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OBJECTIVE

The objective of this research is to assess the effect of helium on fast fracture and irradiation
embrittlement of ~ 8Cr martensitic steels.

SUMMARY

We have assembled the available paired datasets on irradiation-induced increases in yield stress (Ao,)
and transition temperature shifts (AT), in order to assess the potential role of high levels of helium on
irradiation embrittlement of =8Cr martensitic steels. Both AT versus Ac, scatter plots and variations in the
hardening-shift coefficient, C = AT/Ac,, are used to evaluate potential non-hardening helium embrittlement
(NHHE) contributions to AT. The available data is limited, scattered, and potentially confounded.
However, collectively the database suggests that there is a minimal NHHE up to a few hundred appm.
However, a NHHE contribution appears to emerge at higher helium concentrations, estimated to be more
than 400 to 600 appm. The NHHE is accompanied by a transition from transgranular cleavage (TGC) to
intergranular fracture (IGF). IGF generally occurs only at high Ac,. Synergistic combinations of large Ao,
and severe NHHE could lead to very large AT in first wall and blanket structures at fusion spectrum dose
levels above 50 to 75 dpa. Future research will focus on continued collection and analysis of data,
participation in new experiments to better address NHHE and developing detailed micromechanical
models of helium effects.

PROGRESS AND STATUS

Introduction

Two of the most important issues facing the development of normalized and tempered = 8Cr normalized
and tempered martensitic steels for fusion applications are the effects of high levels of transmutation
product helium under conditions of simultaneous displacement damage production and irradiation
embrittlement. Indeed, it is largely concerns about helium that have motivated the need for the
International Fusion Materials Irradiation Facility. Because of the high sink density that act as traps,
martensitic steels are generally believed to be relatively immune to helium effects [1,2,3]. However, at
high helium levels, a significant population of bubbles forms, with number densities, sizes and spatial
distributions that depend on the irradiation temperature and the alloy microstructure. The amount and
distribution of helium on grain boundaries is particularly significant [4].

A key manifestation of irradiation embrittlement is an increase in transition temperature (AT) for fast
fracture, typically measured in sub-sized Charpy V-notch type impact tests. Much attention has been
directed at the effect of helium on low temperature fast fracture and embrittlement, and this issue remains
a matter of significant uncertainty. One school of thought has asserted that helium plays a dominant role
in embrittlement, in some cases even apparently showing a linear correlation between helium
concentration and AT [5-14]. A contrary view attributes a dominant role to irradiation hardening induced
embrittlement, where the hardening is primarily associated with displacement damage. Thus, at least up
to some concentration, helium only plays a secondary role [15,16], primarily through its effect on
hardening. The sensitivity of hardening to helium generally appears to be modest below very high levels.
However, to date it has not been possible to obtain reliable experimental assessment of helium effects on
fast fracture in candidate materials at damage rates, doses and temperatures relevant to the first wall and
blanket environment. Thus there has been no clear experimental resolution of this issue.



We begin by proposing a framework to better assess the issue of helium effects on fast fracture based on
existing data. It is noted that this framework has been used to design a series of experiments that are
being conducted as part of the US-Japan collaborative irradiation program in the High Flux Isotope
Reactor (HFIR). The framework can be described as follows:

1)

2)

3)

4)

5)

6)

“Brittle’ fracture occurs in bec alloys when the elevated normal stress (o, = Mo,) in front of a notch
or crack tip exceeds a critical local fracture stress for transgranular cleavage (o,*) or intergranular
(o) fracture over a critical microstructural volume of material (V*), or 0,(V*) = o,*. Here o, is the
yield stress and M is a constraint factor that varies between about 2 to 4 depending on the
notch/crack geometry and the alloy strain-hardening rate [16-18].

At low irradiation temperatures (< = 375-400°C), and in the absence of high levels of helium, the
AT is due to irradiation hardening and can be correlated with changes in yield stress (Ao,), as AT
= CAg, [15-19]. The value of the hardening-embrittlement coefficient C depends on both Ao, and
the elastic cleavage transition temperature and upper shelf energy of a particular unirradiated
alloy [17].

At high irradiation temperatures (> =[3425°C) there is typically either little or no hardening, or some
degree of softening, with Ac, < 0 [20]. However, positive AT may occur in this temperature regime
as the result of reductions in ¢* due to irradiation enhanced thermal aging processes [16,19].
Such non-hardening embrittlement (NHE) processes include precipitation or coarsening of brittle
phases, grain boundary segregation of solutes, such as phosphorous, and instabilities in the
tempered martensitic substructure [9,16,19-21]. In 8Cr martensitic steels containing significant
quantities of tungsten, a primary non-hardening embrittlement mechanism is precipitation of brittle
Laves phases on prior austenitic grain boundaries (PAGs). Purely thermal NHE occurs at =
500°C and above; but it appears that radiation enhanced diffusion decreases to lower leg of the
time-temperature NHE C-curve to about 400°C or less [16,19]. This is a concern, since
combinations of Ao, and NHE may give rise to very large AT. Significant NHE is signaled by
large, or alternatively, negative (when AT > 0 and Ao, < 0) values of C and, often, a transition
from transgranular cleavage (TGC) to intergranular fracture (IGF).

