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Evaluation of Local Brittle Zones 
Using the Finite Element Method 

The chance of the local brittle zone contributing to crack growth 
is much greater when it exceeds 10% of the thickness 

BY D. S. KIM, C. L. TSAI, J. LIAO, AND J. PAPRITAN II 

ABSTRACT. The existence of local brittle 
zone (LBZ) in multipass C-Mn microal
loyed steel welds has caused a great deal 
of concern to the offshore industries. A 
number of fracture toughness studies re
vealed the presence of LBZ in the coarse
grained weld heat-affected zone (HAZ) 
of multipass welds. Although the HAZ 
toughness in LBZ can be very low, 
whether the low value of fracture tough
ness is detrimental to the structural in
tegrity is not well understood. This paper 
describes the effect of the LBZ size on the 
resistance to fracture of the specimen 
using the elastic-plastic finite element 
method. The crack tip opening displace
ment (CTOD) criterion was used to eval
uate the crack stability and arrest behav
iors. Plastic zones emanating from both 
crack tip and LBZ interface were plotted 
for various combinations of base metal 
(BM) and LBZ sizes in order to charac
terize the specimen. A threshold LBZ size 
under which a crack extended initially in 
the LBZ, but would arrest at the interface 
of LBZ and BM due to tougher surround
ing base metal, was also discussed. 

D. S. KIM is with Shell Development Co., 
Houston, Tex. C. L. TSAI, J. LIAO and j. PA
PRITAN are with The Ohio State University, 
Columbus, Ohio. 

Introduction 

The heterogeneous nature of the weld 
heat-affected zone (HAZ), particularly in 
multipass C-Mn microalloyed steel 
welds, has been reported to cause signif
icant data scatter in the crack tip opening 
displacement (CTOD) test results. This 
has been a major issue to the offshore in
dustries due to low fracture toughness of 
scattered local brittle zones (LBZ), which 
can lead into a brittle fracture of offshore 
structures. The multipass welded joints 
experience multiple thermal cycles. The 
reheated coarse grains in the HAZ have 
a mixed microstructure of martensite and 
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austenite constituents that result in low 
fracture toughness. Many investigators 
have studied the metallurgical aspects of 
this problem (Refs. 1-7). 

Most of the metallurgical investigations 
and HAZ toughness measurements used a 
standardized CTOD test method (Ref. 8), 
although wide plate test results were re
ported to evaluate the structural integrity 
of welded joints (Ref. 9). Tremendous data 
scatter in the measured fracture toughness 
values was observed. This scatter was 
caused by the aggregated distribution of 
reheated coarse grains in the HAZ. Quan
titative assessments on the bulk fracture 
characteristics of the joints were found to 
be difficult to obtain by the standard 
CTOD tests. Statistical and probabilistic 
assessment of the fracture toughness was 
naturally considered to resolve the CTOD 
test data scatter. 

A crack propagated into the localized 
brittle zone under constant load may ex
tend across the brittle-ductile interface 
and pop into another brittle zone. Or, the 
crack wil l arrest at the brittle and ductile 
(B-D) interface due to tougher surround
ing base metal. The controlling factors to 
these actions are the respective strength 
and toughness properties of the two met
allurgical zones, the relative size of the 
LBZ with respect to joint dimensions, and 
the crack length under a constant load. 
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Table 1 — Material Properties of Base Metal 
and Local Brittle Zone 

Material 

Yield stress*3' 
Critical CTOD<a> 
Poisson ratio 

Base Metal 

Low Carbon 
Steel 

48 ksi 
0.002 in. 
0.3 

LBZ 

90 ksi 
0.0008 in. 
0.3 

a) Data obtained from Ref. 1. 

To assess the bulk fracture character
istics of multipass welds that contain 
LBZ, the elastoplastic f inite element 
method was used in this study. The finite 
element model simulated a CTOD test for 
various LBZ sizes to examine the effect of 
LBZ sizes on the bulk fracture resistance 
of the test specimen. The critical CTOD 
values of LBZ and base materials and 
plastic zone size were used to determine 
whether a crack extends or arrests at the 
brittle-ductile (B-D) interface. 

This paper presents the finite element 
model, numerical sensitivity analysis, 
simulation of CTOD test, data analysis 
and design implications for bulk fracture 
characteristics of joints containing LBZ. 

