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Abstract

Ten Eurofer97 steel variants, produced by non-standard fabrication-processing routes and
modified alloying chemistries, were studied by neutron irradiations in the high flux isotope
reactor. The irradiations were performed to ITER-TBM relevant conditions of ~255-350 °C,
2.94 - 3.24 dpa. We quantified the irradiation-induced degradation of the steels using
mechanical property tests. All the steels suffered from irradiation hardening, where a
significant increase in Vickers microhardness and yield stress (oys) occurred, accompanied
with severe loss of tensile elongation. The extent of hardening was material dependent. For Tir
= 300430 °C, most steels showed ovs increase in the range of ~30% to as high as ~66%, except
for a low temperature tempered steel with oys increase below 15%. Despite large losses in
elongation, most failures were ductile. Significant post-necking ductility was retained with
reduction in area (RA) between 65-75%, but <50% for low temperature tempered steels. The
ultimate tensile stress to yield stress (cuts/ovs) ratios decreased significantly after irradiation,
highlighting irradiation-induced strain hardening capacity reduction. No major effect of
irradiation on the plastic instability stress (cpis) and true fracture stress of the steels was
observed. By comparing the tensile stresses in true stress units and with literature, the results
suggest that RAFM steel designing should target materials with a large separation between opis
and ovs, to ensure the materials can maintain large work hardening and uniform deformation
capability after irradiation. The tensile data of the steels additionally revealed a compelling
evidence of an inverse trend between the change in RA and increase in oys of the neutron

irradiated Eurofer97 type steels.
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1. Introduction

The structural materials for the first wall/blanket (FW/B) and plasma-facing
components inside a power generating fusion reactor will be exposed to high thermo-
mechanical and neutron loads [1-3]. The radiation damage caused by the neutrons combined
with simultaneous generation of harmful transmutation products like hydrogen and helium at
elevated operating temperatures will severely degrade the steel properties [4-6]. Owing to
several advantageous characteristics such as high thermal conductivity, low thermal expansion
coefficient and resistance to cavity swelling as compared to the austenitic steels, the ~9% Cr
reduced activation ferritic martensitic (RAFM) steels are the most promising FW/B material
candidates [2,7-9]. Typically manufactured in a normalized/tempered state with restrictions on
activation prone elements (Nb, Mo, Co, Ni, Al etc.), RAFM steels consist of a tempered
martensitic lath structure decorated with coarse M23C¢ (M = Fe, Cr, W) carbides on lath-,
packet- and prior-austenite grain boundaries (PAGBSs), and smaller, ~30-40 nm diameter, MX
(M =Ta, V, X=C,N) carbo-nitrides located mostly inside the laths [8,10]. Among the various
RAFM steels being researched globally, Eurofer97 steel is the European reference material for
the FW/B of the DEMO reactor produced after normalization at ~980 °C/30 min and tempering
at ~750-760 °C/90 min [11,12].

Eurofer97 steel has been extensively researched using numerous irradiation tools such
as neutron irradiations in materials test reactors, spallation neutron sources and heavy ion
irradiations [9,13-23]. These results have highlighted the differing irradiation damage
microstructure phenomenon including the formation of dislocation loops [19,23,24],
cavities/bubbles [9,14,20], radiation-induced segregation (RIS) of solutes to grain
boundaries/dislocation loops [25], and radiation induced/enhanced precipitation (RIP/REP) of
solutes complexes such a Cr, Mn, Ni and Si [22,25]. A consequence of the irradiation-damaged

microstructures, in conjunction with the typical high-temperature properties of 9% Cr steels, is



that the operating temperature window of Eurofer97 and other RAFM structural components
will be limited to ~350-550 °C [3,26]. The lower temperature limit is imposed due to the well-
known irradiation-induced low temperature hardening-embrittlement (LTHE) that causes a
positive shift of the ductile-brittle/fracture toughness transition temperature [17,27,28],
indicating the loss of fracture toughness. LTHE starts at very low doses (~0.1-0.2 dpa) and
typically saturates around ~15-20 dpa [8,17]. Literature also suggests a non-negligible
deleterious contribution of helium on LTHE [17,28,29], that may prevent LTHE saturation
with neutron dose [30]. LTHE is a major challenge especially for the water-cooled blanket
DEMO design where the operating temperatures in the range of ~280-350 °C are expected [31].
In the absence of irradiation, the strength of Eurofer97 and other RAFM steels monotonically
decreases with increasing temperature [32,33]. Due to LTHE in irradiation environments,
increase in strength of RAFM steels occurs for irradiation temperatures (Tir) < 400 °C
(particularly pronounced for Tir <350 °C), whereas minimal hardening is observed near 450-
500 °C and some slight softening may occur for Tir > 500 °C [6,15,17,28,34-40]. There are
some conflicting data scatters regarding the effect of Tir on incremental radiation hardening,
particularly in the temperature range ~250-330 °C. Some studies have reported comparable or
decreased radiation hardening in this temperature range [17,36,41-43], whereas some other
studies have reported nonmonotonic Tir dependence with maximum hardening for Tir ~300
°C [44-46]. Some of these inconsistencies between different studies may be associated with
differences in the dose-dependent hardening up to 5-10 dpa at the different irradiation
temperatures. Further, numerous neutron irradiation studies on RAFM steels in literature only
provide the “design irradiation temperatures”, but lack actual thermometry data and neutron
flux distribution data across samples. Differences between actual versus design temperatures
in neutron irradiations and neutron flux inhomogeneities across samples are well-known to

occur, which will contribute to scatter in the measured properties.



The upper temperature limit on Eurofer97 and RAFM steels is imposed due to thermal
softening and poor creep strength at temperatures higher than ~500-550 °C [26,36,46], which
will be exacerbated by irradiation [27]. This is a concern for helium or dual-cooled DEMO
designs where the blanket operating temperatures around 600-700 °C are envisaged [47,48].
Improvements in Eurofer97 steels’ high-temperature strength has recently been demonstrated
by tuning the alloying chemistry and processing routes [49-53]. However, LTHE may be
exacerbated with materials tuned for elevated temperature operations because it is often
observed that fracture toughness reduces by strengthening means such as lower tempering
temperatures/times, cold working and precipitation [8,35,54,55].

The undesirable narrow operating temperature window envisaged for Eurofer97 steel
is a significant fusion reactor design challenge. Particularly, the LTHE phenomenon is not only
a risk for DEMO where ~20 dpa is expected in the first phase operations [56,57], but also for
ITER Test Blanket Module (TBM) activities where the envisaged exposure conditions are
limited to <3 dpa and 300 °C [56]. Early pioneering research in the US on FM steels by Klueh
et al. [58,59] has highlighted that improvement of the steels’ mechanical properties with
potential for better irradiated LTHE behavior can be achieved by alternate thermo-mechanical
treatments (TMTSs). The Japanese fusion materials development activities on F82H steel, which
shows very similar properties to Eurofer97 and also holds one of the largest database for
neutron irradiated properties for benchmarking other RAFM steels, has shown that fracture
toughness can be improved by finely tuning the chemistry such as in the “mod3” variant [35] .
In this context, EUROfusion program produced ten Eurofer97 steel variants using a
combination of different minor alloying chemistries and manufacturing-processing routes.
These alloys, in non-standard metallurgical conditions, were developed to target better fracture
toughness (softer steels) and improved high-temperature strength (harder steels) as compared

to Eurofer97 steel in the reference state. At ORNL, fusion relevant neutron irradiations using



the High Flux Isotope Reactor (HFIR) were performed on the Eurofer97 steel variants of the
EUROfusion program to screen and quantify the irradiated properties. By taking advantage of
small specimen test technology (SSTT) development [60], the irradiations were performed on
miniature SS-J3 flat tensile samples targeting ITER-TBM relevant conditions of ~3 dpa/300
°C, followed by post-irradiation examination (PIE). Previously, fracture toughness testing
performed on miniature 4-notch Charpy bend bar (M4-CVN) specimens of the neutron
irradiated EUROfusion steels revealed the transition temperature shifts (ATog) of these
materials [15], while a brief overview of room temperature tested properties and some
nanoscale microstructure data can be found in Rieth et al. [61]. In this paper, building from our
previous reported data in Ref. [15,61,62], we further extend our analysis of the mechanical
property degradation in Eurofer97 steel variants after neutron irradiation using Vickers
microhardness indentation tests, uniaxial room/elevated temperature tensile tests and
fractography. Specifically, using the experimental results, the research presents the various
aspects of the science of deformation and mechanical property degradation to help better
understand irradiation hardening in RAFM steels and its potential implications on alloy design
strategies. The research compares irradiation hardening in different Eurofer97 variants detected
by indentation tests to well-known results in F82H steel and welds, quantifies the irradiation
induced loss of strain-hardening, and discusses the irradiated behavior of the tested materials
on true stress units where the plastic instability stresses are compared against fracture stresses
and yield stress. Additionally, by quantifying the fracture surfaces, we provide an analysis of
the reduction in area, which revealed its peculiar correlation to the uniaxial properties.
2. Materials and Methods
2.1 Materials

Ten Eurofer97 steel variants (code names: H, I, J, K, L, M, N, O, P and E) were studied.

