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Abstract

The effects of constitutive and local fracture properties on constraint loss effects in fracture toughness tests of small
specimens was carried out within the framework of the MC-AT method. Constraint loss (CL) decreases the temperature
at a specified reference toughness. This temperature shift increases with decreasing: (a) specimen size, (b) ratio of the
critical cleavage stress to yield stress and (c) strain hardening. The toughness—temperature curve shift due to CL in-
creases with higher reference toughness and reference toughness—temperature. These results can guide the development
and interpretation of small specimen fracture tests, as well as the use of even smaller specimens for particular appli-
cations, like comparative studies of irradiation variable effects on embrittlement. While they are only briefly noted
in this work, additional consideration of both statistical and three dimensional size effects will be carried out in the

future.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction — the MC-4T method

The design and operation of fusion first wall and
blankets will require a quantitative prediction of the in-
service fracture toughness—temperature curves, Ky.(7),
of candidate bcc vanadium (e.g., V-4Cr—4Ti) and fer-
ritic-martensitic steel alloys, as well as methods to use
toughness data to predict the stress—strain limits of
flawed structures that are embrittled by irradiation.
Unfortunately, limited irradiation space generally dic-
tates that irradiation effects on Kj¢(7') must be evaluated
with small to ultra-small specimens. Due to inherent
statistical scatter in toughness data, direct measurements
of Kj.(T) would require very large numbers of speci-
mens. Further, combinations of many variables control
irradiation embrittlement. Thus, even if very small
specimens can be used, measuring a huge number of
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K;o(T) curves for combinatorial combinations of key
irradiation and material variables is clearly prohibitive.

Thus we have proposed a vastly more efficient and
tractable alternative known as the master curves-(tem-
perature) shifts (MC-AT) method [1]. The MC-AT
method measures a reference-temperature (Ty) with a
small number of relatively small specimens for limited
family of fixed Kun.(7 — Tp) shapes. A particular refer-
ence Ty, and reference K,.(T — T,,) shape are applicable
to a corresponding reference K., level and reference set
of material, specimen geometry and test conditions.
These are typically: Kj,, = 100 MPa,/m, unirradiated,
deep cracks-small scale yielding, specimen thickness of
25 mm and static loading rates. The unirradiated 7,, and
shape may vary for a different set of conditions, such as
shallow cracks or dynamic loading rates [1]. The perti-
nent reference MC shape and 7, is then shifted (AT;) to
account for additional effects irradiation, a different
specimen size and/or geometry (resulting in constraint
loss) and loading rate as Ty ~ T, + ATy, + ATy + AT ae.
One resulting advantage is that the various AT can be
independently evaluated and modeled. For example, it is
often possible to estimate AT, from tensile or even
hardness data. Semi-empirical models can also be used
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to relate the shifts to key irradiation (and material)
variables like fluence (¢¢) and irradiation temperature
(Twr), ATy = f($t,Tyr,. . .). Another important advan-
tage is that toughness evaluations can be tailored to
thin-walled fusion structures, which differ appreciably
from the normal application of heavy section fracture
mechanics.

However, the use of small specimens and application
to fusion structures must directly address the issue of
‘size effects’ on toughness. Size effects may arise from
both the weakest link statistics of the (highly) stressed
crack tip volume and constraint loss (CL) due to devi-
ations from small scale yielding conditions. The conse-
quences of both mechanisms to the actual measured
values of toughness, K, depend on the basic properties
and microstructure of the alloy in question, as well as
specimen size and geometry and loading level. Thus the
objective of this work is to assess the effects of micro-
structurally mediated constitutive and local fracture
properties on CL within the framework of the proposed
MC-AT method. We also consider briefly statistical size
scaling and loading rate effects.

2. The finite element based toughness scaling model

It has been shown elsewhere that a useful local
measure of cleavage fracture toughness of a material is a
critical crack tip stress contour (o5, > ¢*) encompassing
a critical area (4*) or volume (7*) of material [1]. The
o*—A* criterion is an extension of the classical Ritchie,
Knott and Rice model based on a ¢* critical distance
concept [2]. The o*-4* model correctly predicts the
shape of the MC at low temperatures (where o* is
~constant) [3]. Further, the model can be used to adjust
K, data for size and geometry mediated CL [1]. Finally,
the model provides a natural link between the o*—-4*—V*
micromechanics and weakest link statistical effects
leading to a toughness scaling with crack front length
(B) as K. ~ proportional to B™/* (V'* = BA* o< K}.) [4].

