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ABSTRACT

In order to detect the minimum CTOD value in welded joints easily, Fatigue
CTOD test method was developed. 1In this test, a CTOD test specimen is
tested at low temperature under cyclic loading which makes a fatigue crack
gcan in any part of welded joints. This new method makes it possible to
find the minimum CTOD value by a few specimens. The new method can be
applied to study on the location of the brittle zone, reason of embrittle-
ment and other purposes.

Furthermore, the relationship between ordinary fracture toughness and
fatigue fracture toughness by this new test method is investigated from the
viewpoints of the cyclic stress ratio, the loading rate and the plastic zone
size. It became clear that the larger the cyclic stress range was, the
larger the fatigue fracture toughness was. The fatigue fracture toughness
conformed well to the ordinary fracture toughness when the cyclic stress
range was small. It was non-sensitive to the loading rate. The fatigue
CTOD test should be carried out with a small cyclic stress range and with
the cyclic frequency up to 10 Hz in order to evaluate the fracture tough-
ness of welded joints.
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INTRODUCTION

The crack tip opening displacement (CTOD) approach based on elastoplastic
fracture mechanics has widely been used for material selection and weld
defect evaluation to maintain structure safety against fracture initiation,
after the testing method was established in early 1970s. In order to assure
the integrity of welded structures it is primarily important to know crit-
ical CTOD (8.) values of the most embrittled regions in the welded joins,
although comprehensive investigation should also be made from other view-—
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points, including probability study on nucleation of serious defects, crack
arrest toughness and structural redundancy. However the results of CTOD
tests on heterogeneous materials such. as welded joints show substantial
scatter because the crack tip samples different microstructures in each
specimen. This scatter makes it difficult to determine the lowest 6. values
of welded joints and also prevents real analysis of structural safety. For
the purposes of revealing the local fracture toughness of the brittle re—
gions in welded joints and analysing its significance the development of a
simple test method which enables precise detection of the lowest §. of
heterogeneous materials with a limited number of specimens has been desired
for a long time.

The present authors already proposed (Tanaka, 1982), as one of strong candi-
dates for this object, application of fatigue fracture toughness test method
by which researchers (Yokobori, 1970) has been investigating damage by
fatigue loading to fracture toughness. The authors' standpoint was that
this method can be used, instead of the ordinary CTOD test of monotonic
loading type, for detecting the minimum fracture toughness with single or a
few specimens since a crack tip in this method travels inside the test mate-—
rials and scans various microstructures during one test. To eliminate
extensive fatigue damage on the material, however, further fracture mechani-
cal investigations seem to be required.

In the present report, results of research in terms of this point are
described.

FRACTURE TOUGHNESS OF WELDED JOINTS - BACKGROUND -

Figure 2 illustrates an example of CTOD test results for a welded joint.
This figure shows that face cracked specimens (as in Fig. 1) resulted in a
wider scatter and a lower minimum value of §. than side cracked specimens
(also as in Fig. 1). From the subsequent investigation on microstructure
of the specimen which showed the minimum value of 6., the following points
have been clarified. ‘

(1) The fatigue crack tip at the fracture initiation point of the face
cracked specimen was confluent with the grain coarsened heat affected
zone adjacent to the weld fusion line.

(ii) Even though fatigue cracks in side
cracked specimens were intersect— b0 ’ §

T

ing the grain coarsened heat af-
fected zone, 8. values obtained

were higher than the minimum value *
of 8§, from face cracked specimens.
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(b) Face cracked specimen

Fig. 2. Examples of the ordinary CTOD
test results for SMAW joints
of Al killed fine grain steel

Fig. 1. Specimens for the CTOD
tests for welded joints
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(iii) Considerably wide contact (say 2mm) between the fatigue crack tip and

the most embrittled region such as the grain coarsened heat affected
zone seems to be necessary to lead the lowest value of §..

From these facts, it is considered that the result by side cracked specimens
shows a sort of a mean value of §. in the welded joint and th§t by face
cracked specimens shows the fracture toughness of a loc§l region. ]
to detect the local fracture toughness of the most embrittled zone in a
welded joint, the fatigue crack tip has to be controlled so that it contacts
with the aimed region. in

limited in the length and width because of a normalizing effe?t ?y subSeT :
quent weld thermal cycles and depression effect by aluminum nitride precipi-
tate to grain growth.
the serious problem in the subject.