The thermo-mechanical treatment (TMT) conditions and the material compositions of the steels



are provided in Table 1 and Table 2, respectively and are previously presented in Ref.
[61,63,64] . To summarize:

(i) Material E is the reference Eurofer97/2 steel, heat 993391, having the standard
chemistry. However, it was received at ORNL after a ‘technological treatment’ [61] that targets
simulating atypical situations such as after welding or during problematic manufacturing-
processing steps [61]. The material experienced an additional normalization at 980°C followed
by a very slow furnace cooling to room temperature (RT) over 24 hours. Then, the standard
heat treatment with normalization at 980°C and tempering at 760°C was performed.

(if) Materials H, I and P, designed at KIT, consisted of varying alloying chemistries in
terms of carbon, manganese, vanadium, and nitrogen concentration as compared to the
reference state. The steels were tempered at a much higher temperature of 820 °C.
Consequentially, the as-received H, | and P steels were relatively softer. More details about
these materials can be found in Hoffman et al. [49].

(iii) Material L, designed at CEA, was prepared using a combination of high
normalization temperature and low tempering temperature compared to the reference heat
treatment conditions of Eurofer97. This steel was much harder than Eurofer97 in the reference
state [51,63,65], and has demonstrated significantly improved high temperature creep
properties [51]. Relatively recent results have shown this steel to consist of four nanoprecipitate
families: M23Cs, M7C3, M2X (Cr rich nitrides) and MX carbo-nitrides [51,66], instead of
primarily M23Ce/MX found in Eurofer97.

(iv) A similar high normalization and low tempering temperature approach, but in
conjunction with reduced manganese, lower carbon and chromium contents was used for
material K designed at SCK-CEN. Material J was also designed at the same lab and was nearly
identical to Eurofer97 in chemistry, but with higher oxygen content and a noticeably lower

normalization temperature. Further details can be found in Ref. [50].



(v) Materials M and N were produced by double austenization by ENEA. Material M

was identical in chemistry to reference Eurofer97, while N had lower manganese, lower

nitrogen and no vanadium. Material O, also made by ENEA, was produced by hot-rolling at

650 °C followed by tempering. In addition, this steel consisted of lower carbon and tantalum

content, but higher nitrogen, silicon and oxygen concentration compared to the reference

Eurofer97. Further details are available in Refs. [53,67].

The starting microstructures of the steels were revealed after mechanical polishing

followed by etching using Villela’s reagent and light optical microscopy (LOM). A detailed

report of the LOM images, along with further analysis using scanning electron microscopy

(SEM), analytical scanning transmission electron microscopy (STEM) and mechanical

properties of all the ten steels in the unirradiated state are summarized in Bhattacharya et al.

[63].

Table 1: Summary of steel processing conditions. AQ: air quenched, AC: air cooled, WQ:
water quenched, Q&T: quenched and tempered, LT: low temperature application, HT: high
temperature application, TMT: thermo-mechanical treatment. Adapted from Refs. [61,63,65].

Material | Material type Heat Condition Provider
Technological treatment: 980°C + slow AC
E | EUROFER97/2 | 993391 | 90000 51 + AQ + 760°C/1.5h + AC
H EUROFER-LT | J362A TMT: 1150°C and then rolling in 8 steps
down to a finish rolling temperature (FRT) KIT
! EUROFER-LT | J363A of 900°C with a reduction of 16% per
i rolling step, then WQ.
P | BUROFER-LT | J361A |1 5050c/0.5h + WQ + 820°C/2h + AC
TMT:1250°C/1h and then rolling to FRT of
850°C in 6 rolling steps with a reduction of
! EUROFER-LT | 1196C 20-30% per rolling pass, then AC.
Q&T: 880°C/0.5h+WQ+750°C/2h+AC
TMT:1250°C/1h and then rolling to FRT of | SCK-CEN
850°C in 6 rolling steps with a reduction of
K EUROFER-HT | J427A 20-30% for each rolling pass, then AC.
Q&T: 1050°C/15min + WQ + 675°C/1.5h +
AC
L EUROFER97/2 | 994578 1150°C/0.5h + AQ + 700°C/1.5h + AC CEA




EUROFER97/2

993391

1020°C/0.5h + AQ + 1020°C/0.5h + AQ
+760°C/1.5h + AC
(double austenitization)

EUROFER-LT

VM2897

920°C/1.5h + AQ + 920°C/1.5h + AQ +
760°C/1h + AC
(double austenitization)

EUROFER-LT

VM2991

TMT: 1080°C/1h, cooling to 650°C and
rolling, reduction 40% (from 30 to 18 mm)
Tempering: 760°C/1h + AC

ENEA

Table 2: Chemical compositions of different Eurofer97 steel variants. All values are in wt.%.
The chemistry of materials E and M was equivalent to a standard Eurofer97. Main elements

that differed from a standard Eurofer97 in the derived steel variants are color coded. Table

adapted from Refs. [63,65]. Green = values significantly higher than reference Eurofer97.
Purple = values significantly lower than Eurofer97.

Eurofer97
Element | chemistry H I P J K L N O
Eand M

Cr 8.83 870 | 873 | 870 | 900 | 784 | 914 9.04 8.80
C 0.11 006 | 011 | 011 | 011 | 002 0.11 0.09 0.06
Mn 053 002 | 002 | 002 | 040 | 002 0.54 011 0.50
v, 0.20 035 | 035 | 020 | 022 | 022 020 | <0.05 | 0.30
N 0.019 0047 | 0.042 | 0045 | 0.022 | 0022 | 0040 | 0002 | 0.070
W 1.08 107 | 108 | 114 | 110 | 099 111 0.99 0.97
Ta 0.12 010 | 009 | 009 | 011 | 013 0.12 0.09 0.05
Si 0.04 004 | 004 | 003 | 0006 | <0.04 | 003 0.04 0.15
S 0.001 0001 | 0.001 | 0.002 | 0.001 | 0001 | 0.004 | 0001 | 0.003
B <0.0005 <o.goo <0£00 <0'§00 <0g00 <0g00 0001 | <0.001 | <0.001
- 00001 <o.foo <o.foo <o.foo <o.foo <o.foo 000l | <001 | <001
0 0.004 0.002 | 0.005 | 0.004 | 0.007 | 0.004 | <0.001 | <0.004 | 0.006
Nb <0.0004 <°f°° <°f00 <0f°° 0.0070 | 0.0070 | 0.0040 | <0.0100 | <0.0100
Mo 0.001 0001 | 0.001 | 0.001 | 0.0002 | 0001 | 0.002 | <001 | <0.01
Ni 0.003 0004 | 0.004 | 0.006 | 0.007 | 0004 | 0010 | <002 | <0.02
Cu 0.007 0.008 | 0.007 | 0.008 | 0.0007 | 0008 | 0.003 | <001 | <0.01
Al 00012 | 0.0017 | 0.0014 | 0.0016 | 0.0051 | 0.0034 | 0.002 | <0.01 | <0.01
Co 00017 | 0.0017 | 0.0017 | 0.0021 | 0.0041 | 0.0011 | 0.003 | <0.01 | <0.01
/;r‘? g[) X X X x | <0.004 | <0.004 | <0.007 | <0.005 | <0.005
P X X X x | 0.0020 | 0.0031 | 0.0015 | <0.005 | <0.006




2.2 Unirradiated optical microstructures of the materials

Light optical microscopy (LOM) images of the ten steels obtained after etching in
Villela’s reagent are provided in Fig. 1, and more such details for the purpose of comparison
can be found in Ref. [61]. The imaging was specifically performed on the rolling direction -
normal direction (RD-ND) plane to reveal any processing induced morphological texture of
the grains. All the steels showed a tempered martensitic structure with laths, blocks, prior
austenite grains (PAGSs), and precipitates decorating the laths and PAGBs as represented by the
dark etching contrast in Fig. 1.

Materials H, I and P consisted of an over-tempered microstructure (Fig. 1la-c). These
steels contained ferrite grains which appeared relatively bright and clear of the black dots
(precipitates) in the etched samples. Some ferrite grains are highlighted using yellow arrows in
Fig. 1. The over tempered structure is attributable to the relatively high tempering temperature
of 820 °C as opposed to typical 740-760 °C tempering for conventional and reduced activation
9% Cr steels [8,10,68]. Material H appeared to have relatively larger grain sizes as compared
to | and P. Material J showed a much finer structure with smaller grain sizes such that detecting
the PAGs in the optical images was challenging. The finer grain size is expected due to the
lower normalization temperature of 880 °C [50,61]. Materials K and L showed the largest
PAGs among all the steels, as evident in Fig. 1e-f. The very large PAG sizes in both K and L
are expected due to the high normalization temperature of 1050 and 1150 °C, respectively,
instead of typical 980 °C for a standard Eurofer97. To better reveal the grain structure of these
two steels, lower magnification optical images are shown in Fig. 2 where the PAGBs in both

these steels are recognizable.
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Material P.

Fig. 1: LOM images of the as-received EUROfusion steels after etching in Villela's reagent. (a,
b, ¢) KIT materials: H, I and P, (d, e) SCK-CEN materials: J and K, (f) material L from CEA,
(9, h, i) ENEA materials M, N and O, (j) material E. (k) Higher magnification image of material
E showing coarse precipitates detected at optical um length scales. Yellow arrows point to
ferrite grains in H, 1 and P. Red arrows point to areas in material K where no lath structure was
visible. Dotted red circles show inclusions detected in materials O and N. ND = normal
direction, RD = rolling direction and TD = transverse direction. More LOM images of these
steels can be found in Ref. [61].

