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The presents paper reports the results of a 
fracture toughness study of a ASTM A515 Grade 
70 steel using Fracture Mechanics ductile pa
rameters such as COD and J integral.The spe
cimens were taken at different locations and 
orientations from shell disks with the same 
curvature and thickness of a pressure vessel 
used in thermal power stations. 

The objectives of the work are to evaluate 
and analyse fracture toughness of this steel 
as a function of loading orientation,level of 
straining,thickness and temperature. 

In this paper COD and JR data is presented 
refering to the influence of initial % /w ra
tio and thickness.Two values of Ba/w and 
thickness were considered (a0 /w=0.15 and 0.5) 
and thickness B=l2 and SOmm.The results were 
obtained for base metal and weld metal. 

A discussion is presented refering the varia
tion of CTOD with initial crack length,attri
buted to variability in the location of the 

l. INTRODUCTION 

The A515 Grade 70 steel is largely used as a 
structural material in pressure vessels.The 
material was supplied by an important manufac
turer of pressure vessels for thermal power 
stations. 

The fracture toughness and fatigue tests were 
carry out in specimens taken from disks with 
165mm.The disks have the same curvature and 
thickness of the pressure vessel and have suf~" 
fered the same bending-forming process as the 
vessel (l).In the central part of the disks a 
butt weld was made identical to those of the 
longitudinal seams of the vessel. 

The vessel chosen for this investigation is 
the main supersaturated water vapour unit of a 
thermal power station.The inner diameter of 
both vessel and disks is 1500mm and the nominal 
plate thickness 165mm.Hence the disc has the 
same level of straining of the vessel. 

rotational point.A preliminary assessment of 
this effect is given. 

CTOD toughness in the weld metal was found to 
be independent of specimen orientation and lo, 
cation along the shell thickness.The CTOD
-R curve for the weld metal líes above the 
curve for the base metal. 

The CTOD values at maximum load,Omaxobtained 
in normalised specimens of 12mm thickness can 
be fitted in a single scatter band valid for 
weld and base metal results. 

Application of ASTM and EGF criteria for assess
ment of toughness measured by J showed that 
for the thickness of 12 and SOmm majority of 
data fall outside the validation lines of these 
criteria.Hence no valid J 

0 2
values were obtai

ned.A recommendation is made so that the vali
dation criteria should be reviewed for high 
toughness materials. 

The objectives of the work are to characterize 
fracture~toughness of this steel as a function 
of loading orientation,level of straining and 
thickness. 

In previous work the following tests were per
formed: 

- Welding,preparation and machining of 
specimens taken from shell discs with 
nominal thickness of 165mm. 

- Preliminary tensile tests at room tem
per~ture and metallographic observa
tions. 

- COD·and J results in 3 PB at room tem
perature in square section specimens 
with 12mm thickness.The results were 
obtained in base metal and weld metal 
in T-L,L-T and T-S orientations.How
ever only preliminary data was obtained 
for weld metal. 
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In this paper aditional COD and JR data is pre
sentedrefering to specimens with small initial 
crack lengths (Ba /w~ 0.15) in the T-L orienta
tion.Results were also obtained for specimens 
with W=B=50mm in both TL and T-S orientations. 
Finally an extensive set of data was obtained 
in weld metal for T-L and T-S orientations in 
arder to obtain~a detailed characterization of 
fracture toughness in weld metal. 

The data was analysed in the form of COD and J 
resistance curves in an attempt to compare the 
parameters refered above and obtain fracture 
toughness values at crack initiation and maximum 
load.Comparison of different criteria is also 
presented.The influence of thickness and initial 
crack length is discussed. 

2. EXPERIMENTAL 

Details about the location and identification 
of the COD specimens are given in Fig.l. 

Refs. (1,2) describe in detail the method of 
manufacture and thermal treatment used in the 
pressure vessel where the specimens were taken. 
The discs shown in Fig.l.were cut from one ves
sel and welded with a longitudinal butt weld 
identical to the longitudinal weld seam of the 
shell plates that constitute the main body of 
the vessel.Due to the high thickness value of 
the shell different levels of straining might 
be expected respectively at outer surface,center 
and lower fibers and this may influence the 
toughness values. 

The chemical composition of the steel is:C-0.35; 
Mh-1.20;Si-0.35;P-0.035;S-0.04 (%). 
In arder to make the assessment of the influen
ce of toughness by COD of the level of strain
ing in the plate material specimens were taken 
in these three positions and identified by a 
special letter refering to their position along 
the plate thickness (i.e. outer surface,center 
and inner surface) (last letter S,C or I in the 
specimen code). 

Due to the high thickness of the 50mm specimens 
these were only identified with the first two 
letters since they cover a wide range of mate
rial along the shell thickness making difficult 
to define to which region the crack is propaga~ 
ting. 