The basic principle in adjusting for CL effects within
this framework is to determine the K, for conditions
deviating from small scale yielding, that produces the
same A* (or V*) as the corresponding Kj., where
K4 > Kjc. Dodds and coworkers have formulated the CL
adjustment in a particularly convenient non-dimensional
form, recognizing that ratio of K,/Kj. = (Assy/Aq)l/4
does not depend on the absolute value of 4*, but does
depend on the materials constitutive law and ¢* [5,6].
Finite element (FE) methods can be used to determine
the quantitative relation Kq/Kj. = f(Kq,0y/E, " /oy, N)
where E is the elastic modulus, oy is the yield stress and
N represents the material post-yield strain hardening
behavior (see below).

However rather than developing direct adjustments,
we use the FE based K, /K. = f(Kq, E/oy, 0" /0y, N) re-

lations to evaluate T shifts within the framework of the
MC-AT approach. This is done by specifying a reference
T,: for a reference small scale yielding Kj., and then
determining the lower 7,y corresponding to the same
toughness level in a specimen suffering CL. Physically,
the same toughness can be achieved because o, increases
with decreasing temperature oy (7). Thus ATy = T, —
T,a depends on 4,(T), N (or other representations of
strain hardening), R = ¢* /oy, b the uncracked ligament
equal to the specimen width (/) minus crack length (a)
(here for a/W = 0.5), T,y and Kj.,. The T, can be gen-
erally related to the loading index M = Ebg, /K3 ; note
M depends only on b for specified values of K}, etc.

The 2D FE simulations were performed for the three-
point bend specimen under the loading conditions from
small to large scale yielding. The initial radius of the
crack tip p is taken to be 0.001 W. The calculations are
conducted using a general-purpose FE code, ABAQUS
[7], with four node bilinear elements. The mesh was re-
fined near the crack tip where the size of the smallest
element is less than p/10. The benchmark results for the
small scale yielding limit were determined by fits at low
loading regime where the stressed area varies as J>. A
typical half specimen mesh has 4368 elements and 4519
nodes.

Two types of elastic—plastic constitutive equations
were used:

¢/ey, =a/ay for e<ey, (1)

/oy =1 fore <e<e,

2a
(8—81)/8y:(0/0'y)1/N for ¢ = ¢, (22)
or
c=0,+K(e—g)"" fore>e,. (2b)

Here, &, = 0.0035 the yield strain, & = 0-0.03 is the
Luder’s-type strain and N = 0-0.2. For Eq. (2b), N, =
0.3 and K =400 MPa. Since various o-models were
used the R = ¢* /g, was generally specified in terms of a
fraction of the peak stress (62max) for a particular con-
stitutive law, as R = hoymax /0y, Where & =0.75, 0.85
and 0.95.

Using the relation K = /EJ the FE toughness ad-
justment results can be expressed as

I sy = f(R,M7Y). (3a)

Here

SRM ) =" (MR, (3b)
i=1-4

where the /; are related to M though a set of coefficients
(c;y) fit to the FE results as:

> M. (3¢)

/l,‘ =
=13
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We assume a MC shape given by [8]
Kne(T) =304 70exp[0.019(T — T,)] (MPay/m), (4)
where the Ty is the T, for Kj, = 100 MPa./m. Thus

Ky = ch(Tocl)[f(R7M71)}]/2>
= KmC(Tocl){f[R(Tor)vKchr/Ebay(Tocl)]}l/z' (5)
We use an empirical fit to oy (7)
oy(T) = 5152+ 0.9327T + 0.0020697>
—1.288 x 107°7° +8.622 x 107871

— 1.512 x 1071073, (6)

where T is in °C. Specifying T, Kj.;, R and the con-
stitutive law Eqgs. (4)—(6) can be solved for T,q, hence
ATy, as a function of M or for a given oy and b.

3. Results and discussion

Fig. 1 shows T,y as functions of 1/b for N = 0.1,
Toe = —20 °C, h=10.75, 0.85 and 0.95 (R=0"/0, =
2.72,3.09 and 3.44) and Kj., = 100 MPa,/m. The results
show that as expected 7,y decreases with decreasing b
and R. Fig. 2 shows the effects of varying 7T, from —60
to 20 °C on AT, for N =0.1, R = 3.09 and Kj; = 100
MPa./m. The AT, increases with increasing T,,. Fig. 3
shows T,q as a function of 1/b for various constitutive
equations for R = 2.774, and 2.482 (lower R are needed
to ensure that ¢* < gy max for all the cases), T,, = —60
°C and Kj, = 100 MPay/m. The AT, increases with
lower stain hardening and higher levels Luder’s-type
strain. The effects of Kj., on the Ty are shown in Fig. 4
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Fig. 1. T, as a function of 1/b for R =2.72, 3.09 and 3.44,
N =0.1, T,, = =20 °C and Kj; = 100 MPay/m.

for 7,, = —60 °C and K}, = 60, 80 and 100 MPa,/m and
R =2.72 and 3.44. The T, increases with higher Kj,
and lower R.
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Fig. 2. The effects of 7,, on AT is for N = 0.1, R = 3.09 and
Kjer = 100 MPa/m.