Material L consisted of a well-developed lath structure and uniformly sized PAGs, while
material K appeared to show a mixed population of large (>50-60 um) PAGs in addition to
evenly distributed smaller <40 pum size grains. However, a well-developed lath-type
martensitic structure was not clearly evident in the optical images for material K where
numerous regions devoid of laths were detected after etching, indicated by red arrows in Fig.
1e and visible throughout in Fig. 2a. This might be due to a combination of lower C content
and a significantly lower tempering temperature (under-tempering) for this material. Materials
M and N, which were double austenized, showed a fine tempered martensitic structure. Some

inclusions were detected in material N, which were identified as Ta rich, and are expected to
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be oxides as reported in Ref. [63]. Material O consisted of elongated grains along the rolling
direction as evident in Fig. 1i. This is expected because of plate rolling TMT at temperature as
low as 650 °C, without austenization (see Table 1). Similar to material N, Ta-rich inclusions
were also detected in material O [63].

The optical images of material E are provided in Fig. 1j-k. The microstructure was
typical tempered-martensitic. However, numerous coarse precipitates and their clusters were
detected (Fig. 1K) in the material. The presence of coarse precipitates was verified by SEM and
analytical STEM characterization reported in Refs. [63,65]. These precipitates most probably
formed during the slow AC (furnace cooling) step and didn’t fully dissolve during the second
normalization step. Additionally, these precipitates are also expected to coarsen during
tempering. The grain structure of material E also appeared relatively coarser, which is evident
when comparing with material M that was identical in chemistry to material E. Previously,
Charpy tests on material E in the unirradiated state reported no significant adverse effects of
the coarse precipitates on the impact properties [61]. However, Chen et al. [15,65] noted
significantly higher Toq FT transition temperature for material E in unirradiated and irradiated

states using miniature bend bar specimens, that was attributed to the starting coarse precipitates.

Fig. 2: Lower magnification LOM images of (a) material K and (b) material L after etching.

2.3 Neutron irradiations
Neutron irradiations were performed in the flux trap rabbit facility of the 85 MW
mixed spectrum HFIR at ORNL, targeting 2.5-3 dpa at 300 °C. For bracketing the desired

irradiation temperature of 300 °C, two rabbit capsules were designed with target temperatures
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of 28520 °C and 31520 °C. Type SS-J3 flat tensile specimens having the dimensions: 16
mm (length) x 4 mm (width) x 0.75 mm (thickness) and gauge dimensions of 5 mm (length)
and 1.2 mm (width) were irradiated inside sealed non-instrumented rabbit capsules commonly
known as GENTEN capsules [69]. The capsules were inserted in HFIR cycle 477A (4 days)
and stayed in for cycle 477B (20 days) and cycle 478 (24 days) for a total of 48 days in-pile
irradiation which corresponded to ~4063 MWD (megawatt days) at nominal operating power.
Four samples per material, amounting to a total of forty SS-J3 samples were irradiated, with
twenty samples inside each capsule. The accumulated fast neutron fluence (E > 0.1 MeV) in
the two capsules was relatively similar: 4.15x10%° n/m? and 4.57x10%® n/m?. Using a
displacement threshold energy of 40 eV for Fe and Cr, the estimated doses corresponding to
the fast fluences were 2.94 and 3.24 dpa, respectively. The average axial fast flux variation for
the two radial positions used in the HFIR flux trap and the fast flux variation across the two
capsules are shown in appendix A. The center of the two rabbit capsules was located ~5 cm
above and ~7 cm below the horizontal midplane of the reactor, thereby providing relatively flat
neutron flux (and dpa) axial profile with less than ~7% variation from the top to bottom of the
capsules. The samples were held in three smaller cylindrical holders located inside each
capsule. Because the length of an SS-J3 sample/holder is significantly smaller as compared to
the length of a capsule, the neutron flux/dose variation along the length of a single SS-J3 sample
was <2% (see appendix A). In addition to SS-J3 samples, the capsules contained a total of
twenty-four SiC thermometry pieces (twelve inside each capsule) for sample irradiation
temperature estimation. More details about the irradiation capsule geometry, including the
arrangement of the samples inside the capsules, are provided in the Supplementary Materials.
Further details about HFIR neutron flux distribution can be found Refs. [70,71].

2.4 Capsule and specimen temperature control

13



The specimen temperatures inside the capsules depend upon the axial location inside
the reactor, holder material, fill gas and gap size between the specimen holder and outer
housing. The specimens were held inside capsules constructed from aluminum alloy 6061 with
helium as the filler gas. The temperature contour plots of the SS-J3 samples predicted using
finite element modeling (FEM) by the HFIR design team [69,71] are provided in the appendix
B, which show uniform calculated temperatures across the gauge length, and the temperatures
of the opposing grip sections constant within £10-15 °C. In addition to FEM modeling, passive
SiC thermometry analysis was performed after irradiation to measure the capsule temperature
distribution using the dilatometry based standard procedures [72]. The SiC thermometry
results, overlaid with capsule loading schemes, are provided in the Supplementary Materials.
Moreover, the estimated temperatures of each tensile sample are tabulated in the
Supplementary Materials, where exact sample ids are reported for future traceability using
ORNL'’s hot-cell database. Because SiC thermometers were located relatively internal to the
capsule with respect to the samples (see loading scheme in Supplementary Materials), the
measured thermometry represents the maximum temperature in the capsule. Thus, final sample
irradiation temperatures (Tir) must be estimated by combining experimental passive
thermometry with input from FEM. Using this methodology, Tir of forty samples in two rabbit
capsules ranged between ~255-350 °C, and all these samples were tested by Vickers hardness
to investigate the effect of Tir on irradiation hardening in the temperature range. Only the
samples showing Tir in the range of 300+£30 °C were tensile tested to compare irradiation
hardening/ductility loss since the measured irradiation hardening by indentation testing
appeared to be independent of irradiation temperature within this temperature range (see
section 3.1.1).

2.5 Post irradiation examination at ORNL hot- cells
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Vickers microhardness indentation tests were performed at room temperature on all the
irradiated samples in accordance with ASTM E384 Standard Test Method for Microindentation
Hardness of Materials, using 1 kg load and 15 s dwell time. Among other things, this standard
mainly imposes the restriction on distance between the indents and the distance between an
indent and the sample edge: both must be minimum 2.5dV, where dV represents the average
Vickers diagonal distance. These tests were conducted using a Mitutoyo HV-120B hardness
tester. The indentations were made before performing tensile tests on the two grip sections of
SS-J3 tensile specimens. All forty neutron irradiated samples were tested with a minimum of
six indents and up to twelve indents per sample (a total of 240 — 480 measured indents), spread
across the two grip sections, to provide an average hardness value of each steel. For
nonirradiated steels, a total of 82 samples were tested with minimum six indents per sample.
In absence of a heating furnace attached to hardness machine in the hot-cells, the tests were
performed at room temperature (RT).

Uniaxial tensile tests were performed at RT and 300 °C on the subset of samples with
Tir ~300£30 °C with guidance from ASTM E8 Standard Test Methods for Tension Testing of
Metallic Materials and ASTM E21 Standard Test Methods for Elevated Temperature Tension
Tests of Metallic Materials using a strain rate of 102 s (5x10® mm/s extension rate). The
tangent modulus method was used to provide accurate values for the yield strength and uniform
and total plastic elongations from the measured crosshead displacement in the absence of gauge
extensometry for miniature tensile samples. Using machine crosshead displacement introduces
additional elongation in the pseudo-elastic regime due to machine and load-train compliance
effects, but it does not affect the plastic regime or the calculated strength values when these
parameters are measured using the tangent modulus offset plastic deformation method. The
specimens were shoulder loaded for testing using an Instron 5967 tensile machine equipped

with a 5kN load cell and connected with an Instron Bluehill3 analysis software. This tensile
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machine is equipped with an Oxy-Gon tungsten mesh furnace capable of reaching 1200 °C. RT
tests were performed in air. Elevated temperature tests were performed in vacuum at pressures
<5x10® torr. For tensile tests at 300 °C, the temperatures were measured using two
thermocouples welded onto the fixture. The temperature ramp-up time from room to test
temperature was typically between ~25-30 minutes. The tests were performed only when the
sample temperature stabilized to the set-point of 300+5 °C. During the data analysis, efforts
were devoted to remove the machine slack during the initial loading portion in the
experimentally observed stress-strain curves. Fractography was performed on the broken
pieces of SS-J3 samples tensile tested at RT and the reduction in area was quantified. A
tungsten filament-based JEOL JSM-6010LA scanning electron microscope (SEM) was used to
record the fracture surface images using a secondary electron detector.
3. Results and discussion
3.1 Quantifying irradiation hardening by Vickers hardness indentation tests
3.1.1 Temperature effect on irradiated hardness

