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Abstract

Small specimen test technology (SSTT) has long been an integral part of fusion materials development. Past work has
led to an array of techniques that not only have provided a means of efficiently using available irradiation volumes but
have also led to improving insights and understanding of the role of specimen size in deformation and fracture phenomena.
As the fusion community increases its focus on design and construction of next generation fusion machines, the ability of
SSTT to provide the requisite design data as well as insights to behavior beyond the evolving data base will be critical. This
paper will provide a context of the past and present work on SSTT and explore the opportunities to build on past successes

to address future needs.
© 2007 Elsevier B.V. All rights reserved.

1. Background

The development and application of small speci-
men test technology (SSTT) has proceeded in paral-
lel with the development of materials for fusion
reactors [1-3]. The driving force has largely been
the need to use irradiation sources with constrained
volumes and high heating rates. To date, this has
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mainly involved materials test reactors and accelera-
tor-based irradiations, but the persistent expectation
has been that a high energy neutron source —
currently thought to be IFMIF — would ultimately
provide the extrapolation of fission-reactor-based
irradiation data to a fusion neutron environment,
and thus serve to develop a design basis for the struc-
tural materials for a DEMO-type reactor.

Work to date has developed an array of tech-
niques to extract mechanical properties — such as
tensile data, fatigue, fracture toughness, impact
properties, creep and fatigue crack growth — from
relatively small specimens [1-3]. Corresponding
specimens with major dimensions of the order
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25 mm are commonly used in fission reactor irradi-
ations, and procedures for fabricating and testing
these specimens have been largely derived from
ASTM standards. Hence, test matrices for the
IFMIF are being designed to first order with these
specimens in mind [4].

A number of differences remain to be reconciled,
however, before IFMIF matrices can be finalized.
For instance, there are several tensile specimen
geometries in use that differ slightly in size and
geometry; and although the size and geometry-
dependencies of the data are well known [1], a final
decision for IFMIF applications has yet to be made.
Similarly, the pros and cons of hourglass versus
cylindrical geometry for fatigue specimens have
been outlined, but there remain adherents of each
approach. And the volume and constraint advanta-
ges of compact tension (CT) over bend geometries
for fracture toughness testing must be weighed
against the versatility of the bend geometry for
impact and dynamic testing. In all cases, the funda-
mental knowledge base is sufficient to support an
extended international program of round robin
testing and optimization to converge on a set of
specimen geometries. Optimizing the IFMIF test
matrices themselves will require a more extended
analysis to balance, for instance, the specimen type
and redundancy, number of materials characterized,
irradiation conditions, etc.; and this in turn will
require a greater interaction between the materials
and the design communities. It is clear that, in any
case, there will be ample room in IFMIF irradiation
matrices to include specimens to develop both a
design data base for a small number of candidate
structural materials, as well as to provide science-
based experiments to better understand microstruc-
ture-property correlations and to justify moderate
extrapolations beyond existing databases.

Indeed, SSTT has fostered a science-based
approach to its own development, providing oppor-
tunities to explore and characterize deformation
and fracture behavior beyond test techniques based
on more conventional approaches. Moreover, it is
clear that next generation machines will necessitate
the development and application of specimens and
techniques beyond those described above, with an
increased focus on materials behavior not yet well
characterized. Hence, the purpose of this paper is
to provide an update on SSTT developments, par-
ticularly in the areas of deformation and fracture,
and to explore some opportunities to build on past
successes for future needs.

