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ABSTRACT

Fracture tovghness testing in the ductile-brittle transition regime is
often problematic. In this region both comstraint effects as well as
ductile tearing will affect the brittle fracture probability. This causes
the scatter to grow very large in the transition region. Up till now there
has not existed any kind of reliable means of how to validate such data. In
this paper a new method for validation is presented.

Based on a theoretical cleavage fracture model, it is possible to evaluate
the effect of ductile tearing on the cleavage fracture probability. When
combining this model with the knowledge from finite element calculations of
the plastic zone, it is not only possible to evaluate a minimum specimen
size to obtain valid brittle fracture toughness results, but it is also
possible to change the invalid results into valid results. It is also
possible to describe the fracture probability of large specimens and
structures from the results obtained with "invalid size” specimens.

INTRODUCTION

The standardization of fracture toughness testing is presently undergoing
rapid development. Many testing standards already exists and presently
several new standards are being developed together with revision of the
existing ones.

The most problematic toughness range se~ms to be the transition region
where it is practically impossible to measure valid Ki¢ results and yet the
final fracture is cleavage fracture. Presently only the British CTOD-test
standard BS 5762 is applicable in this toughness region. The CTOD-standard
does, however, in the present form contain weaknesses that deteriorates
it's applicability in the transition region.

In this paper the effect of ligament size on cleavage fracture toughness in

the elastic—plastic regime is examined. The large scale yielding effect of
the ligament is combined with statistical cleavage fracture theory so that
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pesgoszzdeif:;: ofhprior ductile tearing is included. The examination is
o el frzcz e framework of a statistical micromechanism based model
st ol s fure (WST-model) [l]- As a result a new specimen ligament
D e L or elastic-plastic cleavage fracture toughness testi

ype specimens is obtained. Additionally a simple correct:ionng

function to validate inv
alid test result
and prior ductile tearing is presented. ® with insufficient ligament size

DUCTILE CRACK GROWTH CORRECTION (DCG)

Th
e WST-model for cleavage fracture has been presented elsewhere [1—3]

Macroscopically it yield
ko o 13, y 8 a Weibull type expression with the exponent equal

K-K
P=1-exp |~ nin
{ (m) } . (1)
In eq. 1 P is the cumulativ
e fracture probability, K_ i
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fracture probabi
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Fig. 1. Schematic presentation of basic assumptions regarding

ductile crack growth correction.

The volume increment due
to both increase in loadin
crack growth is, when written as a function of cracﬁ il ot e el

e & growth and neglecting
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Considering the form of eq. 1 we can write

P=1-exp — (%‘) * )
o

Combining eq. 2.and 3 the crack growth correction becomes

2
4 20 Aa
log —L = £ | Z%low . (% f(aa)? - 2na (4)
1-P Koa Kok'ﬁ o

for K > Kj.

If the ductile crack growth is independent of K the crack growth correction
is much simplified. It can be written as

2 1/4
1/4 K 2eAae
(1og 1M = (K1)« (1 + 222 ELow) )
1-p K, k;2p

When the crack growth is small ~ 1 mm and/or the R—curve is relatively
flat, eq. 5 can be used to approximate eq. 4. When accounting for specimen
thickness and a lower limiting fracture toughness the approximate correc—
tion finally becomes

1/6 KX 1/4 2+8ar 0 o /¢
(1og )14 = (ratn ) . 2y} L (1 4 2o L 6
1-P Ko—Kmin BO KZOB

EFFECT OF LIGAMENT SIZE

Brittle cleavage fracture is a critical stress controlled local fracture
process. The possible cleavage fracture initiators are randomly distributed
and this causes cleavage fracture to be a statistical event. A prerequisite
for cleavage fracture is local plasticity at the site of fracture initi-
ation. Therefore the process zone for cleavage fracture must be smaller
than or equal to the plastic zone size. Because cleavage fracture is stress
controlled, the probability of cleavage fracture initiation is largest
close to the stress maximum. A somewhat refined version of the WST-model
[4] jndicate that with a 95 % probability, cleavage fracture will initiate
closer than approximately 3-5 times the distance to the stress maximum.
This can be taken as an effective process zone for cleavage fracture initi-
ation. Outside this region cleavage fracture is still in theory possible
within the plastic zone, but the probability of fracture as compared to the
fracture probability closer to the stres maximum is essentially

negligible.