The accumulation of helium and hydrogen on PAGs may also lead to NHE. We will focus on the
potential effect of large amounts of helium and NHHE, but in some cases this cannot be
distinguished from a corresponding high concentration of hydrogen. The distribution of helium on
the grain boundaries is critical. For example, a coarse distribution of large bubbles would be
expected to have little effect on AT, while a monolayer-type film of boundary would likely be most
damaging [16].

As noted above, NHE and NHHE are generally associated with a transition from a TGC to IGF
local fracture mode. While oversimplified, a conceptual model of the competing effects TGC
versus IGF is very useful. The model posits that the TGC continues to be the fracture path of
least resistance as long as it has a lower critical stress than that for IGF. Thus, gradual
weakening of the PAGs by helium (and/or other mechanisms) would not be reflected in IGF until
o, falls below o.*, where AT depends synergistically on both o, - o.* (< 0) and Ac,. Of course in
reality the transition would not be abrupt and the conceptual model is oversimplified.

High levels of helium may also contribute an increment of hardening beyond that due to
displacement damage alone. However, the incremental hardening appears to be modest up to
fairly high concentration [1,19,22-24], at least at lower irradiation temperatures.



7) A number of experimental studies have used nickel doping to produce high concentrations of
helium by two-stage **Ni(n,,y) -> **Ni(n,,, o) reactions. It is well established that nickel additions
result in additional hardening at lower irradiation temperatures [25-28]. This may be due to
enhancement of hardening from defect clusters as well as fine scale nickel enriched precipitates.
More generally, nickel additions change the transformation temperatures and kinetics in
quenched and tempered steels, hence, modifying the overall microstructure. Thus increases in
AT associated with nickel doping may or may not be due to helium.

8) Doping with boron isotopes (natural boron is 0.2 °B and = 0.8 ''B) can also be used to produce
large quantities of helium from the '°B(n, )°Li thermal neutron reaction. However, the solubility of
boron in steels is extremely low, and boron doping is also confounded by: a) the non-uniform
distributions, which tends to segregate boron at PAGs and other interfaces and/or to form boride
precipitate phases; b) boron’s general effects on the microstructure and properties of quenched
and tempered alloys; ¢) boron’s role in strengthening grain boundaries; d) the production of equal
amounts of transmutant lithium and helium while eliminating boron; d) very rapid transmutation
and burn-out of boron at relatively low dpa; and, e) at low doses, excess dpa due to recoils from
the n,a reactions.

9) The effects of such confounding factors can be partially mitigated by careful experimental
designs. For example, comparisons of AT in paired alloys doped with either *Ni or ®Ni
(alternatively '°B or ''B) can help isolate the independent effect of helium.

Since the effects of fusion relevant helium levels on hardening appear to be modest, the major issue is
the potential role of helium in NHHE. The framework outlined above has been incorporated in recent
experiments. For example, a single variable experiment is being carried out to compare the AT, Ao, and C
for martensitic alloys doped with *®Ni and ®Ni isotopes as well as natural Ni; and another experiment is
planned that will use alloys doped with °B and ''B isotopes. However, these principles are generally not
reflected in past studies. Indeed, most previous experiments did not even include tensile specimens to
provide Ao, data as a complement to the AT measurements from sub-sized Charpy tests; and even the
simple expedient of microhardness measurements to estimate irradiation hardening was rarely exploited.
Further, there have been relatively few fractographic studies to characterize the local fracture mode, and
any transitions from TGC to IGF in irradiated alloys as a function of helium content.

Nevertheless, it is still possible to analyze existing data to try to detect, and even quantitatively estimate,
the potential NHHE by examining the relation between AT and Ao, and/or C = AT/Ao,. Specifically, C
accounts for the primary hardening induced embrittlement and, to first order, resolves many (not all) of
the confounding factors. Large increases in C with increasing helium signal a NHHE contribution and vice
versa. Of course, even if C appears to increase with helium, NHHE is not assured due to the confounding
factors. Further, uncertainties in C must also be considered. Even relatively optimistic estimates of
uncertainties of only £10°C in AT and + 20 MPa in Ao, result mean uncertainties in C of = +10/AT for an
actual C = 0.4°C/MPa. Thus a relatively large scatter in C values should be anticipated, particularly at
small AT, and it is always useful to examine AT versus Ao, scatter plots as well as the trends in C. Of
course there are other indicators of NHHE. The most significant is the transition from TGC to IGF above
some critical level of helium [1,24,29].