In order
However the brittle region in welded joint is very

As mentioned above, the following points have been

(i) It is difficult to evaluate the local fracture toughness such as of

the most embrittled zone in a welded joint.
(ii) It is still unknown to what extent the fracture toughness of very

localized regions affects the safety of the structure.

FATIGUE CTOD TESTING METHOD

In order to overcome the problems described above, Fatigu? CTQD test has :
been developed. An outline of this test method is shown in Fig. 3: In t?ls
test a specimen is tested, at low temperature as aimed, under cyclic loading
which extends a fatigue crack from the initial kerf toward the heat affected
zone through the weld metal.
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Fig. 3. Testing procedure of the Fatigue CTOD test

When the fatigue crack tip reaches close to the embrittled zone, ?rittle
fracture may take place in the case where the applied CTOD‘va%ue is laFger
than the critical value of the weakest region. When the applied CTOD is
smaller than the critical CTOD value, a specimen will not be broken and a
fatigue crack will propagate through the zone. The lowest value of &, ?an
be expected to lie between the CTOD values calculated on these tvo spe§1wens.
In general, Fatigue CTOD test employs face cracked specimens haYlng ? ini-
tial notch of 0.15 mm wide slit with its tip 2 mm above the fusion line. The
specimens are tested in a servo-hydraulic testing system under l?ad control.
For specimens which showed brittle fracture, CTOD value calculation was made
using the applied load, total clip gauge displacement énd crack lengtb o
measured on the fracture surface. Because loads at brittle fracture initia-
tion recorded by a transient recorder generally conformed to t?e programmed
maximum loads, the latter were used for the calculat%on when high speed
recording had not been made. The total clip gauge d1§placement'was chogen
for the CTOD calculation from the same hypothesis as in Garwood's J—reS}st—
ance curve theory (Garwood, 1975). For specimens which did not show brittle
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fracture when fatigue crack passed the brittle zone, the distance between
the fusion line and the upper surface which was measured on cross-sections
gxt?acted from the specimen was regarded as crack length for the CTOD calcu-
lation. The total clip gauge displacement at a point, where a cyclic ampli-
tude of the displacement agreed with a theoretical value calculated by a
compl%ance equation (Tada, 1973), was adopted for CTOD determination. The
compliance equation was a little modified so that it agreed with the experi-
mental compliances at the beginning of test and the last loading for which
crack lengths were known. When the recorder used could not follow the quick
change in the out-put of a clip gauge because high frequency loading was
employed, intermittent slow loadings were introduced in the programme.

RESULTS OF FATIGUE CTOD TEST ON WELDED JOINTS AND DISCUSSION

The welded joints used are shown in
Table 1. Ordinary CTOD tests and
Fatigue CTOD tests have been car-

Table 1. Welded joints for CTOD test

ried out with face cracked speci- Mark| Steel Material Welding method ﬂﬁi Skateh of
mens on both of joints A and B. (K/om) | o100
Fi ure 4 ShOWS test r Fine grain low SMAW with 3-repares
gure esu%ts. When A | temparaturs steel. | (Multipass verticel up) ol
the joints were tested with a
i A High tensil
stress ratio R (= Ppip/Ppax) of B | strangth steel. EGW (VEGA) (Vibratory | ¢35

0.1, fatigue cracks penetrated (150) S

grain coarsened heat-affected
zones without causing brittle
fracture at a maximum load cor-

¢ | Fine grain low SMAW with 3-repares
temperature steel. (Multipass vertical up)

D Fine grain low SAW (One Pass tandem

temperature steel. welding) 69

responding to CTOD values consid- Fififdeeln,

erably higher than the critical
values in the ordinary test. Tests

| BRgR

were further carried out with a 2.0 ‘2‘24
higher stress ratio which was ex- ’ Ié ]
pected to provide a smaller re- | oS tEd T 0 estediat 210G
versed plastic zone. As shown in i : s H
Fig. 4, the critical CTOD value SE F i el
y b ) 5 E e & No-break ® 4 No break

obtained in the Fatigue CTOD test g 05 |__, ° i .
with R = 0.5 conformed very well B2 B ° o0 v i
to the minimum 8. in the ordinary 52 r 8
CTOD test. 0 e