Literature Review 

In recent years, offshore structures 
have been built with C-Mn high-strength 
microalloyed steels, which also require 
high-fracture toughness. This is particu
larly important for the development of 
deep-water or arctic structures and float
ing-type platforms. Since the LBZ was re
ported as a primary factor causing low-
fracture toughness in the welds of 
offshore structural steels (Ref. 1), many 
investigators studied various means to as
sess the fracture characteristics of these 
joints that contain LBZ. However, no brit
tle fractures caused by LBZs have yet 
been documented in the North Sea or 
Gulf of Mexico operations. It was re
ported that the low-fracture toughness of 
the LBZ doesn't necessarily control the 
unstable fracture performance of a 
welded structure. The size and density of 
LBZ in the weld HAZ is thought to be a 
dominant factor that causes brittle frac
ture of the joint (Refs. 3, 4). 

Fairchild (Ref. 1) determined experi
mentally that the critical values of the 
CTOD of offshore structural materials 
were as low as 0.0004 in. (0.01 mm) for 
the LBZ and 0.002 in. (0.05 mm) for the 
basemetal. Pussegoda, etal. (Ref. 10), re
ported that the Weibull mean value of 
CTOD for LBZ was 0.005 in. (0.12 mm); 
whereas, the CTOD for the surrounding 
material was 0.056 in. (1.41 mm). Wast-
berg (Ref. 4) also reported data scatter of 
the standard CTOD test results for off
shore structural steels. 

Komizo, ef al. (Ref. 5), and Amano, ef 
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Definition: P = Applied Load 
a = Length of crack 
D = Diameter of LBZ 
W = Specimen Thickness 

Fig. 1 — CTOD specimen. 

al. (Ref. 6), studied the effect of LBZ on 
CTOD tests metallurgically. The reheated 
coarse-grain LBZ has very low toughness 
martensite-austenite (M-A) constituents, 
which had a strong dependency on car
bon content. However, when a temper
ing temperature above 842°F (450°C) 
was reached in the HAZ due to subse
quent welding passes, these M-A con
stituents decomposed into ferrite and ce
mentite aggregates. This decomposition 
resulted in toughness recovery. There
fore, welding conditions may be used to 
monitor factors that reduce the LBZ in
fluence on HAZ toughness. 

Haze and Aihara (Ref. 3) studied the 
influence of LBZ properties on the CTOD 
values using a sandwiched inhomoge
neous specimen. The middle layer of 
brittle material is sandwiched by two 
tougher materials. The influence of the 
LBZ size was simulated by the thickness 
of the brittle layer. While the CTOD value 
changed little with a thickness greater 
than a certain value under the same test 
temperature, it increased drastically with 
a thickness smaller than that value. Al
though more attention has been paid to 
the LBZ problems recently, very little 
work has been conducted on the struc
tural integrity (bulk fracture) aspects of 
these welded joints. 

Finite Element Model 

Despite all of the increasing efforts in 
experimental studies on the effect of LBZ 

to CTOD results, the control of the het
erogeneity in size, shape and location of 
LBZ is extremely difficult to obtain. In this 
paper, the finite element method was ap
plied to study fracture characteristics of a 
heterogeneous material as an alternative 
to the experimental approach. The finite 
element simulations can provide quanti
tative comparisons of various LBZ condi
tions on bulk fracture characteristics of 
welds. 

The finite element model simulated a 
three-point bend test of a heterogeneous 
specimen by including a localized brittle 
zone at the center of the specimen. This 
composite model is a simplified model of 
a weld that contains LBZ. Table 1 shows 
the material properties of base metal and 
LBZ used in this study. 

Figure 1 shows the dimensions of the 
CTOD specimen and two types of crack 
tip locations (a crack tip at the center of 
a LBZ, and a crack tip at the BM-LBZ in
terface) which were simulated by the f i 
nite element model. The finite element 
analysis was conducted using ABAQUS 
finite element code (Ref. 12). The crack 
tip at the center of the LBZ indicates the 
initial condition is a crack with length of 
0.2 in. This crack may grow when the 
driving force is greater than the fracture 
resistance (toughness). The tougher sur
rounding base metal interacts with the 
LBZ and affects the plastic deformation at 
the crack tip. The crack tip stress field 
wi l l redistribute under the influence of 
this surrounding base metal. Yield 
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Fig. 2 — FEM element types for stress, strain and displacement field 
at crack tip. 