The COD specimen (3PB) is shown in Fig.2.In all 
tests a /w befare the fatigue pre-cracking was 
below o:l.The reason for choosing a comparati
vely small notch depth,is to have a longer fa
tigue crack and hence,avoid as much as possible 
the plastic stress and strain effect at the 
notch root. 

The specimen proportions were those recomended 
in BS5762:1979 (3).The subsidiary test piece 
as Fig.2 shows,provides a higher degree of 
constraint and uses less material than the W= 
=2B specimen. 

Tensile tests were also carried out in cylin
drical specimens with minimum diameter of 6.5 
mm.These specimens were taken in the same loca
tions as the COD specimens,both for base and 
weld metal.A lOOkN computer controlled servome
chanical machine was used in these tests and 
the stress-strain diagrams were obtained with 
an extensometer fitted to the specimen. 

Fatigue pre-cracking was carried out in a 250kN 
MTS servohydraulic fatigue testing machine.To 
obtain more accurate load control a 25 kN load 
cell was fitted to the machine.The frequency 
varied slightly from test to test,from 25 to 28 
Hz.The load wave was sinusoidal with R~.l and 
loading was three point bending.Crack growth 
was monitored with a travelling stereomicrosco
pe with 30 to 80x magnification.Stroboscopic 
light was used for all measurements and the ac
curacy of the readings was O.Olmm. 

The level o; stress intensity factor at pre
-cracking,K"'r,was within the range of values re
commended in BS5762.Pre-cracking was accompli
shed in several stages dropping the load below 
the stFess intensity limits prescribed by the 
specification. 

The COD and J tests were performed in the same 
machines.Load versus clip-gauge and load versus 
load point displacement records were obtained 
in two X-Y plotters.Six to eight specimens were 
~ested to obtain each COD and J resistance cur
ve.The normal procedure given in the standard 
was applied i.e. loading each specimen to a 
certain load level,between beginning of plastic 
extension and maximum load,and then unloading.A 
minimum of two tests were rarried out at maxi~ 
mum load_ in· each condition. 

Slow crack growth, a,was measured in the frac
ture surfaces.An X-Y table with a stereomicros
cope and digital micrometers was used for that 
purpose.The crack length measurements were made 
using the procedure defined in BS5762.It is 
worthwhile to note that no specimen was found 
outside the validity criteria of the specifica
tion both for crack tunneling and deviation of 
crack plane from the notch plane. 

Heat tinting the specimens immediately after 
the COD test was used to reveal the slow crack 
growth zone in the fracture surface.For heating, 
the specimens were placed in a furnace at 400°C 
for 20min. approximately.Then,they were finally 
broken by fatigue testing.Some fracture surfa
ces were observed at the scanning electron mi
croscope. 

Load against displacement plots in the J tests 
were corrected for both the deformation of rol
lers and the testing jig using the method des
cribed in the ASTM specification of the test(4) 

3. RESULTS AND DISCUSSION 

For each type of location of specimens in the 
plate material (orientations BLC,BLS,BLI,DLC, 
DLS and DLI weld metal) tensile tests were car
ried out. 

The mean values of the tensile strength a ut5 and 
the yield stress a. y s were obtained. 

It was found that both yield stress and ultima
te !:ensile strength are higher in the weld me
tal than in the base metal.There is also a big
ger difference between ay and a t in the base 
metal than for the weld ~etal.Th~ ~icrostructu
ral explanations forthese differences were ana
lysed in detail in (4). 

There is only a minar difference in the mecha
nical properties between the specimens taken at 
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the center (C) and those at the inner surface 
(I) or at the upper surface of the shell (S). 
Both yield stress and outsare slightly higher 
at the upper surface where the level of tensile 
straining due to the bending-forming process of 
the shell plates is expected to be higher than 
in the center even taking into account the 
stress relieving treatment in the vessel.Note 
that this difference is higher in the base me
tal than for the weld metal. 

Using the software available in the testing ma
chine the equations of the stress-strain curves 
were obtained.A set of 100 data points were ta~ 
ken from two selected stress-strain diagrams of ' 
each specimen type and a logatitmic plot of the 
results gave a linear correlation from which 
both strain hardening exponent n and strain 
hardening coefficient I( were obtained. 

The results gave: 

BL orientation;K=778.1 MPa;n=0.105 
o= KEn correlation coefficient:0.998 
DL orientation 
O =KEn K=858.46 MPa;n=0.0854 
where o is the true stress ans Ethe true sttain. 
It is seen that the strain hardening exponent n 
is higher in the base metal due to the bigger 
difference between the values of Oys and Outs- The 
strain hardening coefficient is obviously grea
ter in the weld metal since the stress strain 
curves for the weld metal are above those for 
base metal.This tensile data and strain harde
ning results will be used in the assessrnent of 
fracture toughness.However a recalculation of 
this strain hardening exponent n was done in 
arder to fit the definition given in the EGF P1 
-90 specifications(6). 