2. Fracture

Much of the recent work on fracture assessment
has addressed the development and application of
the master curves-shifts, MC-AT, method developed
by Odette [5,6] as an extension of the approach first
proposed by Wallin, that has evolved to an ASTM
standard [7,8]. The MC-AT method has been applied
to bec alloys currently being considered as candidates
for fusion reactor structures — namely, tempered
ferritic/martensitic steels (FMS) and vanadium-
based alloys. Based on empirical observations, the
approach assumes that the shape of the effective frac-
ture toughness K., as a function of test temperature,
T, is described by a universal MC, or small family
of curves, K,.(T — Ty), which is indexed by a refer-
ence temperature 7, at a reference toughness K.
The curveis adjusted in temperature space to account
for both intrinsic and extrinsic effects. For instance,
curves can be adjusted to conditions of higher or
lower constraint (e.g., larger or smaller specimen
dimensions) associated with size and geometry [9].
Additional shifts can also be imposed to account
for statistical weakest link-type size effects [10]. The
position of the curve can also adjusted using
additional shifts, AT, to account for strain rate, AT,
irradiation, AT;, as well as a margin of safety,
ATy,

Several systematic studies have recently been
undertaken at UCSB in conjunction with Petten
and EPFL/CRPP to address size effects on K,(T)
due to weakest link statistics and constraint effects.
A statistical size adjustment (SA) scaling with B4,
where B is the fracture specimen thickness, can be
derived from weakest link statistics per the ASTM
E1921 procedure [10]. Moreover, a constraint loss
adjustment (CLA) based both on B and fracture
specimen ligament size, b, can be derived from com-
bining finite element method (FEM) simulations of
crack tip fields with critical stress—critical area, 6"~
A", micromechanics of cleavage fracture in bec met-
als [8,9,11,12]. As an example, these size adjustment
analyses have been recently applied to a toughness
database generated on the 14 mm Eurofer97 plate
in the 7-S orientation. The specimen matrix is
shown in Fig. 1(a), characterized by systematic vari-
ations in both B (1.5-9.8 mm) and 5 (1.7-7 mm).
The measured toughness, Kj, (eight specimens
tested for each specimen type, with K; derived from
J), at —141 °C is shown in Fig. 1(b) plotted against
B for various b. The data clearly show both statisti-
cal and constraint loss size effects. The size adjust-
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Fig. 1. Size effects experiment and analysis on the 14 mm plate of Eurofer97.

ments to the fracture toughness, K., are shown in
Fig. 1(c) and (d). The variations in K in Fig. 1(c)
shows the remaining effect of constraint loss after
statistical size adjustment (SA). Fig. 1(d) shows that
after both SA and CLA the K}, exhibit a much more
self-consistent and homogeneous data population,
although the smallest specimens may be somewhat
over-adjusted. Overall, these results are broadly
consistent with constraint loss effects found in a sim-
ilar study on F82H [13].

Note the size adjustment procedure can be used
to evaluate the stress and strain conditions leading
to cleavage fracture in thin-walled fusion structures
with shallow surface cracks, representing conditions
of large constraint loss [14]. This is important since,
coupled with statistical effects of a cracked body’s
size, the effective strength and ductility of such
structures are higher compared to those for thick
sections, such as pressure vessels. This means that
the effects of irradiation embrittlement may be
somewhat mitigated in the case of fusion structures.

Despite success to date, there remain a number of
issues to be resolved with respect to the MC
approach. These include, but are not limited to:

(1) whether a single MC exists versus a family of
curves for different alloys; (2) the fundamental basis
for the master curve itself; (3) sampling statistics of
small specimens for heterogeneous (and thus high
inherent scatter) material; and (4) the effects of
irradiation on loss of strain hardening, leading to
increasingly rapid loss of constraint in small speci-
mens [9].

With respect to irradiation-induced ATy shifts, it
has been previously shown that below about 400 °C
irradiation embrittlement (A7;>0) is generally
dominated by corresponding increases in a bcc
alloy’s yield strength, Agy [5,14-16]. As an example,
Fig. 2 plots increases in the room temperature Aoy
versus AT; for all available data on F82H for irradi-
ations between irradiation temperatures of about
T;r =~ 250-385 °C and displacement doses between
~0.04 and S5dpa. The least square fit AT}/
Agy = C, ~ 0.58 °C/MPa is consistent with previ-
ous estimates [14]. While this value is somewhat less
than that observed for low dose irradiations of RPV
steels — C, =~ 0.7 °C/MPa — the difference can be
readily explained by the corresponding difference
between the strain hardening in the two cases [17].
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Fig. 2. Relation between Agy and AT; (thus AT)) for F82H in the
hardening-dominated embrittlement regime.