Fig. 3 — Finite element 
method mesh type and size 

for sensitivity study. 
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strength of both materials, and fracture 
toughness and size of LBZ are the pri
mary factors control l ing bulk fracture 
characteristics. 

When the crack tip reaches the brittle-
ductile interface at the LBZ boundary, the 
extended crack is surrounded by tougher 
base metal. The crack will either grow fur
ther, plastic collapse, or arrest depending 
upon the base metal toughness and the 
crack driving force of the crack size. The 
bulk fracture characteristics of the hetero
geneous HAZ was assessed for various 
LBZ sizes using the finite element method. 

Mesh Sensitivity Study 

A mesh sensitivity study was con
ducted in order to characterize the ap
propriate singularities at the crack tip. 
Two types of tip elements — eight-node 
isoparametric elements; and collapsed 
triangular elements, with quarter point 
singularity (Fig. 2) — were investigated. 
In addition, the effect of mesh size was 
also investigated. As shown in Fig. 3, 
mesh type El consists of same size 
isoparametric rectangular elements, 
whereas, mesh type EIII shows refined 
isoparametric rectangular mesh near the 
crack tip (1/W < 50 or 1/a < 25, 
whichever is smaller). The mesh type Tri 

Where: 

8 • a v • I 
Pv= 1 

Y L(W - a) 

L = 

W = 

a = 

I = 

aY = 

PY= 

Specimen Length 

Specimen Depth 

Crack Length 

Moment of Inertia of the 
uncracked legament 

Yield stress of ductile 
material 

Plastic hinge load 

Fig. 4 — Definition of yield load. 
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Fig. 6 — FEM sensitivity study using the opening displacement along 
the crack of heterogeneous specimen. 

Fig. 5 — FEM sensitiv
ity study using the 
opening displacement 
along the crack of ho
mogeneous specimen. 

Fig. 7 — British 
Standard 5762 

CTOD 
calculation. 

CTOD 
K 2 (1-v 2 ) 0.4(W-a)Vp 

0.4W-0.6a 2 o y E 

Where 
a 
W 
VP 
E 

K 

v 

Load P 

crack length 
specimen depth 
plastic component of CMOD 
Young's modulus 
stress intensity factor 

Poisson's ratio 

Displacement, V 

illustrates collapsed triangular elements 
with quarter point singular elements near 
the crack tip. 

The CTOD was obtained using a sim
plified method based upon BSI 5672 (Ref. 
8) and confirmed with the linear extrapo
lation of the nodal displacements adjacent 
to the crack tip (Refs. 14, 15). For col
lapsed elements, linear extrapolation as 
well as near tip displacement equation 
given by Tracey (Ref. 13) were used. 

The test specimen fails by either brit
tle fracture or ductile rupture depending 
upon the yield strength and fracture 
toughness of toe LBZ and the base metal. 
The failure loads are normalized by the 
plastic hinge load (Py). Figure4 illustrates 
the definition of Py under which the re
maining ligament of the cross-section 
would yield in a ductile mode. 

Figure 5A shows crack opening dis
placement as a function of the distance 
from the crack tip for three different rec
tangular mesh configurations for a ho
mogeneous material. The location of the 
crack tip for the deformed geometry 
moved slightly from its original position 
due to Poisson ratio effect. The displace
ment curves converged as the mesh of 
the isoparametric elements were refined. 
Figure 5B shows the crack opening dis
placement field comparison between 
collapsed singular element and mesh 
type EIII. As shown in the figure, the dis
placement curves are almost identical. 
Little difference was noticed as shown in 
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Fig. 6 between EIII mesh type and Tri 
mesh type for heterogeneous specimen, 
especially near the crack tip. Based on 
the results shown in Figs. 5B and 6, 
isoparametric elements wi th type EIII 
mesh refinement were used for this study. 
The element type EIII was used because 
of convenience for preparing finite ele
ment meshes over the mesh type Tri. 

C T O D Calculations 

The linear extrapolation of the dis
placement field near the crack tip to its 
original crack tip and Tracey's formula 
were found to be time consuming and 
sensitive to the local displacement field 
in some cases (Ref. 1 6). The British Stan
dard 5762 (BS 5762) procedure (Ref. 8) 
has been used by many investigators to 
determine experimental CTOD values 
from the crack mouth opening displace
ment (CMOD). Figure 7 shows this cor
relation and the respective definition of 
each variable described in the equation. 
In this study, CTOD values were obtained 
using British Standard 5762 procedure 
for the engineering purpose. This engi
neering approach following the BS 5762 
the CTOD evaluation process. 