3.1 FRACTURE TOUGHNESS TESTS 

The COD tests were carried out at the orienta
tions refered in the introduction where B means 
the base metal and D the weld metal.The BS me
thod was used (3) but the crack tip opening 
displacernents were computed with the EGF equa
tion for the test procedure. 

o= (0.60a+0.4(B-'hl2YP+ K2(1- y2) (1) 
(0.6a+0.4B+Z) . 2E oys 

where 0.4 is the value of the rotational fac
tor, r ,t:,. a is the slow crack growth measured in 
the COD test, a 0 is the ini tial crack length 
prior to the COD test (machined notch+fatigue 
crack) and B=W is the specimen thickness equal 
to the specimen width.The remaining variables 
of equation (1) have the usual meaning. 

The great rnajority of the specimens were used 
for J determination also.Hence ~he multiple 
specimen technique was used to obtain the J-R 
curves and to attempt to obtain a fracture 
toughness Ji~easurement.The procedure used for 
J determination is defined in the ASTM specifi
cations (7,8) and also in the tecently develo
ped EGF P1-90 document (6).The angle of the 
crack plane with the mid plane of the notch was 
within the limits defined by the specification. 
In the great majority of specimens straight fa
tigue crack fronts were obtained well within 
the ~imits defined by the testing specificati
ons.Extensive shear lips were observed in the 
specirnens specially those tested at maxirnum 
load. 

The CTOD-R curve for the BTL specimens with a / 
w~ 0.15 is plotted in Fig.3.The correlation i~ 
not linear and the results lie considerably 
above those previously obtained (5) in the spe
cimens with the same thickness and longer ini
tial crack length (tipically aa/W ~o.5).Hence 
the application of the COD specification to 
specimens wi th shallow cracks ( a/W < O. 3) gi ves 
higher toughness values and also higher COD va
lues at crack initiation ( oi~ 1rnm) (Fig.3).Note 
that COD at crack initiation for the longer 
crack specimens is well below 1rnm (o.~ 0.12mrn) 
This great difference in toughness i~not enti
rely due to the influence of crack.length. It 
is likely that the location of the rotation 
point assumed in the COD equation used in spe
cification changes with crack length.This is 
confirmed by recent work carried out by Liu (9) 
and Koledrnik (10) which seems to indicate that 
a value of the rotational factor r=0.4 as de
fined in the specification (equation 1) is only 
reasonably accurate for long cracks.Further 
testing is in progress to draw more definitive 
conclusions on this point. 

The J-R curve (J against slow crack growth) is 
shown in Fig.4 (valid results possible for the 
BTL and BTS orientations.However for the time 
being the number cr tests (4 specirnens) may not 
be enough to define reliable conclusions and 
hence further testing is in progress to clarify 
this point. 

In Fig.4 a plot was made of the blunting line 
and the 0.15rnm offset line of the ASTM E813 
specification.The analytical blunting line of 
the EGF P1 /90 procedure and the O. 2rnrn offset 
line ar~'also plotted.The analytical blunting 
line is given by the equation: 

6a8 = 0.4 d J no-
o 

(2) 

w::re d~·. ::5tven by{~:)xO+v)x (1~ ~1+n 
7T00 (l+n) (1-v 2){J3 E - fr·'L+n (3) 

In equation ( 3 ) .. 0
0 

is 1 reference ;t_- ess and n 
is a strain hardening exponent given by Fig.A 
5.1 of the document. 

To obtain Ji and J 0 •2values of J for crack 
initiation and 0.2rnm slow crack growth the EGF 
P1/90 procedure recornmends the measurement of 
the stretch zone size,/::,Bszw .Ji is defined by 
the point of intersection of the vertical line 
passing through the value of t:,a szw with the J 
resistance curve.Jo.2is obtained by an offset 
parallel line to the stretch zone width line 
with a displacement of 0.2rnm.Similar procedure 
holds for the blunting live given by equation 
(2). 

This can be done in the SEM measuring the stre
tch zone width at the crack tip in several spe
cimens loaded in the early stages of the J cur
ve (e.g. in the elastic regime or at the begin
ning of plastic deformation).The stretch zone 
width is by definition the amount of crack 
blunting at the crack tip without any crack 
growth(separation of crack surfaces).Frorn our 
experience we find this technique~y_ time 
consuming and prone to errors.We think it will 
be more advisable and simple to define Ji or 
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other parameter of toughness such as J 0 , 2 based 
on a single reasonably conservative equation 
using standard or other well defined material 
properties. 