Analysis of the Existing AT - Ao, Database and the Effects of He

We have assembled available information in cases in which it was possible to obtain reasonably good
estimates of pairs of Ao, and AT data. The most relevant AT data are based on sub-sized Charpy tests
[7,8,30-38]. Unfortunately, due to the failure to include tensile specimens in many experiments, such data
is limited. Other issues are that the tensile data is confined to tests at the elevated irradiation temperature



(or greater), where the Ao, are smaller than at lower temperatures pertinent to the AT measured in sub-
sized Charpy tests [20]. Thus when possible, we use Ao, from room temperature tests. In addition to
separate tensile (or hardness) tests it is possible to extract dynamic yield stress (o,4) values from the
load-time data provided by instrumented sub-sized Charpy V-notch impact tests. Unfortunately, o4
information is seldom reported. An exception is the case of a large embrittiement database developed in
Germany and summarized in a recent report and papers [7,8,30]. The alloys in these studies contained
various amounts of natural B, thus had different levels of helium following mixed spectrum irradiations.
Hence, we were able to obtain paired data Ac,4-AT.

There are also pertinent data from for spallation proton irradiations based on so-called small punch (SP)
tests that can be used to estimate both irradiation hardening and transition temperature shifts [15,29,39].
However the SP technique is not true fracture tests per se. An effective yield stress (o,,) and
corresponding irradiation hardening (Ac,,) are evaluated based on the nonlinearities in punch load-
displacement curves. An effective transition temperature (Ty,) and irradiation induced shifts (AT,) are
determined by plotting the integrated load-displacement energy at fracture, measured at the point of a
large load drop, as a function of the test temperature. Since SP tests are inherently involve static, low
constraint conditions, with small values of M (or ratios of the maximum principal stress relative to the o,)
the brittle (TGC or IGF) to ductile transition, if any, occurs at temperatures that are much lower than for
standard, and even sub-sized, Charpy impact tests; and the corresponding shifts in AT, due to
embrittlement, are also much lower than AT. An empirical adjustment of AT = 2.5AT, is used in this
report to evaluate AT and C [15,29,39-41] Finally, while highly unusual in steels, brittle fracture may also
occur in tensile tests with lower bound values of M = 1. As noted above this implies a very low value of
the critical brittle fracture stress. However, even in a tensile test M is greater than 1 in the necked region
beyond the uniform strain limit. The maximum M increases with necking and can be related to the
reduction in area at fracture and the corresponding tri-axial stresses in the necked region.

Figure 1a and b summarizes the very limited available Charpy-tensile test AT versus Ao, data with helium
variations in nominally similar alloys with and without nickel or boron doping for irradiations at =~ 300 and
400°C respectively [31-38]. Helium content shown in parenthesis is common for both of Charpy and
tensile specimens except for some cases where data for a common condition are not available; in these
cases, both values of (Charpy/tensile) specimens are shown. The dashed lines indicate the scatter in the
general database for AT versus Ao, [19]. Two data sets are for a 9CrMo alloy both undoped and doped
with 2%Ni irradiated at 300 and 400°C. The nickel doping results in increases from =~ 14 to 234 and 33 to
369 appm He in these cases, respectively. Both the doped and undoped alloys fall on virtually the same
AT versus Ao, line with C = 0.40 °C/MPa at 300°C and C = 0.82 + 0.02 °C/MPa at 400°C. Thus while the
nickel addition increases the Ao, in these cases, there is no independent NHHE effect of either nickel or
helium indicated by this data set. The corresponding AT for a 9Cr2W alloy doped with 2% nickel irradiated
at = 300°C with = 115 appm He falls slightly above the AT versus Ao, line for the corresponding undoped
steel with = 5 appm helium, with C of 0.44 and 0.32 °C/MPa respectively. However, both are well within
the overall AT versus Ao, and C scatter band. A generally similar result is found for natural B doped F82H
and JLF1 steels irradiated at 300°C, with = 23-40 appm He, compared to undoped alloys with = 3 appm
He. These results may suggest a slightly stronger effect of boron compared to nickel doping, with values
of = 0.53 and 0.75 (high helium) versus 0.43 and 0.58 (low helium).

Figure 1a and b also show AT versus Ao, for 12Cr1Mo Ni-doped and undoped alloys also indicating no
effect of helium and the data all fall within the normal scatter bands [36-38]. However, a recent review
paper included 300°C data on F82H doped with various isotopes of B showed a systematic increase of C
with increasing helium up to 340 appm [42,43]. Thus these results may also suggest a stronger effect of
boron compared to nickel doping, perhaps due to B segregation to PAGs. Overall, however, the very the
limited nickel and boron doping data show little effect of helium on C up to concentrations = 300 appm.
