There is an ongoing debate on the effect of
helium on hardening and embrittlement at lower
T; < = 400 °C. There is little indication that, at least
up to levels of 1000 appm, helium has a significant
effect on Agy, except, perhaps at low irradiation
temperatures [15]. However, there is accumulating
evidence that synergistic interactions between high
levels of helium, in excess of 500-600 appm, leading
to grain boundary weakening, combined with large
Aay for T; below 400 °C, may result in very brittle
intergranular fracture (IGF) and a corresponding
enormous AT;. A simple model for this hypothesis
has been obtained at UCSB by using the very lim-
ited available literature data to estimate the effect
of very high helium levels on C, (=AT./Acy, where
AT, is the Charpy-based irradiation-induced shift)
and, by analogy, C, [15]. The shaded region in
Fig. 3 shows the one standard deviation scatter
band of C. up to several hundred appm helium
for a large number of tempered martensitic steels
(TMS). The dashed lines are normalized estimates
of C. for spallation proton irradiations derived from
small punch fracture tests reported by Dai et al. [18].
The highest points, with equivalent C, between 1.1
and 1.5 °C/MPa, are for irradiations at T;. ~ 275 °C
and 680-770 appm helium. These high C. values
compare to an average value of 0.4 °C/MPa at
lower helium. That is, at these high helium levels,
an increment of Ac, produces between about 2.5
and 4 time larger AT, than for helium below about
500 appm. Most notably, the high values of C, are
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Fig. 3. Neutron and spallation proton irradiation estimated
C. = AT./Ac, showing a significant effect of helium above about
650 appm accompanied by a transition to intergranular fracture.

accompanied by a transition from transgranular
cleavage to IGF.

This behavior can be rationalized in terms of a
gradual reduction in grain boundary fracture
strength relative to that for intergranular cleavage
associated with the accumulation of helium, ulti-
mately resulting in an intergranular fracture path
[14,15]. If verified, such large AT; would effectively
eliminate low activation martensitic steels as candi-
date alloys for post-ITER applications to fusion
power demonstration reactors, at least for a range
of lower service temperatures. Combinations of soft-
ening, creep, fatigue and irradiation induced damage
(including swelling), and irradiation enhanced non-
hardening embrittlement may set a relatively low
upper limit on the service temperatures of TMS.
Thus there is clear urgency to resolve the magnitude
of this helium embrittlement effect in order to identify
a viable materials system for the structure of a fusion
demonstration reactor.

Work has also continued to progress on reducing
the specimen size for ductile fracture testing. Work
by Kasada and Kimura [19] and Kurishita et al.
[20] have advanced the application of the unloading
compliance approach to measuring ductile tearing
toughness in subsized CT and bend bar geometries,
respectively, down to 3.3 mm thicknesses.

Even smaller specimens, so-called deformation
and fracture minibeams (DFMBs), with typical
dimensions of 1.67x1.67x9.2 mm>, have been
developed at UCSB and are perhaps the smallest
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pre-cracked specimens ever used to evaluate ‘frac-
ture toughness’. A large number of DFMBs have
been included in the recent US-Japan HFIR pro-
gram focusing on both vanadium alloys and
reduced activation normalized TMS [21]. Due to
massive constraint loss, and their corresponding
very steep transition-toughness temperature curves,
DFMBs are primarily intended to measure shifts in
the cleavage transition temperature under (primar-
ily) dynamic loading conditions (ATy), but not
necessarily fracture toughness or MC reference tem-
perature shifts (ATy) per se. Recently, irradiations in
JMTR of the IEA program heat of F§2H to 0.1 dpa
at 290 °C have been carried out to demonstrate
these small specimen test methods on irradiated
material, as well as to add to the TMS irradiated
property database [22]. The JMTR irradiations also
included SSJ2-type sheet tensile specimens (4 X 16 X
0.5 mm?) at doses of 0.04 and 0.12 dpa. The post
irradiation tests were carried out at the IMR-Oarai
Center, Tohoku University. The results are shown
in Fig. 4. The ATy derived from dynamic DFMB
tests was 25 £ 20 °C in reasonably good agreement
with the estimated AT; shifts described previously
from tests on 1/3-sized pre-cracked Charpy bend
bars, with dimensions of 3.3 x 3.3 x 18.3 mm?, at a
similar dose of 0.12 dpa, with a AT = 43 °C, after
dose adjustment. As shown in Fig. 2, the corre-
sponding Cyq = AT4/Acy~ 0.4°C/MPa is lower
than the nominal C, ~ 0.58 °C/MPa, but the differ-
ence is well within the expected data scatter.
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Fig. 4. Illustration of the irradiation-hardening shifts in transi-
tion temperature of F8§2H measured by DFMB specimens.