3 ol - °, °
Figure 5 shows relationships be-— g-é = v &
tween the cyclic amplitude of EE v
stress intensity factor (AK) and £ £ Q’?’%ﬁ - v .
the ratio of the applied CTOD E‘E 8 v . & 2
value to the minimum value of &, 33 L =Y e e b4 .
obtained in the series of test. St gl Z v
This arrangement indicates that ES Ja *" 7
the lowest value of §. cannot be -52 o
obtained when the Fatigue CTOD S 002
test is carried out with a AK S § &% R=&5(Z$gzy B ) e

: N - cTOD
higher than approximately 1300 Fatigue CTOD Fatigue CTOD
N/mml-5, and that a smaller AK Joint A Joint B

value in the Fatigue CTOD test is
preferable to obtain the minimum

value of §. Fig. 4. Test results for welded

joints by the Fatigue
CTOD and the ordinary
CTOD tests

3315
20}
B--~Lsawe £
40 ° = 10k R=01 <8 & — o
L i : et g
" e o] 05 o7/ R=08
30 ///// A I i '% o
It / £
£ L ’ g tonic test
O E 0.2 o &} monotonic tes
E ; &
. 20 0. o - 2 01f 2 %‘\{
£ o s ,”ﬁg R=05
o o / /
J N
m & o /
¥ [m] o
g 3
~§ 10 Break |No break — | — z —— e monotonic test
W |0 [JointA| 7 2 e BEd U it
® |0 aa gl -=- ¢ r=0s) ¢IO!
07} o [m] & S c| A
A (o Dl |
05 1 | 1 | 1 1 L 01008l g P el G
1000 2000 3000 ~150 =100 =50 0
4K, Ne+mm'® Temperature, C
Fig. 5. Influence of AK value to Fig. 6. Comparison of 8. and Sf

transition curves for the

the minimum value of &,
base plate of HT60

obtained in the Fatigue
CTOD test

EFFECTS OF TEST CONDITION

In order to make clear the fracture phenomenon in the Fatigue CTOD test and
its differences to that in the ordinary CTOD test, the following investiga-
tions were conducted.

(A) Whether or not the reversed plastic zone caused by cyclic loading in
the Fatigue CTOD test affects the lowest value of 8. also in homogeni-
ous materials.

(B) Whether or not the lowest value of 8. in the Fatigue CTOD test depends
on the cyclic frequency.

Because specimens from welded joints having heterogeneous microstructures

and wide scatter of &, are not suitable for the item (B), both problems were

investigated using more homogenious base plate. A 600 N/mm2 class high
strength steel, which was used for joint B, were applied.

For the investigation of the item (A), the stress ratio was varied from 0.1

to 0.8 because the size of the reversed plastic zone depends on the ampli-

tude of cyclic loading. The transition curves of §. by both of the methods
are summarized in Fig. 6. Here 6. and §f. refer to the critical CTOD

values by the ordinary and the Fatigue CTOD test methods, respectively.

Figure 7 (a) is a replot of 6. and 8f. in terms of the stress ratio and

Fig. 7 (b) in terms of AK. These results revealed the following points.

(1) The curve of 8¢, vs. temperature for the stress ratio of 0.8 shows the
minimum value among all curves, almost conforming to that by the mono-
tonic test. The results of &g, in this condition has the smallest
scatter as shown in Fig. 7 (b). On the other hand, the curve for the
stress ratio of 0.1 shows the upper value of them.

(1i) At temperatures from -70°C to -110°C, the minimum values of Sf. ob-—
tained in the Fatigue CTOD test depends on the stress ratio. These
are lowered and approach to those of §. as the stress ratio approaches
1.0. However the stress ratio to have the minimum value of Sf. agree-
ing with that of 8. was different for each of temperature.

(iii) At lower temperature as -140°C the minimum value of 8¢, was lower than
that of §. though the effect of the stress ratio was observed in the
same way as at higher temperatu-es.