Vickers microhardness indentation tests were performed on all the forty irradiated SS-
J3 samples. The hardness results as a function of T are plotted in Fig. 3. The results are
separately presented for the harder steels (K and L) and the relatively softer steels (E, H, I, P,
J, M, N, O). Fig. 3 indicates the measured microhardness was constant within error bars for
each studied alloy; i.e., there was no statistically detectable dependence of irradiation
temperature on incremental radiation hardening in the range of Ti~255-320 °C. As mentioned
in the introduction section, literature on RAFM steels typically show a scatter in irradiation
hardening for irradiation temperatures between ~250-300 °C, with some conflicting data
showing either slight increase or slight decrease in irradiation hardening in this temperature
range [28,36,41,44]. Over a wider temperature range of Tir~200-350 °C, a moderate decrease

in hardening with increasing irradiation temperature is typically observed for RAFM steels.
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The most prominent effect of irradiation temperature in RAFM steels is typically around ~350-
375 °C where hardening should reduce as compared to lower Tir values [17,28,36,43], and
DBTT should improve drastically. In our case, for Tir ~340-350 °C, hardness of steels did not
reduce significantly as compared to the values measured at lower irradiation temperatures (Fig.
3). Results from European neutron irradiation campaigns such as SPICE program also show
remnant irradiation hardening in reference Eurofer97 when Tir = 339 - 354 °C (>150 MPa
detected by tensile testing, Twest = RT)[73], which is qualitatively consistent with our results
highlighting that irradiation hardening around ~350 °C does not fully recover as compared to
lower irradiation temperatures (Ti»<300 °C). It should be noted that error bars in the irradiated
hardness in Fig. 3 slightly complicates identifying moderate hardness recovery trends, if any.
The error bars originated from the statistical variability in the measured values. The result from
every test, performed on the two grip sections of forty SS-J3 samples, are additionally provided
in appendix C. It is worth noting that the relatively large error bars on hardness for some
samples in Fig. 3, such as for material E irradiated close to 330 °C and material N close to 345
°C, originated from differences in the measured hardness between one grip section to the other
of the same tensile sample, where one end tab exhibited higher hardness (by about ~70 -120
HV) compared to the other. This may be an indication of moderate irradiation temperature
gradient between the two end tab regions in these specimens (in this case a lower irradiation
temperature than the average value, due to some enhanced heat transfer for this end tab). These
samples, such as exact sample ids E294, N110 in appendix Fig. A3, were excluded from any
further analysis, but for the sake of completeness the data points are still provided in Fig. 3.
Additionally, the SiC thermometry method used in our study has an uncertainty of £20 °C when
compared with thermocouple measurements or from differences in the analysis algorithms, as
reviewed by Field et al. [74]. If the recovery of hardness is sharp around Tir >350 °C, the

empirical £20 °C error range with SiC thermometry and any potential small fluctuation of the
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sample temperatures towards lower values could result in relatively harder steels. Therefore,
higher irradiation temperature data will be needed to confirm when hardening will subside in
these Eurofer97 variants. One other point to note is that unlike may other materials test reactors,
HFIR always operates at constant power [75]. Therefore, power-induced temperature
fluctuations of the specimens and holder material over the ~24 day reactor core lifetime are
minimal in the HFIR flux trap [75]. For our study, the full set of thermometry data for the
EUROfusion tensile rabbit capsules are discussed in detail in Ref. [62]. Owing to a general
lack of neutron data for Tir< 220-250 °C for Eurofer97 type steels, what remains unclear is the
hardening behavior at lower irradiation temperatures. Correlating the temperature dependent
irradiated strengths of other FM steels such as MANET-I [76] and F82H [8,77] suggests that
hardening should be more pronounced for Tir < 200 °C, with maximum hardening expected

when Ti reaches RT.
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Fig. 3: Vickers microhardness as a function of the irradiation temperature of the Eurofer97
type steels after neutron irradiations to 2.94 — 3.24 dpa. Inset shows a SS-J3 schematic (not to
scale) of the general pattern of the indentation testing. A £20 °C range for Tir is estimated for
the irradiation temperatures in this figure based on recommendations in Refs. [72,74].

3.1.2 Irradiation-induced Vickers hardness increase and comparison with F82H: Tirr

~300+30 °C
For specimens with Tir = 300£30 °C, the irradiated hardness is compared against the

unirradiated samples, and with literature on F82H-IEA steel and F82H joints irradiated in
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HFIR to similar Tix/neutron doses using same sample geometries [78] (Fig. 4). The F82H-1EA
steel shows almost identical properties to reference Eurofer97 in unirradiated condition, due to
which the irradiated properties of both these steel types are also expected to similar [17,79].
Moreover, the database of neutron irradiated properties of F82H for benchmarking purposes is
also considerably larger than Eurofer97. The change in hardness is plotted in Fig. 4b, while the
percentage increase in hardness due to irradiation, calculated as [(HViradiated —
HV unirradiated)/HVunirradiated]X100% is plotted in Fig. 4c. All the steels hardened significantly after
neutron irradiations. The percentage change in Vickers hardness of different materials ranged
between ~25% to 40%. Materials K and L were the hardest in the unirradiated state owing to
low tempering temperatures. After irradiation, these two steels remained significantly harder,
exceeding 400 HV (~3.92 GPa). All the other steels showed irradiated hardness between ~250-
300 HV (2.45-2.94 GPa). It is worth noting that Figs. 4a-b suggest that material K shows the
highest hardness increase in terms of absolute numbers. However, when the values are
expressed in the percentage change in hardness, i.e. change with respect to the starting state,
the difference between most materials was not very different as the data points were within the
error bars (Fig. 4c). Therefore, solely by Vickers microhardness indentation tests, it is complex
to judge which steel performed better. Even for material K, it was evidently clear that despite
having larger absolute change in hardness value, the percentage hardening was not vastly
different as compared to other steels. Therefore, material K should not be considered as
showing highest radiation hardening. This highlights that expressing radiation hardening only
on the absolute scale can be often prone to misinterpretation, especially when comparing
hardening between vastly different materials that have significant differences in their starting
properties. Expressing the data on the normalised percentage scale is more suitable, especially
for identifying best performing alloys. This is because two steels with very different starting

hardness (such as softer and a harder material) could show similar hardness increase due to
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irradiation, but they should not be mistakenly considered as showing similar hardening

behavior. As will be shown in the next section, this point is also valid when comparing the

irradiated tensile properties.

The relative change in hardness due to irradiation between all Eurofer97 variants and

F82H steels/welds was similar, which suggests that the irradiation hardening behavior of these

materials is quite alike. It remains to be seen if this trend will continue or will deviate

significantly at elevated neutron doses.
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Fig. 4: Vickers microhardness after HFIR neutron irradiations at 30030 °C, 2.94 - 3.24 dpa.
(a) Comparing unirradiated and irradiated hardness of the ten Eurofer97 steel variants and
F82H steel/welds. (b) Increase in microhardness due to irradiation. (c) Percentage increase in
microhardness. IEA = International Energy Agency, TIG WM = tungsten inert gas weld metal,
HIP = hot-isostatic pressed joints. F82H data adapted from Ref. [78].

3.2 Quantification of irradiation hardening and ductility loss by tensile testing

Using a strain rate of 102 s tensile tests were performed on the SS-J3 samples at RT
and 300 °C. The engineering stress-strain curves from the irradiated and unirradiated
specimens are shown in Fig. 5. Further, the ovs, ultimate tensile stress (outs), and tensile
elongation before and after irradiation are presented in Fig. 6. A summary of the quantitative
results is tabulated in appendix D (Tables Al and A2). In agreement with the indentation
hardness results, the experiments revealed that all the steels hardened profusely after neutron
irradiation, with significant increase of ovs and cuts. This was accompanied by loss of tensile
ductility, shown by degradation of uniform plastic elongation (UE,) and total plastic elongation
(TEp). Further, as an example, a comparison of the irradiated stress-strain curves for Tir =
268 °C and Tir = 330 °C is given in supplementary materials (Fig. S4, material N), where we
did not see a major effect of Tirr on the tensile properties, which broadly confirmed the hardness
results.

The primary ductility remaining in all the steels was post necking ductility with little
UE,. This is consistent with literature on neutron irradiated conventional FM steels and RAFM
steels in the LTHE regime (for Tir< 350 °C) where post suts necking elongation is known to
be the dominant contributor [8,10,46,80]. For Tewst= RT, the UE; of the irradiated steels shown
in Fig. 6 reflect a little improved irradiated properties as compared to previous studies in
Eurofer97, because the elongation of baseline Eurofer97 is known to be severely reduced even
for very low neutron doses. For example, previous rabbit capsule based HFIR neutron
irradiations on Eurofer97 miniature flat tensile specimens to 1.5 dpa, 300 °C had revealed UE

as low as 0.2% [81]. In fact, the UE of neutron irradiated Eurofer97 is well-known to reduce
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with dose and saturate with values consistently lower than 0.4-0.5% for T~ 300 °C [44,82].
However, there seems to be some discrepancy in the literature about when UE saturation occurs
in RAFM steels with results from Lucon et al. [44] showing saturation at doses as low ~0.6-
0.7 dpa, whereas the compilation of 300-325 °C irradiated tensile properties by Alamo et al.
[83] showing saturated UE (< 0.5%) occurring at higher doses (>3-4 dpa). Low dose (0.08 —
0.1 dpa) F82H data irradiated in Japan Research Reactor-2 (JRR-2) reports UE > 0.5 %, with
values around 2.5% and TE around 14.5% for Tir = 300 °C [84]. The fact that UE, is higher
than typical saturation values below 0.5% for most steels in Fig. 6 seems to suggest saturation
may not have been reached yet in our experiments. The TE, of all the irradiated steels for Ttest
= RT ranged between ~12-17%. These irradiated TE, values are generally consistent with
previous neutron irradiation data on RAFM steels, including Eurofer97, for doses less than 4-
5 dpa [83]. In general, the loss of TE in Eurofer97 type steels is known to worsen with dose,
but saturates around ~10-12 dpa at values close to ~9-10% [83]. For the irradiation doses in the
present study, we expect the saturation of TE may also not have been attained yet.