Figure 8 shows comparisons of the 
CTOD values for various LBZ sizes, with 

Table 2 -

Sample 
ID 

S1 
S2 
M1 
M2 
M i 
M4 
M5 
M6 
M7 
M8 
M9 
MIO 
M11 
M12 

- Simulated Test Samples 

Material 

BM 
BM 

BM & LBZ 
BM & LBZ 
BM & LBZ 
BM & LBZ 
BM & LBZ 
BM & LBZ 
BM & LBZ 
BM & LBZ 

BM 
BM 
BM 
BM 

LBZ size 
(in.) 

_ 
— 

0.02 
0.02 
0.04 
0.04 
0.06 
0.06 
0.08 
0.08 

— 
— 
— 
— 

Crack tip 
position 

center 
center 
center 
top edge 
center 
top edge 
center 
top edge 
center 
top edge 
top edge 
top edge 
top edge 
top edge 

D / W 

— 
— 

0.05 
0.05 
0.1 
0.1 
0.15 
0.15 
0.2 
0.2 

— 
— 
— 
— 

P/Py 

Range 

0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 
0.25-1.5 

crack tip at the specimen center (Fig. 8A), 
and at the brittle-ductile interface (Fig. 
8B) between the extrapolation method 
and the BS 5762 procedure. Reasonably 
good agreement was observed in both 
cases. 

Effect of LBZ on C T O D Simulations 

Twelve cases were studied, as shown 
in Table 2, to investigate the LBZ effect 
on bulk fracture characteristics of the 
three-point bend specimens. Homoge

neous specimens, all brittle metal (S1) or 
all ductile metal (S2), were simulated for 
various external loads to establish a base 
line. All ductile metal specimens with 
crack tip at various locations (M9, M10, 
M11, and M12) were studied to identify 
the increased crack driving force due to 
extension of crack. Cases designated by 
M1 through M8 are heterogeneous spec
imens for different LBZ sizes, with the 
crack tip either at the center of LBZ or at 
the interface between LBZ-BM. 
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Fig. 8 — Comparison of the results from the equation and extrapola
tion. A — Crack tip at center; B — crack tip at B-D interface. 
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Fig. 9 — Plastic zone size changes for various P/Py ratios, crack tip at 
the center of LBZ. 
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Fig. 10 — Predicted plastic zones under various P/Py ratios, crack tip at the interface. 
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Table 3 -

Sample 
ID 

M l 
M2 
M3 
M4 
M5 
M6 
M7 
M8 
M9 
M10 
M11 
M12 

- Predicted CTOD Values by FEM 

Load 
(Ib) 

203 
180 
203 
180 
203 
180 
203 
180 
180 
180 
180 
180 

CTOD 
(X10- 4 in.) 

8.6 
3.1 
1.8 

23 
1.12 

70 
1.19 

140 
3.2 

25 
77 

150 

Fig. 11 — Distribution of plastic zones for specimens of various LBZ sizes under P/Py = I. 

Effect of L B / on Plastic Zone 
at the Crack Tip 

Figure 9 shows the plastic zone sizes 
and shapes for both a homogeneous duc
tile specimen (all base metal) and a het
erogeneous specimen with a LBZ size 
ratio of DAV = 0.1, where D is the diam
eter of LBZ and W is the specimen thick
ness, under three different loading con
ditions. The crack tip is at the center of 
the specimen. For the homogeneous ma
terial (all BM), plastic zone is emanating 
from the crack tip; whereas, plastic zones 
are created both at the crack tip and at 
the intert'ace for the heterogeneous spec
imen. A compressive plastic zone no
ticed from the homogeneous material 
was not shown for the heterogeneous 
specimen. 

Figure 10 shows the plastic zones for 
the same specimens as shown in Fig. 9 
except the crack tip located at the top of 
the LBZ-BM interface. As shown in the 
figures, when the crack tip is at the brit
tle and ductile interface, the LBZ has lit
tle effect on the plastic deformation at the 
crack tip. The plastic deformation at the 
crack tip is governed primarily by yield 
strength of the base metal. 

