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Abstract
Cemprehensive research has demonstrated that fracture toughness KIc

may be uniquely related te the mechanical properties describing a mate-
rial’s behavior of the crack tip, and microstructure. In the work described
in the present paper the behavier of crack in seven weldable low alloy
atructural steels having tensile strength GTS in the range of 455-765 MPa
was investigated by measurement and observation of plane strain fracture
toughness, tensile properties, and microstructure. The informetion there-
by obtained was used te establish a sophisticated KIC calculation medel.

Making use of an elastic-plastic finite element pregram the normal
stress distribution ahead of a crack was determined at various levels of
work hardening as a function of the applied stress intensity factor and
distance from the crack tip. The Tresca yield condition results in seme-
what lower stresses than atresses calculated in the literature based on
Mises yield cenditien. Using a critical stress criterion based en the
cleavage stress 6. as the critical stress to be satisfied over some mi-
crostructurally significant distance - the process zone R, ahead of the
crack tip - we proposed the functional relationship KIC = f(st'ﬁ&’N'Ro)
where 6 deneotes yield stress, and N the strain hardening exponent. Exi-
sting medels predicting the dependence of KIC on temperature are compared
to our measurements taken over a wide range of temperature. This compa-
rison clearly shews that the models which do not take inte account the
crack tip separation process itself do not agree with the experimental
data. Therefere, the process zone size is the dominent microstructural
facter controlling the fracture toughness and varies from two to six grain
sizes depending en the particular microstructure.

The model prepesed matches well with the experimental data and may be
applied te find an eoptimum steel micrestructure for given brittle fracture
design requirements. In addition, the model provided & sound base for the
assessment of simple correlatiens between KIc and dynamic fracture toug-
hness KId,between KIC and NDT and finally between unirradiated and irra-
diated fracture teoughness.



1. Introduction

The principles of fracture mechanics have previded the design engineer
with a logical, quantitative analysis fer predicting fracture by using the
critical stress intensity facter - fracture toughness. Recently, conside-
rable attention has been given te determining the relationship between
uniaxial flow preperties and the static fracture teughness KIC [1-10]. The
development of a relatienship between the properties ef uniaxial flew and
fracture for a material brings several immediate benefits. First, the pre-
sent Knowledge of the effects of external and metallurgical vaeriables on
the uniaxial flew properties could be used to predict changes in KIC' Se-
cendly, plane~strain values of KIc could be predicted fer conditions when
laberatory test specimens weuld be tee large for practical testing. Further
increases in reliability or efficiency of nuclear power plant cemponents
require increases in resistance to the initiation and prepagation ef
brittle cracks characterised by KIC values. Consequently, much effort is
being expended in understanding how microstructure affects KIC data. For
most structural members, increases in resistance te the initiation ef
brittle cracks must not be at the expense of the ebility to resist fatigue
and creep crack growth.

Te investigate the sources of static fracture toughness in terms ef
microscopic and macroscopic mechanical properties, a detailed experimental
study of the temperature dependence ef KIC and uniaxial flew properties was
undertaken fer lew and intermediate strength steels. The measurements ef
KIC for a static crack [9] as a function of temperature are reported in
this paper on seven structural weldable steels having a reem-temperature
tensile strength Ghs in the range of 455-765 MPa. The micrestructure ef the
steels showed evidence of pelygonal ferrite (or acicular ferrite) grains
and ferrite-carbide regions. Because of limited length of this paper enly
the experimental data fer twe steels with &5 = 455 MPa (CSN 11 373 steel)
and Opg = 680 MPa (C-Mn-Mo-Nb-V steel) are presented. The K;, values were
measured using the three peint bend tests with slew loading rate of K =
= 2.0 wpant/2s™! and dynemic leading rate K = 2.5.10° MPaml/zs_l; the
experimental data were evaluated using the procedure developed by Vlach
et al [11]. Specimen design and the testing procedure were in general
accerdance with the current ASTM recommendatiens. The KIC data were cerrec-
ted for a plastic zone size and the JIc path independent integral technique
was applied to determine the valid values of K, at higher temperatures.

An initiasl sharp fatigue crack was produced by cyclic loading with the
stress intensity level K, = 20 MPaml/Z.

In order to understand our experimental findings, we have had te set
up a detailed theoretical descriptien of stress field ahead of crack by
finite element methed [9] for the power hardening material. The values of
K;c are calculated with the aid of a critical stress criterien [9,10]
which has a sound theoretical basis. The medel is seen te predict well the
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experimentally determined variatien ef Kia with temperature and makes it
pessible te find an eptimum steel micrestructure fer given brittle fracture
design requirements, altheugh the stress analysis near crack is based on a
number of simplifying assumptiens abeut the fracture process at a crack tip.

2.

Fracture teughness is the criticel stress intensity facter fer signi-
ficant crack growth te eccur at the tip of an existing crack. It represents
the inherent ability eof the materiaml to withstand the stress intensity near
the crack tip, but dees net characterize the separation precess itself. The
fracture precess initiates deep in the plastic zone that encompasses the
crack tip. The materials in this zone yields, flews, and finally fractures.
Consequently, fracture teughness must be determined partly by the mechani-
cal properties of the material near the crack tip on a micrestructural
scale. The scope of this paper is restricted to a discussien ef transgra-
nular, cleavage fracture medewhich eccurs when the level of the meximum
local tensile stress (Fig. 1) will reach a value of the critical cleavege
stress Oops required te prepagate nuclei in cracked specimens ef lew alloy
steels [10,11]. The values of GCF have been obtained from studies made on
test pieces containing blunt netches (GCF = 1 150 MPa fer CSN 11 373 steel
and 6op = 1 450 MPa for C-Mn-Mo-Nb-V steel).