The strength and elongation behavior of the ten steels was dependent upon the test
temperature. The strength of the unirradiated and irradiated steels was lower for elevated
temperature tensile testing, which is expected. However, the steels showed reduced ductility
for Tiest = 300 °C. This behavior is normal for Eurofer97 type steels [82], and is attributed to
dynamic strain ageing (DSA) [55,85] in which the dislocation glide motion can be obstructed
by the Cottrell atmosphere formed around the interstitial elements like carbon and nitrogen that
follow the stress fields created by the moving dislocations [86]. Consequentially, the
dislocations become less glissile due to the constant pinning-unpinning motion from the
interstitial atoms, which is generally known to reduce ductility in metals [87]. Previous results
from fracture toughness testing of FM steels such as HT9 suggest that neutron irradiation

mitigates the DSA effect [55,87,88]. The present results show that the potential DSA behavior,
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inducing lower tensile ductility at higher test temperatures, was present in most of the
Eurofer97 steel variants after the low dose neutron irradiations (Fig. 6¢-d).

Here, we re-emphasize the point that the elastic load-up portion of the load vs.
crosshead displacement curves suffer from machine compliance effects which must be
analyzed using tangent modulus methods to obtain correct tensile elongation data (see appendix
D). The elastic elongation of RAFM steels is typically very small (~0.3% at yielding for a yield
stresses of ~700 MPa), which means uniform elongation (UE) ~ UE, and total elongation (TE)
~ TEp. The plastic region of the stress-strain curves is unaffected by compliance or load train
slack [89]. All the elongation data presented and discussed in this manuscript reports the plastic
component of the elongation. For more detailed strain analysis in the elastic region and plastic
flow localization phenomena, measurements using the digital image correlation (DIC) method
recently developed at ORNL for hot-cell operations [89] are required for future irradiation

campaigns.

23



1200 - 1200 g 1200 .
Material H —;, radiated Tes = RT Material | i adiated Tu = RT Material P e ivadiatod Ties = RT
s |rradiat teat = s |rradiated Ties: = RT —Irrqdiitgd Test = Rj N
10001 =it o — LT R 1000 i T
800 §3800 Fs00
= ! =
©600 ©600 © 600
7] @ @»
8 8 2
5400 ) \ \ £400 \ \ £400 \
200/ 200/ 200
0 i (&) ®) f ©
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 Oo 5 10 15 20 25 30 35 40
Strain, € (%) Strain, € (%) Strain, € (%)
1200 1200 8 1200 -
Materla' J w===Unirradiated Tews = RT Ma!e”al K ====Unirradi; aled Thest = RT Matenal L m—Jnirradiated Tnm=RT
s |rradiated Tees: = RT d Tiest = RT s |rradiated Ties =
1000 — adiated Ten 300G 1000 1000 o rradiated T ‘“‘3 ’°° B
& 800 & 800 & 800
=3 = 2
©600 ©600 ©600
13 173 173
8 8 8
= ! = = 4
£400 | \ &400 Ea400 |
200;/ 200/ 200 f'
/ (@) (e) n
0: ‘ 0 05
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Strain, € (%) Strain. € (%) Strain, € (%)
1200 \jaterial M —— 1200 ptaterial Ny —
Irrac lalgd Tiest = R’ — id iated RT -
1000 —ﬁ?aﬁ'.“a‘ié’ﬁ" Tote ¢ 1000 —.m.;&,é%‘?l"" 0%
800 800
= =
©600 ©600
g g
[ [l
&400 | \ &400 |
I
200 r'f 200 ;
Ol‘ @ h

005 10 15 20 25 30 35 40
Strain, € (%)

0 5 10 15 20 25 30 35 40
Strain, € (%)

1200 \raterial E

1200 :
Material O—Unmadmed Ties=RT = Unirradiated T = RT

iate

300 % s [rradiated Ties:
1000 —|r'r‘a"5meu meaoo “c 1000 —P"a'ﬂ?eﬁ'ﬂ =300 JW =
&£800 & 800
= =
©600 ©600
1] 13
8 8
Ha00 S400 \
200’.;‘ 200
o ! [0] / [}

00 5 10 15 20 25 30 35 40
Strain, € (%)

0 5 10 15 20 25 30 35 40
Strain, € (%)

Fig. 5: Engineering stress-strain curves of the Eurofer97 steel variants after HFIR neutron
irradiation to 2.94 — 3.24 dpa, 300+30 °C, compared against the unirradiated control samples.
Tests performed at RT and 300 °C. The hot-cell tensile machine and the fixture used for testing
are shown in (k) and (l), respectively.

Fig. 6 also includes the RCC-MRx minimum limits imposed for unirradiated Eurofer97
tensile properties at RT [90,91], where its comparison with the irradiated results is presented.
In the unirradiated state, materials H, I and E were softer than the minimum RCC-MRXx strength
limits for Tewst = RT. The ovs and cuts of materials J, N and P were close this limit, M and O
were slightly harder, while K and L were significantly harder. After irradiation, all the steels
became significantly harder than the minimum code limit for Tiest = RT. Even for Test = 300 °C,

most irradiated steels were harder than the unirradiated RCC-MRx limits of Eurofer97 [91]. In
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terms of TEp, most materials after irradiation were close to the minimum limit at RT as seen in
Fig. 6d, but materials H, I and J performed better. However, particularly for comparing UE,
caution must be taken because some differences in measurements between flat samples
(especially miniature and with absence of contact extensometer) and cylindrical cross-sections
samples are expected [92]. Presently, RCC-MRx does not contain a section with irradiated

Eurofer97 properties.
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Fig. 6: Tensile properties comparison of the ten Eurofer97 steel variants before and after HFIR
neutron irradiation to 2.94 — 3.24 dpa, 300+30 °C. (a) ovs (b) outs, (¢) UE, and (d) TE,. The
RCC-MRx limit lines, taken from Refs. [90,91], are added for the unirradiated reference
Eurofer97 steel. Strength data from RT tests adapted from Ref. [61].

By comparing the RT tested unirradiated and irradiated samples, the percentage gain in
ovs, outs and the associated percentage loss in elongation of the ten steels are plotted together
in Fig. 7. The change in oys or cuts was calculated by the expression Ac = [(Girradiated-
Gunirradiated )/ Ounirradiated X100%, while the loss in tensile ductility was calculated by AUE, =
[(UEp)irradiated —  (UEp)unirradiated)[/(UEp)unirradiated]X100% and ATEp = [(TEp)irradiated —
(TEp)unirradiated)/ (TEp)unirradiated]X100%. The percentage increase in ovys (Aovys) Vvaried

significantly between the different steels, ranging from as low as ~13% to values as high as
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66% (Fig. 7a). Highest percentage Acys at RT, with values >60%, was shown by materials P
and E. Specific to material E, due to the ‘technological heat treatment’ (980°C followed by
very slow air-cooling), it had consisted of coarse carbides , formed through high temperature
diffusion without martensite formation [61]. Further, a homogeneous distribution of fine
precipitates, as expected in Eurofer97, was also not obvious for material E [61,63].
Collectively, these microstructure features likely resulted in the lower unirradiated strength and
poor post-irradiation hardening for this material. The tensile properties of material E are
consistent with the results showing poor post-irradiation fracture toughness of this material
after irradiation to same dose-temperature in HFIR, with fracture toughness transition
temperature (Tog) much higher than room temperature [15]. As pointed out by Rieth et al. [61],
the technological heat-treatment to produce material E rather covers the lower range of
Eurofer97 properties, and is an approximation for heat-treated weld joints after irradiation or
for steel batches produced with potential production issues. The most obvious influence on
hardening is detected for steels fabricated with higher normalization temperatures and lower
tempering temperatures that consisted of under-tempered microstructures and simultaneously
consisting of large prior austenite grains (materials L and K in the present study). Such steels
are significantly harder in the unirradiated state — contribution to material L’s higher hardness
may also originate from higher N concentration while material K had very low C that is
expected cause W to stay in solid-solution adding to hardness (but causing poor fracture
properties) [61]. After irradiation, these steels showed relatively low percentage increase in 6ys
and outsas compared to most softer steels. The relatively harder L series steel showed the least
increase in ovys due to irradiation, at 13.3%. This might be explained due to a combination of
two factors. Firstly, material L consisted of a high density of nanoprecipitates in the starting
microstructure, such as the finely dispersed M2X precipitates in addition to the presence of MX

precipitates [51,66]. Consequentially, the sink strength of this material is expected to be
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somewhat higher than other steels. It is well-known that Acys due to neutron irradiations is
lower for steels having higher sink strength due to high nanoprecipitate densities [4]. A second
more logical reason that could contribute to lower Acys is that the unirradiated Vickers
hardness and oys of material L (also material K) was already high. Therefore, the possibility to
further harden such steels under irradiation is smaller as compared to relatively softer steels —
irrespective of the minor alloying chemistry. The phenomenon of initially harder steels
showing smaller Acys is also observed in neutron irradiated F82H produced by different
tempering temperatures and times [93].