Comparison of plastic zone distribu
tions were made for various LBZ sizes 
(D/W ratios) with the crack tip located at 
the center of the LBZ. Figure 11 shows 
sketches of the plastic zones in the spec
imens with P = Pv. Figure 11A through 
11 D shows plastic zone distributions for 
various DAA/ ratios. For a smal I LBZ (DAV 
= 0.05), the brittle material had little ef
fect on the plastic deformation at the tip. 
Two distinct plastic zones formed in the 
LBZI as the LBZ size increased (Fig. 11 B 
and C). The two materials responded to 
the applied load interactively, which 
caused changes in plastic zone size and 
shape at the crack tip. However, when 
the LBZ size became large enough (DAV 
= 0.2), the effect of the surrounding base 
metal on the crack tip stress field in the 
LBZ diminished as shown in Fig. 11 D. 
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Fig. 12 — Predicted opening displacement distribution along the crack 
of a specimen under P/Py = 0.5. 

Fig. 13 — Simulated load vs. CMOD curve 
using FEM, crack tip at LBZ center. 
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Effect of LBZ on 
Opening Displacements 

Figure 12 shows a comparison of the 
crack opening displacements between 
homogeneous (S1) and heterogeneous 
specimens (M1) under given loading (P = 
0.5 Py). The crack tip is located at the 
center of the specimen and LBZ size is 
0.02 in. (DAV = 0.05). Although the pres
ence of LBZ reduced the crack opening 
displacement, the amount of reduction 
was relatively small in this case. 

Figure 1 3 shows the predicted load vs. 
crack mouth opening displacement 
(CMOD) curves of various LBZ sizes. As 
shown in the figure, CMOD values were 
not affected by the size of LBZ in the lin
ear elastic range. The linear elastic slope 
of the loading curves is the same for all 
LBZ sizes because no yielding occurred 
anywhere in the specimen. However, the 
post yielding characteristics of the speci
mens were influenced by the LBZ size. 
The larger the LBZ size indicated, the 
smaller the CMOD value at yield load. 

For specimens with the crack tip at the 
top of the LBZ-BM interface (B-D inter
face), the base metal properties govern 
the crack tip yielding regardless of the 
size of LBZ. For either type of specimens, 
homogeneous or heterogeneous, LBZ 
size simply reflects the tip location and 
length of the crack. The finite element 
simulations predicted almost identical 
load vs. CMOD curves for a given crack 
condition. Figure 14 shows an increase 
in CMOD as the LBZ size increases. This 
is simply due to the increase of the crack 
size, which is proportional to the LBZ 
size. 

C T O D Predictions 

Table 3 summaries the CTOD val
ues at the maximum applied load. For 
crack t ip at the center of the specimen 
under 203-lb applied load, the CTOD 
value decreased as the LBZ size in
creased. This illustrates that a crack 
driving force is affected by the size of 
the LBZ. For crack tip located at the in
terface, the CTOD value increased as 

the LBZ size increased, but the in
crease was due to the increase of crack 
size as indicated in the Table. 

Design Implications 

Figure 15 shows the critical CTOD 
values vs. various LBZ sizes for specimen 
with a crack tip located at the center of 
the LBZ under 203-lb applied load. The 
LBZ toughness (critical CTOD value is 
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Fig. 14 — Simulated load vs. CMOD curve using FEM, crack tip at B-D interface. 
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Fig. 15 — Crack resistance curve as a function of LBZ size. Fig. 16 — Crack driving force as a function of LBZ size. 

0.0008 in.) represents an upper bound of 
this toughness curve . Any cracks w i t h a 
stress c o n d i t i o n that causes a C T O D 
va lue beyond the toughness cu rve w o u l d 
extend across the LBZ. A n y C T O D values 
caused by a sma l le r l oad m a g n i t u d e , 
w h i c h fa l l i n to t he reg ion b e l o w the 
toughness curve and the upper l imi t , w i l l 
ensure a stable crack in LBZ. 

The toughness curve shown in Fig. 1 5 
impl ies the bu lk resistance of the hetero
geneous spec imens under a g iven design 
load (203 Ib). This bu lk resistance drops 
qu i ck l y and goes b e l o w the LBZ tough
ness va lue w h e n the LBZ size is larger 
than 0.02 in . ( D / W = 0.05). This impl ies 
that the actual app l ied load must be re
duced to one- four th of the design load if 
the LBZ size is larger than 0.04 in . ( D A ^ 
= 0.1). O the rw ise , a crack a l ready in i t i 
ated in the LBZ w i l l become unstable and 
result in f racture. 

