes in the dislocation density and defect
cluster density (as seen in Fig. 3), which can in turn alter the resistance
to motion of a dislocation (i.e., short range contributions from dis-
location loops/lines and long range contributions from the dislocation
network) [23].

6. Conclusions

We have shown that annealing for short time periods (circa 1 h) at
temperatures between 300 and 500 °C can mitigate irradiation-induced
hardening in SA IN718 samples irradiated with H+ and Ni2+ ions
without producing second phase precipitation. These results underscore
the potential for heat treatment to remove ion-irradiation-induced da-
mage in SA IN718. In particular, this study suggests that in-situ an-
nealing of radiation damage in SA IN718 vacuum windows appears
feasible, potentially significantly decreasing beam downtime and
maintenance costs.
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Fig. 5. The plastically yielding elements
(AC_Yield output) from ABAQUS used to
estimate the size of the plastic zone under
the indenter for nanoindentation experi-
ments. The blue elements experience no
plastic deformation, while the red elements
represent the plastically deforming zone.
For the Ni2+-irradiated specimens in
Fig. 5A), the plastic zone extends to ap-
proximately 6.5 times the indentation depth
(hc). For the H+-irradiated specimens in
Fig. 5B), the plastic zone extends to ap-
proximately 6.2 times the indentation depth
(hc).
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