Although there is a spread in Acys for the ten steels, the initially large strength increase
at low neutron doses is qualitatively consistent with literature on RAFM steels [8,16,94,95]. In
terms of elongation loss, the harder steels (materials K and L) and material J showed relatively
lower UE; loss (Fig. 7b), while the percentage UE, loss of other materials was worse, ranging
between > -75 % and up to -96% as compared to their unirradiated state. Qualitatively, a similar
trend existed for ATE, (Fig. 7b). But ATEp was smaller than AUEp for most steels, further
highlighting the importance of necking ductility. It is worth pointing out that a steel with very
high unirradiated UE, and TE, could lose elongation significantly and may still retain
acceptable tensile ductility, whereas little changes to elongation due to irradiation for a steel
with only a few percent unirradiated elongation can be severely consequential. Therefore, the
relatively low loss of elongation for alloys K and L should not be interpreted as a highly
favorable result because the low AUEp and ATE, is a consequence of these alloys starting with
a relatively low elongation, so they have a relatively low possible further loss in elongation.
The initially harder steels, such as materials L and K, typically show poor fracture properties
during fracture toughness testing, as revealed by Chen et al. [15], where both steels showed
fracture toughness transition temperature Tog significantly higher than room temperature after

neutron irradiation to same conditions as in the present study. Material J stands out because it
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showed relatively low degradation of the tensile properties due to irradiation - in terms of low
Acys increase, and relatively low AUEp and ATE, values. Based on literature, material J also
has better fracture properties after similar irradiations conditions, with Tog of -58 °C as
compared to +48 °C for L and +137 °C for K [15]. This overall better performance is expected
owing to the relatively finer PAG sizes in this material due to normalization at a lower
temperature (880 °C), as compared to all other steels. In addition, relatively lower Mn
compared to Eurofer97 and much lower Si concentration in J is also expected to produce a
lower fraction of irradiation induced Mn-Si co-clustering as revealed in Refs. [22,96] that can
deleteriously effect the LTHE behavior in both conventional FM and RAFM steels. The
irradiated hardness/tensile properties of other steels, such as those obtained by simultaneous
chemistry changes (reducing carbon and manganese, increasing/decreasing vanadium and
nitrogen) combined with double austenitization, low-temperature rolling (elongated grains) and
tempering at higher temperatures (over-tempered microstructure + ferrite grains) does not seem
to differ significantly in terms of irradiation behavior. It is likely that the steel microstructures
produced by changes in micro-chemistry seems to influence the irradiated tensile properties.
However, changes in the heat treatment/processing appears to have a stronger effect [61].

A standard Eurofer97 was not included in the present irradiation campaign. Therefore,
a direct comparison with the reference material is difficult. However, literature suggests that
Eurofer97 may experience roughly ~220-300 MPa increase in ovys after neutron irradiations to
somewhat similar irradiation conditions [17,18,28,44]. When comparing with the ten steels in
the present study it seems most steels show similar range of absolute change in ovs (values
provided in Supplementary Materials). Materials that clearly stand out are L and J with absolute
change in ovs of 116 MPa and 124 MPa respectively. It is important to note that most of the
standard Eurofer97 neutron irradiated data is derived from irradiations on relatively large

cylindrical cross-section samples [17], while the present results are obtained from miniature
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samples. Therefore, any comparison here with standard Eurofer97 data should be viewed with
caution due to potential size effects. While the size effect may be less problematic for
comparing strength values, the elongation values between SSTT specimens and large
specimens can often vary. Here, we would also like to highlight that similar to the comments
in the Vickers hardness section, measuring the changes in oys on the absolute scale, i.e., Acvs
- (Aoys)irradiated - (AoYS)unirradiated, Can erroneously depict two materials with vastly different
irradiated tensile properties as having similar hardening behavior. As an example, this can be
seen for materials K and N where both show increase of ovs around 240-245 MPa due to
irradiation (see Fig. 6a and Supplementary Materials). However, material K was much harder
than N in the unirradiated state. Therefore, the increase in ovs of material K with respect to its
initial properties is a much lower fraction as compared to N. Therefore, caution must be taken
when hardening behavior of steels with different starting properties is compared. This problem
can be addressed if Acys due to irradiation is expressed in the normalized percentage scale as
in Fig. 7. On the percentage scale, the data point in literature by Lucon et al. [41] suggest that
~40-45% increase in ovs of standard Eurofer97 may occur after neutron irradiations at ~300 °C

/~2-2.5 dpa. Based on this data, it seems J, K and L show relatively less hardening.
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3.3 Comparison of strain hardening capacity of the Eurofer97 steel variants

A parameter of key importance for structural steels in fusion blanket designing is the
strain hardening capacity. From engineering stress-strain curves, a fair representation of strain
hardening capacity of RAFM steels can be approximated as the cuts/oys ratio for a given
tensile test temperature. Ideally, the cuts/ovs figure of merit as high as possible is desirable. In
general, body centered cubic (bcc) steels such as RAFM steels are not known to strain harden
significantly as compared to austenitic steels. For example, in the entire temperature range
relevant for ITER-TBM operation, Eurofer97 exhibits a much lower strain hardening capacity
as compared to 316L austenitic steels in the unirradiated state, with cuts/cys ratio progressively
worsening with test temperatures [82]. Therefore, quantifying the strain hardening capacity of
neutron irradiated Eurofer97 type steels under reactor relevant conditions is essential. In Fig.

8, the suts/ovs ratios of the ten irradiated steels for Tiest = RT and 300 °C are compared.
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Fig. 8: Strain hardening, estimated as the ratio of curs and oys of the ten Eurofer97 steel
variants before and after neutron irradiation to 2.94 — 3.24 dpa, Tir = 300 °C. (a) Tensile tests
at RT. (b) Tensile tests at 300 °C. The RCC-MX/MRXx limit on outs/ovs ratio at RT adapted
from Ref. [82] for the unirradiated Eurofer97 is overlaid in (a).
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The RCC-MX/MRX cuts/oys minimum limit for unirradiated Eurofer97, extracted from Aiello
et al. [82] for Trwst = RT, is overlaid in Fig. 8a. For the unirradiated samples, most steels showed
outs/oys at RT equal to or better than the minimum requirement laid out in RCC-MX/MRX.
The harder low temperature tempered K and L steels behaved in a relatively poor manner,
showing significantly lower cuts/oys ratios with values < 1.1 at RT. After irradiation, strain
hardening capacity of all the steels degraded. Most steels showed cuts/oys < 1.1 for both Tiest
= RT and 300 °C. Best performance was shown by material J because even in the irradiated
state it showed outs/oys ratio at RT slightly better than the unirradiated RCC-MX/MRXx
minimum limit. We expect the strain hardening capacity to worsen with neutron dose as cvs
continues to increase until saturation around ~12-15 dpa for Tir ~ 300-330 °C [8,10,17].
Overall, the combined results using tensile and hardness tests reflect that different metallurgical
modifications made to Eurofer97 such as changing minor alloying chemistry, changing
fabrication-processing route, and simultaneously modifying heat treatment makes only minor
improvements in the LTHE susceptibility of Eurofer97. While improvement in UE, at RT with
values up to 3.8% after ITER-TBM relevant irradiations was achieved in material J, other steels
still suffered from a severe lack of uniform tensile ductility. Further, high temperature tests at
300 °C, that are more engineering relevant, show negligible improvements in UE; in all the
experimental alloys in this study with values consistently lower than ~1-2%.
3.4. Comparing irradiated Vickers microhardness and tensile properties

The outs and microhardness from all the irradiated steels are scatter plotted in Fig. 9.
The results followed a linear trend, giving the relation curs ~ aHV at RT, where a =2.7. This
is consistent because Vickers hardness in HV unit (kg/mm?) scales linearly with ovs and outs
in Fe-based alloys [37,97,98]. As visible in Fig. 8, RAFM steels do not typically retain much
strain hardening capacity after neutron irradiations around 300 °C. Therefore, the value of a is

not expected to change much if oys was used. The results agree well with the strength-hardness
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relationship of unirradiated and irradiated RAFM steels, and conventional tempered

martensitic steels in literature where values for o between 2.6-3.5 are reported [37,65,98,99].
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Fig. 9: Relationship between outs and average Vickers microhardness of the neutron
irradiated Eurofer97 steel variants.

3.5 Understanding the material behavior in terms of true stress

The irradiation hardening behavior of metallic materials can be further understood if
the tensile results are compared in true stress units. The true stress can be obtained from
engineering stress using the relation otue = Gengexp(€), where ¢ is true strain [100]. The true
stress converted from outs is defined as the true stress at maximum load. This true stress is also
called the plastic instability stress opis [100,101], which has been reported to be constant for a
given material and is independent of neutron dose [101]. Therefore, the margin between opis
and ovs is an indicator of the materials’ real work hardening capacity. If oys> opis, N0 uniform
deformation will occur and plastic instability onset will cause prompt necking at yield [101].
In Fig. 10, opis versus ovs of the ten irradiated Eurofer97 steel variants are plotted for Tiest =
RT. All the steels were in the region where opis > ovs, implying some uniform deformation
capability was remaining after irradiation. Further, all the steel variants had roughly similar
work hardening margins after irradiation. However, the oys of most steels was very close to the
“opis= ovs” line. This implies any further small oys increase, such as with additional dose, will

completely exhaust the capability of these steels to uniformly deform. Materials J and L, lying
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further away from the “opis = ovs” line, showed relatively better performance as compared to
the other steels.