The J-integral or K, describes cleavage fracture initiation as long as it
describes the stres3es within the process zone with an adequate accuracy.
McMeeking and Parks [5] showed with their FEM calculations that at
increasing J-levels the stresses start to deviate from the small scale
yielding calculations. They plotted their results in the form of the
normalized distance x/(J/co) to be able to make the comparison with the
small scale yielding results. With increasing J the stresses deviated from
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the small scale yielding results at smaller values of normalized distance.
When the process zone is defined with the normalized distance it is poss—
ible to determine the ligament size and J-level at which the stresses no
longer describe the proces zone correctly. If the cleavage fracture initi-
ation process zone extends to approximately 3-5 times the distance of the
stress maximum the McMeeking and Parks results would indicate that the size
restriction should be b > 35 - 60 » (J/oy).

Besides having a ligament size restriction it is equally interesting to
know what happens to the stresses at higher load levels. In order to inves—
tigate this the McMeeking and Parks results where replotted in coordinates
where the distance is normalized with the ligament and not by J. The thus
obtained results are presented in Fig. 2. It is seen that the stress dis-
tribution above a certain load level saturates and become independent of J,
and depends only on ligament size. This means that beyond a certain criti-

cal J-value the effective J from a cleavage fracture point of view becomes
constant.
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Fig. 2. Stress distribution in front of crack for large scale
yielding [5].

The effect of large scale yielding can also be investigated by reanalysing
the FEM calculations by Mudry and coworkers [6]. They apply a local cleav-
age fracture model based on Weibull statistics combined with large scale
yielding FEM calculations of a CT-specimen The results are interpreted in
the form of an effegtivT/Weibull stress which for small scale yielding is
defined as o ~ (1(I *B) /™, where B is the specimen thickness and m is the
Weibull inhomogeneity factor. Apparently they determine a J-validity
criteria as the load level where the large scale yielding oy deviates

more than 5 % from the theoretical small scale yielding result. Another
possibility of how to analyse their results is to make use of the

270

e

tical small scale yielding definition of oy and ti turgnzhieiizg
G jelding results directly into an effective Ky value. n =ee
-y 1t %or a CT-specimen is presented in Fig. 3. Here ; & 2fective
ty;ei123zuas in Fig. 2 is visible. First, at low Kj 1evi13e; ; e ctive
Ke ° is equal to the measured K:, but above a ceizzinlesel - gggponds ‘o
geff d becomes in the end conatant. The satura i
g J that yields a size criterion of approximately 5 o
5 maXimu7d ). This is well in accordance with the assump;ignsotimes s
53°(iga§ fgéggure initiation process zone having a size oion b o 5 -
gizianze to the stress maximum which led to a size criter 2
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Fig. 3. Relation between Ky and Kiorg [6]-

the following assumptions regarding

ind ;
With the foregoing discussions in m 5 e ot inesx axe B opoced:

the effect of ligament size on cleavage
- The J-integral (or Kj) describes the cleavage fracture initiation
event as long as b > 50-(J/cf1°w).

nt
- At higher load levels the effective load parameter Jegf is consta

and equal to J . = b * Ogy1ow/ 30

ture
i will preceed cleavage frac
- When J¢¢ reaches J ductile tearing P

initiation.

Next an attempt is made to verify the theoretical assumptions also

experimentally.

EXPERIMENTAL

entical specimens.

The experimental part consisted of 105 K,  tests Zét; 2ide—groove§ o
Th imens were 25 mm thick CT-speciméns with ol P

Tative ck length of 0.6. The material was a 2 1/4 Cr 1 Mo ste S
Eii:tiviagzz hydrogenating vessel that had beegdin serviiz fo; 22r§oo e

rature yie stress 0.2

Yod on Tgeimat:ritie::d(g §°Z¥ ;ggng:. Theyspecimens were extraﬁtid both
zggma:hg zutzr as well as inner quarter thickness location and their

orientation were LS.
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All
specimens were tested at room temperature and the value of the J-inte—

ral at cleavage fracture initiation as well as the amount of ductile

RESULTS AND DISCUSSION

g:itiiev:luei ranged from 44 kJ/m? to >1000 kJ/m? and the amount of
earing varied between O and 6 mm. Ten
. specimens had
:;:Zi;egieavage fracture because the clip gage reached it': lI:i:e ggloaded
were not included in the analysis itsel ' ota
number of tests. The median to o e e s s
ughress for the out
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identical and therefore they can be analysed togethero focations are

Eq. 6 implies that if K i
: ieff 18 constant, the result will be
A¥:Z§izndz£tfictile Erack growth. The present results are sh:wiiziagig 4
e crack growth of approximately 0 viou
y 0.6 mm th
is exactly as predicted through eq. 6. This confirms th: z::z;;:;Q:eE;V1°“T
a

constant effective load parameter
gonstant ijax. P The next step is to try to determine the