3317
3316
ips between 6f. and frequency of cyclic loading in the F?tigui.Cngagii;.
- L4 is clear that 8gc is little affected by the fr?quency of cyclic f.
10& / / E £e 10 is a replot of Sf. in terms of the loading rate at the moment'o
_ i ) / 5 j ] iitle fracture initiation and the results of the ordinmary CTOD tesF with
S a— A I o / / 1 $4h loading rate. The curve predicted by Barsom's equation (1976) e HiEe
L \A G i & r ) Y w 0P E e 1410 this figure. In the records of the loading rate in the Fatigue
osf = \\\\ 2 1 02 %g g 7 y test there were some cases where brittle fracture.took place.at the y
ESRG N s ' ;;_m_m_A/ 7 iﬁﬂént when the load began to decrease just after passing the maximum loa
Bl e o \\ﬁ‘m-—ﬁﬁ E o1} m.______m__—/mi / 2 k#gl. But the loading level at the moment of brittle'frécture :Lnltlatlonf
j M ik gt P g/ 8 ° f ] géﬁld be regarded as to be equal to the maximum load within the accuracy o
2 g O\\ £ é E i ég e / 1 X 7 From this figure, it becomes clear that $§gc is independent of the load-
= Bloe \ e T s ] . te at the moment of brittle fracture initiation. &g, seems to be
8 i T a0l | J8% =] L S e - the rate. Although the exact reasons of this fact are not
e ; - g :o_—_n—i_—_ovﬂf/ ey Eg fact th;t the specimen has already deformed before the last
g oo R 75 E el é | i;&in céeizédinz may be an important element. Only a small portion ahead
S oaost T 5 001 T x ;f “ii :xzsting plastic zone is newly deformed by the last cycle and the pre-
000z e A ] existing plastic zonme must be the measure of toughnmess s FFomtﬁhegztzeizltS,
P Mot L o ey aws:g D e i ¢t i8 clear that the frequency up to 10 Hz is permissible in e g
e 05 08 [Test T ) 7000, 5000 ]
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Fatigue CTOD test looding loading Fatigue CTOD test

Fig. 7. Effects of R ratio and AK on 8¢ for the base plate of HT60

fatigue crack

(iv) As shown in Fig. 7 (b) the minimum value of 8¢ coincided well with
that of 6, when the Fatigue CTOD test was carried out with a AK value
less than approximately 1000 N/mml-2 at any testing temperature except
-140°C.

It is not clear at this stage what the real reason controlling the effects

of cyclic loading on the resulting 8¢gc 1s. Both of crack closure and the

reversed plastic zone may be important factors. Since crack closure during
2n unloading stage in cyclic loading may be attributed by R ratio and the
size of the reversed plastic zone is controlled by AK, it seems necessary to
choose appropriate values of R and AK in the Fatigue CTOD test. After the
rearrangement of data, shown in Figs. 7 (a) and (b), an R ratio equal to or
cver 0.5 and AK equal to or less than 1000 N/mml:3 seem to be recommendec..

Investigation in this area, i.e., fracture mechanical and physical-metallur—

gical investigation together with realistic assessment of fatigue loading

effects on subsequent fracture toughness seems necessary because of their
importance not only to establishment of the Fatigue CTOD test method but

in the Fatigue CTOD test

Crack extention

0.5mm

AK=640 N-mm~'®

o5 et iy 4K=1500 N-mm~ "%
4K=2500 N-mm Sl

R=0.1 R=05

Fig. 8. Features of fatigue crack propagation in the
cross section of the base plate of HT60

also to assessment of safety of actual structures for which cyclic loading

is expected to apply. Figure 8 is an example of studies for this purpose ° G| 10k -0 E
and shows the feature of crack propagation and the plastic zone caused by e é& 1 E_ o 1
cyclic loading. Here the recrystallization (Shoji, 1976) was used. The H r 8 1 E a ]
recrystalized area shows the plastic zone having the strain of approximately * ’ir‘ o éi o x i E L & 5 & o 1
0.2. All specimens were tested at -70°C with the same maximum load until 55 A o q“g = = =
the fatigue cracks developed by the same distance from the tip of the sawn g o1f i'i o o g TE-0 -l - & o =
notch. AK values of 640 N/mml-5, 1500 N/mml-5 and 2500 N/mml-5 were 5 F i - °3 3 Ei;, P ]
applied. This figure shows that consecutive plastic zone and a fairy } r 1 q L curve \\\_::\\\\\§~r_—
sharp crack tip are maintained when the loading programme met requirements 2 Loosa 1 [ 255762 ‘T"'Tfffjn
proposed above. L )H, el 001 A e T 10