For improving the irradiation hardening/loss of ductility, Fig. 10 implies that alloy
designing should target producing materials with a large separation between cpis and Gys, SO
that the materials can have a large work hardening margin and uniform deformation capability
after irradiation. In other words, the improvements in opis should not be achieved at a cost of
highly increased ovs, as observed in Fig. 10 for materials L/K. Material L seems to have more
attractive features compared to K because it has higher opis relative to its oys, Worst case
scenarios for alloys would occur if materials lie in the grey shaded area of Fig. 10 where failure

would occur without any uniform tensile ductility.
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Fig. 10: Comparison of true plastic instability stress (opis) and ovys of the neutron irradiated
Eurofer97 steel variants.

The true fracture stresses (of) Of neutron irradiated RAFM steels is another useful
quantity to compare the performance of different materials. The orwas calculated by dividing
the load at fracture by the fracture surface cross-section area measured using an SEM. A
comparison of ofand opis Of the steels before and after irradiation is plotted in Fig. 11a and the
of /opis ratios are plotted in Fig. 11b. No significant effect of irradiation on ofand opis was
noticeable. This is consistent with literature where it is known that: (i) opis of @ material is

unaffected by irradiation [80,101] and (ii) of of 9%Cr FM steels for Tir <300 °C and as low as
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80 °C is not much modified by low neutron doses, until significant embrittlement starts for
doses > 10 dpa [80]. Material K had the lowest of at values lower than 1000 MPa. The o+ of all
the other steels ranged between ~1000 — 1500 MPa, which agrees well with low dose (<10 dpa)
neutron irradiated data on other bcc steels such as 9Cr-2WVTa, 9Cr-1MoVNb and commercial
nuclear alloys such as A533B [80]. The orof most steels was larger than opis, including the of
/opis ratios being mostly >1 (Fig. 11). In agreement with similar results in literature [80], this
is another direct evidence that most of the total plasticity occurs during necking in neutron
irradiated RAFM steels. Consequentially, for a better understanding of the irradiation
hardening-embrittlement behavior, the necking deformation in these materials should be given

increased attention, including analysing the reduction in area (RA).
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Fig. 11: (a) Comparing true fracture stress (of) and plastic instability stress (opis) of the
unirradiated and neutron irradiated Eurofer97 variants. (b). of/opis ratio of the steels.

3.6 Analysis of fracture modes and RA
3.6.1 Characterizing the fracture surfaces

Fractography using SEM was performed to (i) understand the failure modes of the
irradiated Eurofer97 steel variants and (ii) to quantify the RA at fracture after tensile testing at

RT. Most steels showed ductile cup-and-cone type fracture mode with dimpled surfaces
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containing hard inclusions after tensile deformation. Secondary electron images of the fracture
surfaces for the ten irradiated steels are presented in Fig. 12. The low temperature tempered K
and L steels failed via mixed deformation modes with mostly ductile intragranular fracture, but
there were numerous brittle cracks detected. Some brittle fractured areas are highlighted using
arrows for material L in Fig. 12. Because the brittle areas primarily appeared planar, we suspect
such cleavage failures occurred along the PAGBs or lath boundaries. No evidence of any inter-
granular brittle fracture was detected in the other steels. The failure mode of material | may
also be considered as a mixed fracture mode, because one isolated region showing brittle
cleavage was indeed detected. But overall, its failure was ductile. Similar deformation modes
of all the steels was reported in the unirradiated samples by Bhattacharya et al. [63], implying
irradiation had little effect on the tensile failure modes of these steels. Materials J, N and O had
consisted of large oxide inclusions in the steel microstructures [63] and we believe those
inclusions generated the relatively large burrow-like cup-and-cone deformed regions visible in
Fig. 12c, g and h.
3.6.2 Quantitative comparison of RA

As the previous sections showed, the main ductility remaining in neutron irradiated
RAFM steels is during necking. Therefore, quantifying the necking behavior by measuring the
RA is highly valuable to better understand the irradiated properties. Further, the conventional
understanding is that ductility decreases with increasing strengthening. But this is mainly
derived from tensile elongation results and has not been well studied in terms of RA behavior.
A comparison of RA before and after irradiation, calculated by quantifying the cross-section
area from SEM images for Test = RT, is shown in Fig. 13. The results reveal RA degraded due
to neutron irradiation. Before irradiation, most samples showed RA between ~80-85%, except
material L which was close to 75%. After irradiation, RA of most steels reduced to 65-75%,

except for material L at ~55%. Despite the irradiation-induced degradation, the RA values of
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the steels are relatively large due to large post necking ductility. The results are consistent with
previous data available on neutron irradiated Eurofer97 where RA > 65% are typically reported
for doses up to ~10-15 dpa at Tir = 300 °C [44] and >50% RA for doses up to 70 dpa [102].
This suggests most of the steel variants irradiated in this study are at least comparable to
reference Eurofer97 in terms of necking properties. The irradiated RA of the steels in this study
are also comparable to results available on F82H neutron irradiated miniature tensile samples,

compiled by Zinkle et al. [103].

Fig. 12: SEM secondary electron images showing the fracture surface of the ten Eurofer97 steel
variants after neutron irradiation to 2.94 — 3.24 dpa at 300+£30 °C. Yellow arrows indicate
regions with brittle cracks. Images of E, | and K adapted from Ref. [61].
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Fig. 13: RA of the ten Eurofer97 steel variants before and after irradiation, measured after RT
tensile tests.

To compare the necking behavior in relation to the uniaxial properties, the irradiated
ovs Is plotted against irradiated RA for the ten steels in Fig. 14. Additionally, data from other
RAFM and conventional FM steels neutron irradiated to similar dose-temperature conditions
are also plotted in the same figure. The results reveal that generally the steels with higher
irradiated oystend to have lower RA, which is not surprising. An exception to this was material
K. However, interesting trends emerged when the loss in RA (ARA) due to neutron irradiation
is plotted against yield stress increase (Acys) and loss in uniform elongation (AUE) in Fig. 15.
This figure also contains literature data on 9Cr-1Mo, 9Cr-1MoVNb, F82H and other
experimental 9-11%Cr alloys irradiated to similar neutron dose-temperatures [104]. The results
revealed that ARA and Acvs appeared inversely correlated (Fig. 15a). This suggests that the
materials which suffered from the most irradiation hardening showed the least loss of necking
elongation and vice-versa, which goes against the conventional wisdom. For example, the
Eurofer97 variant L, hardened by only ~116 MPa in the present study, but suffered from >19%
loss in RA due to irradiation. On the other hand, material E hardened by >300 MPa, but only

showed RA loss of 6%. Data from literature on other FM steels plotted in Fig. 15a also followed
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a qualitatively similar behavior, which suggests that the trend is perhaps not a mere
coincidence. The ARA is plotted against AUE for the same materials in Fig. 15b, where a clear
trend was not as obvious. However, most Eurofer97 steels from the present study and F82H
irradiated in OSIRIS reactor under similar irradiation conditions [104] seems to follow an
inverse correlation between ARA and AUE. The materials not following this general trend were
those with already small AUE before irradiation, which are the points for AUE < -2% in Fig.
15b. These results imply that the steels which perform better under irradiation in terms of
properties relevant for uniaxial stress conditions (such as oys and UE), show relatively poor
performance for property changes under triaxial stress states such as in the necking region. A
fundamental reason for the interesting trends observed in Fig. 15 is currently unknown but may
signify some unaccounted changes in the deformation modes of the irradiated steels as the
stress state transforms from uniaxial to triaxial. Specific to AUE vs ARA comparison, Fig. 15b
may imply that UE is sensitive to different material parameters than RA, even though both are
measures of ductility. More data on FM steels specifically on RA is needed to further populate

Fig. 15 and fine-tune the general trend.
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Fig. 14: The irradiated ovs and RA of the ten HFIR irradiated Eurofer97 steel variants. The
data is compared with literature on alloys such as F82H, 9Cr-1Mo based steels and other alloys
irradiated in OSIRIS reactor at 325 °C, 3.4 dpa [104]. LA12LC = 9Cr-0.7W alloy, LA4Ta =
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11Cr-0.7W-Ta and LA13Ta = 9Cr-3W-Ta alloys. N&T = normalized and tempered, CW =
cold worked.
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Fig. 15: Loss in RA, taken as the difference between RA for irradiated and unirradiated
(control) samples versus (a) increase in oys and (b) loss in UE of RAFM and conventional FM
steels after neutron irradiations. The data from the present study is compared with literature on
F82H, 9Cr-1Mo steels and other alloys irradiated in OSIRIS reactor at 325 °C, 3.4 dpa.
LA12LC =9Cr-0.7W alloy, LA4Ta = 11Cr-0.7W-Ta and LA13Ta = 9Cr-3W-Ta alloys. N&T
= normalized and tempered, CW = cold worked. For Eurofer97 variants in the present study,
AUE ~ AUEp. AUE = (U E)irradiated — UEuniradiated.