F igure 16 p lo ts the C T O D vs. LBZ 
size, w h i c h is app l i cab le to bo th h o m o 
geneous and heterogeneous specimens. 
The fracture cr i te r ion in this case is the 
base meta l toughness (0 .002- in . cr i t ica l 
C T O D value). The app l ied load level was 
180 Ib. 

As s h o w n in Fig. 16 , the p red ic ted 
C T O D values increased w i t h the LBZ size 
(crack size). Cont rary to the f racture re
sistance curve shown in Fig. 15, Fig. 16 
i l lustrates the increase of c rack d r i v i ng 
force as crack size increases. The base 
me ta l t oughness ( 0 . 0 0 2 - i n . c r i t i c a l 
C T O D va lue) is the c o n t r o l l i n g fac to r 
w h i c h prevents crack instabi l i ty. This f ig 
ure i l lus t ra tes that any c r a c k leng th 
greater than 0 .24 in . w i l l b e c o m e unsta
b l e unde r 1 8 0 - l b a p p l i e d l o a d . The 
equ iva lent LBZ size is 0.04 in . (DAV = 
0.1). Reduced app l ied load, resul t ing in 

Table 4 

D / W 
0.05 
0.1 
0.15 
0.2 

Case A: 
Case B: 

— Crack Growth Characteristics 

Critical 

Case A 
1.02 
1.22 
1.37 
1.26 

toad P/Py 

Case B 
1.32 
1.02 
0.88 
0.85 

Crack at center of LBZ 
Crack at LB2-BM interface 

Comment 

Arrest 
Fracture 
Fracture 
Fracture 

C T O D values less than the base meta l 
toughness, and must be used to ensure a 
crack to arrest. W h e n a crack of 0.04 in. 
(aAV = 0.1) l ong in a spec imen w i t h LBZ 
larger than 0.04 in . ( D A ^ > 0.1) starts to 
propagate, the crack w i l l not be arrested 
at the interface be tween LBZ and base 
metal because the crack d r i v i ng force ex
ceeded the f racture toughness. 

The f r ac tu re cha rac te r i s t i cs o f the 
spec imen we re evaluated by compar i ng 
the cr i t ica l loads. Table 4 i l lustrates crack 
propagat ion behav ior w h e n a crack in i t i 
ated at the center of LBZ (Case A) p ropa
gated to the LBZ-BM interface (Case B). 
W h e n the c r i t i c a l l oad fo r Case A is 
greater than that for Case B, the crack is 
unstable. The results ind icate that a crack 
in i t iated in the LBZ shou ld be arrested at 
the B-D interface for the LBZ size smal ler 
than 0.02 in (DAA/ = 0.05), whereas the 
crack shou ld keep propagat ion the LBZ 
size larger than 0.04 in (DAA - 0.1). 

C o n c l u s i o n 

As d e m o n s t r a t e d in th is paper, n u 
mer ica l s imula t ions are useful methods 
to q u a l i t a t i v e l y inves t iga te t he f a i l u r e 
cha rac te r i s t i cs o f ma te r ia l s i n c l u d i n g 
LBZ. The results of the analysis showed 
that f racture character ist ics o f heteroge-
nous mater ia l can be mode led ef fect ively 
by using the elast ic-plast ic f in i te e lement 
me thod and C T O D concept . This study 
p rov ided the effect o f LBZ size to the in 
tegri ty of structures. A l t hough the e x a m 
ples p rov ided a s impl i f ied c o n d i t i o n , the 
concep t can be ex tended to assess the 
f racture character ist ics o f mul t ip le-pass 
w e l d s w h i c h have LBZs w i t h va r i ous 
sizes and d is t r ibut ions. W h e n the size of 
LBZ is greater than 1 0 % of the th ickness, 
LBZ is de t r imenta l to the unstable crack 
g r o w t h . By the same token , w h e n the size 
of LBZ is less than 1 0 % of the th ickness, 
fa i lu re m o d e of the spec imen is deter
m i n e d by the character ist ics o f the base 
mater ia l . 
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