-40 T T T T T . T
T, =60 °C,R(T )=2.774

ocl

[_. -
i N, TN
-120 \:-._\
N
-140 [ N
160 , \ , , , \ ,
0 100 200 300 400 500 600 700 800
(a) 1/b (m™)
-40 . r . . . . .
T =-60 °C, R(T )=2.482
or Ol
-60 4
N=0.1,el=0
-80 ‘\ N=0.1,€=0.01 1
2 100 AN
N=0.1, ¢ =0.02, 0.03“-;.. *
-120 | e
S
;140 | N=0 ¢ =0 .,
-160 1 . . . " L .
0 100 200 300 400 500 600 700 800
(b) 1/b (m™)

Fig. 3. Ty as a function of 1/b for various constitutive equa-
tions for T, = —60 °C and Kj; = 100 MPa/m, (a) R = 2.774,
(b) R =2.482.
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Fig. 4. The effects of K, on the ATy for Kj.; = 60, 80, and 100
MPa+/m (a) and for R = 2.72, and (b) R = 3.44.

These results indicate that for most expected cases
involving relatively high R, low 7; and moderate strain
hardening, the AT, should be moderate (40 °C) down
to b as small as about 0.2 mm or less, even for the
nominal Kj., = 100 MPa,/m. The AT, increases at lower
strain hardening characteristic of irradiated alloys.
However, by using a somewhat lower Kj, of ~60-80
MPa,/m the AT, should be moderate even for low strain
hardening materials.

The results of 3D finite element calculations [4] show
somewhat larger J/Ji, than the 2D plane strain esti-
mates in this work for M < 100. However, the general
trends are similar. Statistical effects also result in a lower
Ty in smaller specimens because of the reduced high
stress volume [4]. This statistical effect can also be ex-
pressed in terms of a corresponding AT, which is about
—30 °C for b =2 mm compared to, for example, a
specified reference value of 10 mm. However, higher
loading rates result in upward shifts of the 7, hence, can
compensate for both the CL and statistical shifts at
smaller sizes. These loading rate shifts depend on T,

but are typically of order 50-60 °C. This has led to the
development of a impact tested 1/6-size PCC specimen
that gives a net 7; in the range of that for a static at a
dynamic Kj., of about 70 MPa,/m [9].

These results should be viewed as a step towards a
more complete treatment of size effects of transition
toughness. For example, Rathbun et al. have recently
carried out an extensive experimental-analytical study of
size effects in a pressure vessel steel to develop a full 3D
models of the combined effects of CL and statistical
stressed volume effects [3,10], including the effects of out
of plane CL. When corrected for both effects, data for an
enormous range of specimen sizes fall in the same
toughness population. The calibrated 3D models also
worked fairly well on shallow crack and very small
specimens, albeit not perfectly. Indeed, the pressure
vessel steel results are broadly consistent with even more
recent dynamic tests on the ultra-small 1/6-size PCC
specimens cited above [9] that show somewhat lower
toughness than would be predicted by the 3D models.
The pressure vessel steel data also indicate a relative
insensitivity of minimum toughness values to size effects.
Thus additional research is needed to clarify the limi-
tations and to refine the physical basis for existing size
effects models.

4. Summary and conclusions

A systematic assessment of the effects of material
constitutive and local fracture properties on CL in
fracture toughness tests of small specimens was carried
out within the framework of the MC-AT method. In
this context CL results in a downward shift in the
temperature ATy at a specified reference toughness,
Kj;. The results show that ATy increases with de-
creasing: (a) specimen size, (b) the ratio of the critical
cleavage stress to yield stress at the reference toughness
and (c) the strain-hardening rate. The AT, increases
with higher Kj, and the reference toughness—tempera-
ture, T,.. These results support the use of small fracture
specimens for referencing Kj.(7') curves for cases when
the ATy are modest, assuming the shifts are properly
evaluated. Even smaller specimens with larger AT, may
still be useful, since the basic mechanisms and me-
chanics of cleavage remain similar to that experienced
in larger test-pieces. However, since the AT, increase
with the reference toughness in this case, the corre-
sponding K (T) curves are extremely steep in the
transition. This can be an advantage for purposes of
comparing the effects of a particular variable on the
AT, [9]. Additional statistical effects of size as well as
loading rate were also noted. While both CL and sta-
tistical effects result in downward shifts in 7, higher
loading rates have the opposite, partially compensating
effect.
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