4. Conclusions

Neutron irradiations in HFIR were performed on ten Eurofer97 steel variants to quantify
their low temperature hardening and loss of ductility behavior. The irradiations were performed
at ITER-TBM relevant conditions of 2.94 — 3.24 dpa, 255 — 350 °C on SS-J3 type miniature
flat tensile specimens. PIE experiments such as Vickers microhardness indentation tests,
uniaxial tensile tests and fracture surface analysis quantified the mechanical properties. Tensile
tests were performed for samples in the irradiation temperature (Tir) range of 300£30 °C.

Following are the main conclusions:
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Similar to results on standard Eurofer97 and other conventional RAFM steels, the
Eurofer97 steel variants in non-standard metallurgical condition also suffer from irradiation
hardening and loss of ductility, with significant increase in yield stress (ovs), ultimate
tensile stresses (cuts) and severe loss of uniform plastic elongation for TBM relevant
irradiation conditions of 300+30 °C and ~3 dpa. Primary ductility remaining after
irradiation is necking ductility.

The extent of hardening in Eurofer97 variants, measured as increase in cvs, ranges between
~13% to as high as 66% for the present irradiation conditions. Changes in the heat
treatment/processing seems to have a stronger effect than chemistry modification on
irradiated properties.

Harder materials, such as under-tempered microstructures, show relatively low percentage
increase in oys and outs as compared to most softer steels. These steels also seem to show
relatively less degradation of the tensile elongation due to irradiation. This behavior does
not imply better properties in terms of tolerance to irradiation hardening/embrittlement.
These steels being already much harder in the starting state and having low uniform
elongation means the possibility to further harden or lose ductility is lower as compared to
softer steels. Such steels will typically show relatively inferior pre- and post-irradiation
fracture toughness, despite showing apparently less irradiation-induced degradation of the
tensile properties.

Reduction in area (RA) of Eurofer97 variants degrades with irradiation. However, most
steel variants retain sufficient post necking ductility with primarily ductile fracture mode
after neutron irradiations and RA between 65-75%. Harder steels produced by under-
tempering may show some signs of brittle cleavage fracture in addition to the dimpled
regions. The results suggest brittle cleavage fracture regions in neutron irradiated under-

tempered steels may run along the grain/lath boundaries.
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Similar to the results on other RAFM steels, neutron irradiation significantly exhausts the
strain hardening capacity of the Eurofer97 steel variants at Tir = 30030 °C. The reduced
strain hardening capacity after irradiation was inferred from the plastic instability stress
(oris) of the steels being only slightly larger than ovs at room temperature and the cuts/cvs
decreasing significantly after irradiation.

No major effect of irradiation on true fracture stress of the Eurofer97 type steels occurs,
which is consistent with literature on neutron irradiated FM steels for doses < 10 dpa.
Further, as expected, opis remains largely unaffected by irradiation.

An inverse relationship seems to exist between loss in RA, loss in UE and increase in cys
due to neutron irradiations at 300+30 °C.

In general, the microchemistry modifications such as changes in C, V, N and Mn
concentration combined with different fabrication-processing routes used for alloys in this
study show only modest improvements in the LTHE susceptibility as compared to
irradiation performance of well-studied F82H or baseline Eurofer97. While some alloys
show slight improvement in uniform plastic elongation (UE,) after irradiation (like
materials H, | and J), these steels still suffer from a lack of UE, especially at higher
temperatures of 300 °C.

The present results suggest that RAFM steel development should target materials with a
large separation between opis and ovs, to ensure the materials can maintain large work
hardening and uniform deformation capability after irradiation. This research also shows
that material J performed the best highlighting that prior austenite grain size refinement is
a promising pathway to improve irradiation hardening/loss of ductility behavior, and this
strategy should be further investigated to target additional improvements in performance
of RAFM steels. This conclusion is further strengthened by the fact that literature shows

material J also has better irradiated fracture toughness compared to the rest of the steels.
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Processing changes to refine prior austenite grain size might also benefit from low
concentration of elements that are prone to radiation induced solute nanoclustering such as
Mn and Si that are beginning to be investigated as potential causes of additional hardening
in RAFM steels. The strategies to produce initially harder steels does not benefit LTHE. In
addition to no improvements in UE, by increasing unirradiated hardness obtained either by
under-tempering or under-tempering combined with microchemistry modification (such as
increasing N in material L or lower Cr and very low C in material K that might keep W in
solution), these combined processing-chemistry changes seem to make RAFM steels
susceptible to some brittle cleavage fracture even during tensile loading conditions where
historically standard RAFM steels show fully ductile tensile fractures up to very high doses
(70-80 dpa) in absence of He cogeneration. Analytical microstructural characterizations are
needed to identify potential effects of irradiation on damage formation to isolate the effect
of chemistry from processing on hardening/loss of ductility.
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Appendix A: Fast neutron flux profiles
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Fig. Al: Average axial fast neutron (E>0.1 MeV) flux profiles for the HFIR rabbit capsule
irradiations. (a). Axial flux profile for radial position E5 in the flux trap of HFIR. (b) Axial flux
profile for the vertical position #5 in E5 where the first capsule (id = ES21) was located. (c)
Axial flux profile for the radial position C1 in the flux trap. (d) Axial flux profile for the vertical
position #3 in C1 where the second capsule (id = ES22) was located. From top to bottom of the
capsules, the neutron flux varied less than ~7%. The capsule/holder schematics shown in (b, d)
are roughly to the y-axis scale where the length of one capsule is ~6.5 cm. The SS-J3 samples
were located inside the holders, implying negligible (<2%) flux and dose variation from grip
to grip. Blue squares represent the capsule & its vertical location. Neutron flux data compiled
using Ref. [70].

Appendix B: Temperature distribution across SS-J3 samples
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Fig. A2: Specimen temperature analysis using FEM for the tensile samples, adapted from
Ref. [71] and the actual specimen temperature estimation methodology by combining SiC
thermometry results the FEM results [62]. In this figure, A refers to the temperature value
obtained from SiC passive thermometry.

Appendix C: Collection of Vickers hardness data point from grip-to-grip of each SS-J3
sample.
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(b) ES22 Rabbit Capsule, Design Target = 315+20 °C, Final Dose = 3.24 dpa
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Fig. A3: Value of each Vickers microhardness data point measured on the two grip sections of
forty neutron irradiated SS-J3 tensile samples. Individual sample ids of the materials are
presented on the y-axis for future traceability using ORNL’s hot-cell database. A) ES21 = id
of capsule that reached 2.94 dpa at a design target temperature of 285°C. b) ES22 = id of
capsule that reached 3.24 dpa at a design target temperature of 315°C. Some samples showed
large variance in hardness from one grip to another on the tensile sample - such as N110, E294
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etc. These samples were excluded from tensile tests. Grip 1 versus grip 2 were defined

arbitrarily for each speci

men.

Appendix D: Summary of the tensile data.

Table Al: Unirradiated tensile properties of the ten Eurofer97 steel variants. Tist = RT and
300 °C. oys = yield stress, outs = ultimate tensile stress, UE, = uniform plastic elongation,

TE, = total plastic elongation.

Unirradiated

Steels Teest = RT Teest = 300 °C
ovs |outs |Elongation |ovs |outs | Elongation
plastic plastic
MPa MPa |UE, |TE, [MP |MPa |UE, | TE,
% | % | @ % %
H 402 |548 |13.0 [35.4 |327 |426 (8.0 | 24.0
I 467 |603 |12.0 |32.3 |359 |470 |8.3 | 23.3
J 491 1628 | 9.0 |29.0 |423 |529 |45 | 194
K 802 |862 |28 |17.1 |698 (769 |2.0 | 15.0
L 868 |960 |5.0 |18.0 {703 {808 (3.0 | 15.4
M 552 |679 | 9.0 |24.5 |418 {523 |4.0 | 19.0
N 513 |617 | 6.4 |28.0 |414 |477 (3.0 | 20.0
@) 576 |682 | 6.1 |22.6 |465 |538 |3.3 | 14.2
P 482 |618 |12.0 [31.0 |388 {488 |55 | 214
E 474 |577 | 6.5 |18.6 420 |516 [4.0 | 17.0

Table A2: Irradiated tensile properties of the ten Eurofer97 steel variants after HFIR neutron

irradiation to 2.94 — 3.24 dpa. Tir = 300£30 °C. Test = RT and 300 °C. Symbols have same

meaning as in Table Al.

Irradiated
Steels Ttest = 300 OC Ttest =RT

ovs |outs |Elongation |ovs | outs |Elongation

plastic plastic
MPa |MPa |UE, |TE, |[MPa | MPa |UE, | TE,

% | % % | %
H 550 |571 |1.1 |[12.3 |590 | 660 |3.0 |16.7
I 551 |608 |2.0 (134 |668 | 720 |3.0 |[17.2
J 584 643 | 1.1 (124 |615 | 731 |3.8 |16.7
K 830 |896 | 1.0 (11.0 |1047 | 1086 |1.0 |12.0
L 937 |987 | 0.7 [9.0 |984 |1069 |2.3 |13.0
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M 580 |634 |16 (125 |767 | 811 |2.0 |14.2

N 644 |677 |05 |11.2 |754 | 789 |16 |14.7

0] 641 (683 | 0.7 |10.0 |839 |901.4 |1.1 |12.0

P 514 |573 | 2.0 |14.7 |799 | 837 |05 |13.2

E 517 |578 |16 |13.1 |780 | 836 |[1.1 [13.0
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