3. Fatigue

Efforts have continued both in Japan and
Germany to reduce the size scale of fatigue speci-
mens. Hirose et al., have developed small hour-
glass—shaped specimens which provide S-N (stress
amplitude, S, versus number of cycles to failure,
N) data similar to larger specimens [23]. The hour-
glass geometry offers the ability to achieve high
strain ranges in push—pull fatigue tests, and some
advantage in temperature control of the small gage
section. Moslang [24] have developed a miniature
fatigue specimen with a cylindrical gage section,
approximately 2 mm in diameter and 7.6 mm in
length. S—N results as well as cyclic stress—strain
curves on these specimens are also in good agree-
ment between data with much larger standard spec-
imens. While the cylindrical geometry presents some
testing challenges, it offers some advantages over the
hourglass: the strain ranges of technological interest
are more readily achievable and a greater volume
and surface area can be tested for the same overall
specimen size. The cylindrical geometry may also
have some advantages in developing tests to address
problems of thermo-mechanical and creep fatigue,
discussed later. These are issues that remain to be
resolved.

4. Deformation

Test techniques to characterize the constitutive
behavior a(¢) of irradiated materials have continued
to evolve, based on miniature tensile tests, various
kinds of punch tests as well as microhardness and
instrumented hardness tests [1,2]. Considerable
advances have been obtained by linking these tests
to FEM modeling of the deformation process.
Two recent examples are shown here.

Spherical punch tests have been modeled by
Spitig et al. [25] for sheet specimens clamped
between an upper and lower die, using a relatively
wide range of input constitutive equations. The
effect of constitutive behavior on the punch load—
displacement curve typically measured in a punch
test showed that the post-yield part of the load—
displacement curve is influenced by the strain hard-
ening behavior, and this can influence the estimate
of yield load and hence yield stress in the punch test.
This work has also shown that the slope of the load—
displacement curve in this region correlates well
with an average flow stress in the strain region cor-
responding to the punch test. This is illustrated in
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Fig. 5. The ability of the test to measure flow as well
as yield stress may offer promise to characterizing
constitutive behavior under multi-axial stress
conditions.

Similarly, FEM simulations at UCSB of the
hardness test have revealed a unique, universal rela-
tionship between the hardness, H, and the flow
stress of the material averaged over a specified strain
range [26]. A series of hardness FEM simulations
were obtained using a constitutive relation o(e) of
the form

o(¢) =0, &< ay, (la)
oy + C[l —exp—y(e —&)] &> sy, (1b)

for a Luder’s strain of &y, = 0.005, and a wide range
of g, (100-850 MPa), and maximum stain harden-
ing levels (C=125-500 MPa) and pre-saturation
hardening rates (y = 3-15). Values of elastic modu-
lus were varied from E = 50-400 GPa. Correspond-
ing simulations were carried out for a very large
number of empirically derived a(¢) curves as well,
so that direct comparisons could be made between
the predictions and measurements.

The FEM H data for the various o(¢) were ana-
lyzed by calculating an average flow stress (og,)
between various lower (g) and upper (g,) limits
and fitting the corresponding caow = 0y + (0sn) ver-
sus H data. A very good fit for the strain range is 0—
10%, as shown by the solid line in Fig. 6, is given by

1000 T T

750

Oflow = Oy +<0g,(0-10%)> (MPa)

0 fe 1 1 1
0 1000 2000 3000 4000

H (MPa)

Fig. 6. The value of 0w = 0y + (o) versus H for a wide range
of a(¢) derived from FEM simulations of the hardness test.