The validation lines of J max and /:$3. max are al
so plotted in Fig.4 for the ASTM E1152 and EGF 
methods.In this case the E1152 specification 
was chosen since is less severe than the E813. 
The set of equations for these parameters are: 

ASTM El152 

For J max the smaller of 
J max =b a1 120 

and 
6. amax=0.1 bo 

EGF P1/90 

For J m a x the smaller of 
J max=b Oyl25 

and 
6. amaX'O. 06 b0 

or B q. 120 

or Bayl25 

where Oyis defined as the mean flow stress.The 
EGF blunting line obtained with equations (2) 
and (3) is also plotted in Fig.4 and líes to 
the left of the ASTM blunting line. 

Hence it is seen that the validation lines for 
J and a results are less severe in the ASTM 
specification than the EGF P1/90 method (see 
the comparison in Fig.4).For this steel and for 
the thickness of 50mm it is difficult to obtain 
valid data to define a Jo.2 toughness value or 
Ji .Note that in Fig.4 only four valid tests 
were obtained accordingly with ASTM and three 
with EGF P1/90.The material exhibits a very 
high J toughness and since there is also a 
great amount of slow crack growth it is a com
p1icated task to obtain data inside the valid 
toughness zone indicated in Fig.4.However addi
tional testing is in progress in an attempt to 
obtain more data in the validation areas. 

Since fracture toughness with J is extremely 
difficult to define it was decided to carry out 
only CTOD tests in the 12mm thickness specimens 
of the weld metal. 

The CTOD-R curve for 12mm weld metal results 
is plotted in Fig.5.It was possible to esta
blish a single correlation line for all the 
results.Hence CTOD in the weld metal does not 
show a significative variation with both spe
cimen orientation and specimen location along 
the shell thickness. 

The equation that could fit the data is indi
cated in Fig.5.The correlation coefficient for 
the linear regression analvsis was 0.943.The 
CTOD values for crack initiation are obtained 
putting Ó.a=O in the CTOD equations written 
in Fig.5. 

Note that the CTOD-R curve for the weld metal 
líes above the curve for the base metal.The 
CTOD value for initiation is also above in the 
weld metal.Hence it looks that the steel has 
adequate toughness in the weld metal when com
pared with the base metal. 

The results of CTOD toughness at maximum load 
O maxare plotted in Fig.6.Although the CTOD-R 

curve for the weld metal líes above the curve 
for the base metal the toughness measured by 
the maximum load CTOD, omaJs not affected by 

the testing variables. The o max values obtained 
for the weld metal and plotted in Fig.5 show 
sorne variations but these can be due only to 
scatter in the results caused by variations in 
the testing procedures (variations in initial 
crack length and crack plane) .All the o data 
f' . h max 1ts 1n t e scatter band showed in Fig.6 rang-
ing from 0.4 to 0.7mm for o .The amount of . 1 b max aval a le data obtained so far is sufficiently 
large to conclude that the toughnessOmaxin the 
weld metal and base metal does not show to be 
consistently higher or lower.The same applies 
to toughness variations detected along the 
shell thickness (upper surface,center and lower 
surface). 

The results obtained show that CTOD is affected 
by geometry (thickness) and initial crack len
gth ~a~,'\oi):The application of the CTOD testing 
s~ec1f1cat1on of shalow cracked specimens gave 
h1gher CTOD values.This effect has been repor
ted in the literature (11,12) and requires fur
ther work concerning the location of the rota
tion point (13).Also the applicability of al
ternative crack tip parameters,such as the CTOA 
(crack tip opening angle),to these results will 
be carried out next (14,15). 

So far as J is concerned testing will be conti
nuedin the thicker specimens trying to define 
a more accurate analysis of validation limits 
for the J data and J toughness for crack ini
tiation. 

4. CONCLUSIONS 

1 - For the base metal A515 Grade 70 steel the 
CTOD for shallow cracks (a0 /\v "'0.15) líes 
a~ove CT~D measur:d ~n t~e normalised spe
Clmens wlth a 0 1\V -O. ::J. Th1s resul t should be 
attributed to innacurate assessment of the 
rotational point for specimens with small 
cracks and a further study will be carried 
out. 

2 - CTOD toughness in the weld metal is inde
pendent of specimen orientation and loca
tion along the shell thickness.The CTOD-R 
curve for the weld metal líes above the 
curve for the base metal. 

3 - The CTOD values obtained at maximum load 
o max in normalised specimens of 12mm thick
ness can be fitted in a single scatter band 
valid for weld metal and base metal results. 
No significative variations of ~axtoughness 
could be detected between the weld metal 
and base metal. 

4 - Application of ASTil and EGF criteria for 
assessment of toughness measured by J show
ed that for the thickness of 50mm majority 
of data fall outside the validation lines 
of these criteria.Hence no valid Jo.2 values 
were obtained for this thickness and this 
was also the case for the results previou
sly obtained at the thickness of 12mm.It is 
recommended that for materials of high 
toughness,such as this steel,the validation 
areas should be less severe.Further work 
will continue in this area. 
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