Empirical and theoretical models have been devised which incerporate
the mechanical and metallurgical parameters affecting the teughness of me-
tals.

2.1 Empirical Models

The empirical correlatiens for cleavage fracture between the plane
strain crack toughness, L) and yield stress th were suggested in [1-3]

-1) (1)

(2)

where o, B are empirical constants having average values of o« = 1.38 and
B = 3 according [2]. Furthermere, Gerberich et al [3] develsped a fracture
medel which gives

K 0, 2
FZ = C (5F - 0.4) (3)
Kt Kt

where C = 1.

2.2 Theoretical Models

Tetelman et al [4,5] have developed a simple model to determine K;, in
terms of the cleavage stress Bap and yield stress th using Hill’s rigid-
-plastic solutions fer notched bars loaded in plane strain bending
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where 00 is a critical value of the root radius ¢. For e < e, KIC is inde-
pendent of ¢. By examining a number ef representative sets of experimental
data eq. (4) was slightly modified [3]

1/2
P A ] -1 -— 5
O+ Okt 2

where nd represents an entire multiple of grain size d. Derivation of
eq. (5) assumes that 6.y i achieved over the distance nd in difference te
eq. (4) which implicitly assumes that the value of GbF is reached only at
one point on elastic~plastiec boundary.

Applying Rice’s small scale yielding stress and strain distributien
[7] Kraseveki [6] has suggested a cerrelatien

1-N
& -, 6D @ T )
similar to a relatienship
l%ﬂ
% = p(N) VR, (%‘f) ! &)

proposed by Bilek [9] using the seme stress analysis [7].Ro is the process
zone size over which a value of Sop ig reached and N denotes the strain
herdening exponent N defined by the well known power functien.

Ritchie, Knett and Rice [8,10] have presented an analysis which rela-
ted 6op to KIC' The analysis is based en accurate numerical elastic-plastic
selutions fer the stress distribution ahead of a sharp crack. Unstable
fracture was found to be consistent with the attainment of a stress inten-
sification close to the tip such that the maximum tensile stress G&y
exceeds GCF over a characteristic distance termed as process zone size Ro.
It is possible to calculate KIc directly from a knewledge of Ry, 6 N,

’
Scp and frem stress distribution in Fig. 2. Essentialy this appreagﬁ was
adepted in this paper however Rice’s stress analysis [7,8] was replaced by
our finite element computations [9] shown in Fig. 2. From this figure we
can determine Ro fer given material knewing GCF’ Ukt and KIc at the same
temperature and leading rate. Therefere from known temperature dependence
of th
temperature insensitive.

and GCF we find out dependence of KIC on temperature assuming R0 is

2.3 Results and Discussien

The data of Fig. 3 indicate that a unique relation exists between
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KIC/O'Kt and GCF/‘Kt for all investigated steels. The experimental peints
are bounded by the results for 11 373 and C-Mn-Mo-Nb-V steels for which
further data are shewn (Figs. 4-7) in various ceerdinates. The coordinate
systems were chesen in such a way that eqs. (1-5) give linear relationship
between ch/ﬁkt-w KIC/th' It is seenthat the eqs. (1-5) when applied to
our steels do not explain the measured temperature dependence of KIC in the
particular form of Figs. 4 to 7 over a wide range of testing temperatures.
The dissgreement between experiment and eqs. (1) - (7) observed namely at
low values of KIC/G'Kt (Fig. 3) suggests that seme materials parametr iden-
tified later in [8,9] as the process zene size R, is missing in eqs. (1-5).
On the other hand the precedure developed by Ritchie et al [8] when combi-
ned with our stress analysis -~ Fig. 2 matches well eur experimental fin-
dingsas demonstrated in Fig. 8.

3. Cenclusions
The results of an investigation to develop a correlation betweén K
and crack tip mechanical preperties of steels having widely different
strength levels may be briefly summarized as follows.
1.) The values of ch are a unique function ef the crack tip yield
stress th - Fig. 3.
2.) The accurate correlation of K

IC

1C with Ocpr ¢ N and R° is deri-
vable frem crack tip stress analysis and critical tensile stress
criterien for transgranular cleavage fracture.

3.) The approach applied in this paper predicts KIc values which are
in better agreement with the experimental measurements than K
values predicted by methods developed up to new.

4.) The established functienal relationship K, = £(0yp, 6., N, R))

makes possible to derive relation between KIc and dynamic fracture

toughness KId [11] and also explaine the temperature shift ef

irradiated K, data [12].

IC
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Fig. 1: Schematic illustration
of stress and strain
distribution at a crack
tip.
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Fig. 3: Experimentally determined

dependence GbF/th on KIC/‘kt'
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Fig. 2: Distribution of lengitudial tensile
stress 6 _ acting directly a head
of a shagg crack in plane strain for
power work-hardening material frem
finite-element computer solution due
to Bilek [9]. The left hand side
scale is for Mises material and the
right hand side scale is for Tresca

material.
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Fig. 4: Comparisen of experimental
data with eqs. (1) and
(3)
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data with eqs. (2), (6) with eq. (4).
and (7).
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Fig. 7: Comparison of experimental Fig. Comparison of experimental data

data with eq. (5). with the models proposed in [8,9]

applying the stress analysis of
Fig. 2 for Tresca material N = 0.1,
R,= 5D for CSN 11 373 steel and

Rn = 7D for C-Mn-Mo-Nb-V steel.
Dashed line shows Ritchie et al
prediction [8] with R_ = 6D for

CSN 11 373 steel and K. = 8D for
C-Mn-Mo-Nb-V steel, N = O, D is
average grain size.
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