H = 4.05(1 — 34.6000u/E) Griow- (2)

The symbols are oq,,,—H data pairs measured for
a large number of materials, again covering a large
range of a(¢). The agreement is very good, although
a fit to the data shown by the dashed line has a
slightly different shape than the predicted curve.

The universal master og,.—H relation is remark-
able in view of the much larger ¢-range created by
the indentation than in tensile tests. It provides a
quantitative understanding of a number of empirical
trends; for instance: (1) that there is a large variation
in the observed H/o, ratios due to the effects of both
(osn) and opow/E; (2) that the ratio of H/agy tends to
be higher for steels with low oy due to the effect of
onow/ E; and (3) that the AH/As, following irradia-
tion is generally lower than the unirradiated H/o,
due to reductions in {(og,). In addition, the universal
relation allows combining H and ¢, measurements
from a tensile test to estimate strain hardening in
alloys with very low uniform tensile strain as

(0sn) = onow(from H) — oy (from a tensile test).
(3)

The universal relation also permits a convenient
method to evaluate o(¢) in high ¢ regions by making
H measurements on pre-strained materials. For
instance, an effective way to do this is to make hard-
ness transverses on sections of a bent beam that
undergoes stable plastic deformation over a wide
range of effective ¢. Indeed, such transverses from
regions of high deformation across the neutral axis
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not only assess regions with ~0 to very high ¢, but
also involve complex and varying stress state that
yield information on plasticity flow laws and ten-
sile-to-compressive deformation effects on a(e).
These recent illustrations of combining FEM
simulations with SSTT illustrate the power of com-
bining modeling and experiment to both understand
underlying deformation behavior and to extend the
applicability of the techniques to obtaining both
fundamentally and practically useful information.

5. Conclusions

SSTT has reached a significant level of maturity.
A number of specimens and techniques are now
routinely used in reactor irradiation experiments
to obtain a range of important mechanical proper-
ties. To first order, these specimens and techniques
are available to IFMIF irradiations. However,
resolving the minor differences among laboratory
specimen geometries and procedures may require
an international effort of focused round robin test-
ing and selection. Balancing and refining the IFMIF
irradiation matrices also remain as major objectives.

Although a number of techniques are available
and applicable to IFMIF irradiations, a number
of properties must be assessed for future machines
for which there is yet well developed SSTT. This is
particularly true for DEMO design and beyond.
These include the various forms of fatigue failure
beyond simple S-N data; for instance fatigue crack
growth, low cycle fatigue, thermo-mechanical fati-
gue, and creep—fatigue are all important phenomena
which require characterization; while some of the
specimens and techniques developed to date may
be applicable to obtaining these data, demonstra-
tion and a significant data base await further devel-
opment. Moreover, stress relaxation — particularly
radiation enhanced/induced stress relaxation — will
be an important design consideration; and while
stress relaxation behavior can be derived from creep
data for which there is a well developed SSTT, this
may not sufficiently account for phenomena such as
transient creep; and hence appropriate testing and
analysis must develop to address this. As a final
example, high temperature constitutive behavior
will be an important input to the structural analysis
codes for component design. While tensile tests
based on SSTT can be one source of data, it will
be important to derive flow properties from other
specimen geometries to interrogate, for instance,
the effects of stress state. Helium effects will be an

important consideration here, and many of the var-
ious techniques to generate helium in irradiated
material will require the implementation of the
small volumes associated with SSTT.

Hence, SSTT will continue to be a critical part of
materials development for fusion reactors. As illus-
trated here, with a few examples, there exists a
wealth of opportunities to integrate SSTT with
modeling (as well as non-destructive testing, micro-
structural and microchemical analyses) to greatly
extend the understanding and application of flow
and fracture information derived from these tests.
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