2 1/4 Cr 1 Mo steel 95 §

1
log Fr = 0.377 + 0.52 - Aa
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Fig. 4. Fracture probabilit
y versus ductile crack
confidence limits for rank estimate. el growth with

If one considers only specimens without ductile tearing K

equal to K, and eq.
et tegr q. 1 can be applied. The present resultsjgg

¢ should be
ing are presented i s o
S e e hp nte n Fig. 5. The experimental results describe
e ilbe oot thatwK:n congéd;;i;g the confidence of the rank analysis. The
= a/Ym and K_ = 260 MPay/ ’
information is combinég with £ S e ditad
the information in Fig. 4 one ob
" . t
ijax 208 MPa/m, which corresponds to @ =~ 44 and B =~ 0.005; =a;n§ fhgt
max”

A
f::z:UEZetdati was analysed separately for ductile crack growth and
oughness, but the analysis can also be performed on the combined

data. It is possibl
P e tc use eq. 6 and te apply Kjeff instead of Kj‘ Kj £
e
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is then either equal to Kj or K .. depending on the value of Kj. A best fit
of all the data yields K i, = 28BMPa/m, Ky, ™ 244 MPaYm, ijax 5 169 MPaym
(a ~ 65) and B = 0.0037 = 3.4 « Up...

T T

1.0 21/4 Cr 1 Mo steel
No crack growth Ko = 260

[ > >
: 00 200 300
Kj ( MPav/m)

Fig. 5. Fracture probability versus fracture toughness with
confidence limits for rank estimate.

It is seen that the experimental estimates of both the size requirement (a)
as well as the cleavage fracture initiation process zone size (B) are
comparatively close to the theoretical assumptions.

Based on the above it was desided to fix a as 50, B as 3.5 * Up o and K 4,
as 20 MPa/m. Thus the only parameter to fit is the normalization toughness

K,

The results of the analysis of the present material are presented in Fig.
6. In the figure the 90 % confidence limits of the rank based probabilities
are included. The data is seen to be well described through the simplified
crack growth correction. The standard deviation of the estimates of rank

probabilities is 0.03.

Based on Monte Carlo simulation the theoretical expectance value together
with the 90 % confidence limits for the standard deviation of the estimates
of rank probabilities were determined as a function of number of tests N.
The result describes the theoretical accuracy of a fit that is based on
rank probabilities. The results of the simulation are presented in Fig. 7
together with the result of the present analysis. Also included are analy-
sis results for several other data sets found in the litterature [7-12].

Considering the fact that eq. 6 is theoretically correct only for macro-—
scopically homogeneous materials, the present results are more than satis-—
factory. On the whole the results are quite promising and they would
indicate that the statistical crack growth correction presented here is
realistic. It also seems that "macroscopical” inhomogeneities in the base
material does not have a very pronounced effect on the fracture toughness

distribution.

The exact values for a and B can not be reliably determined here and it is
not known how they will change from one material to another, but it is felt

that one can with sufficient accuracy apply @ = 50 and B = 3.5 ¢ Upaxe
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Fig. 6. Crack growth correction analysis for 105 specimens.
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Fig. 7. Theoretical 90 % confidence limits for the standard

deviation of the estimates of rank
robabi
function of number of tests N. P littes as a

The fact that eq. 6 yields a correc
. t description of the brittle fr
act
E;ob:bility has widespread effects regarding fracture toughness tessigtein
e iuctile/brittle transition temperature region. It means that it isg
possible to use quite small specimens for the tests, the results of which

can then be transformed to represent the behaviour of a large specimen or a

structural detail. The correction for a single test can be expressed as
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2 1/4
B 1/4 2+Aasc
flow
- - b s o (14—
Klarge = Katn * ®jets Kpin) G ) (1 > ) )
large Kiefe®P

where Klarge and Blarge correspond to the corrected result.

SUMMARY AND CONCLUSIONS

In this work a new ligament size criterion for cleavage fracture toughness
testing with bend specimens has been presented. The conclusions regarding
the effect of ligament size and ductile tearing on cleavage fracture
toughness are as follows:

The J-integral (or K;) describes the cleavage fracture initiation
event as long as b >750 ¢ (J/cflow).

At higher load levels the effective load parameter J . g¢ is constant
and equal to J .. =b °f10w/5°'

When J ¢¢ reaches J . ductile tearing will preceed cleavage
fracture initiation.

Even in a case where the ligament size restriction is violated and
cleavage fracture is preceeded by ductile tearing, the result can be
corrected to correspond to a valid result with a simple correction
formula.
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