1l
For investigation of item (B) described above the Fatigue CTOD tests with Mono. £ !

loading

Freauency of Fatigue CTOD test. Hz K. N-mm-5.sec-!
various cyclic loading rates from 0.1 to 30 Hz were carried out. In this (BESIE2) . ! o Ul e
series of test transient recorders were used for accurate recording of load- Fig. 9. Relationships between Fig. 10. R21a?1°ﬂs ips eth el L I
ing rate at the moment of brittle fracture initiation. The ordinary CTOD cyclic frequency and Sfc Lod foie Sriie mE .e.t. A
tests were also carried out with various loading rates to compare the sensi- in the Fatigue CTOD test brittle fracture initiati

late of HT60
tivities to the loading rate in §¢. and §.. Figure 9 shows the relation- for the base plate of HT60 8fc for the base plate
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D1SCUSSTONS
Although face cracked CTOD specimens from actual weld joints, have been
s

?;i:iytgmplqyed in-the Present series of investigation, other types of con-
guration may easily be designed after metallurgical consideration on where

the i i
weakest microstructure locates. Figure 11 shows examples of modification

:ibﬁgitizizi?ezsgz;ﬁ:zzzé OZh:nga ?ig degradasion in toughness by temper

: t rain coarsened heat-affected zo t
may be a suitable specimen. When all the microst g
type (b) or (c) may be adequate. By this kind zfrUCt9r§S héve et
o ) : : By S modification, specimen
o r:lzzgiizinndustrlal qualification tests may be reduced without
e;rigistgiisigegs gi igigizg co?iiFions in the Fatigue CTOD test, there are
zone ''vanishes" when a small R ratii i:rgrliizg & EHOW i Gl 0
low 6. failure also vanished after only ogg unléadz er? LT e
operator. Not only mechanical effects as crack cloZﬁr e
metallurgical char isti i i i o e ohchanee ot
S ingestigated?ctgzgiizcg zﬁosiiiocatlons in the microstructure may have
regions of high deformation may also
be curious. The size of high deformation
zone in fatigue loading seems to be
smaller than that produced by the first
monotonic loading. Although this may be
well described by fracture mechanics
agreement of temperature transition {
?urves of Sfc with that of 8., as shown
in Fig. 6 may not be easily described
by it. Also on Fig. 8 it can be stressed
that the nature of recrystallization have
to be clarified. It should be studied
whether all the highly deformed zone is
shown by the method or only a deformation
under single monotonic loading is shown.
There seems to be a number of points to
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loading rate than that by the ordinary method. The loading rate up to

10 Hz seems to be permitted.
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APPENDIX: CTOD CALCULATION IN THE FATIGUE CTOD TEST

Figure A.l shows the schematic records of load vs. displacement ((a)) and

displacement vs. time ((b)) relatiomships. At the beginning of the test a
specimen was loaded and unloaded along I and I' down to the point B in Fig.
A.1 (a). After this point, cyclic loadings from P i, to Pp,, were applied
and the relationship between the displacement and time were recorded as in

Fig. A.1 (b). When the fatigue crack tip reached the brittle region, brittle
fracture might take place and the load vs. displacement curve along II' would
be recorded. On the fracture surface the final fatigue crack length could be
measured as agy. Applying the same hypothesis as Garwood's J-resistance curve
theory (1975), the load vs. displacement record for a notional specimen with
an initial crack length af might be assumed to be represented by line II in
Fig. A.1 (a). The load vs. time record at the moment when brittle fracture
took place was shown in Fig. A.2. The fracture load was regarded as the
programmed maximum load. After these assumptions the CTOD value calculation
was made using the applied load, total clip gauge displacement and crack
length measured on the fracture surface in accordance with BS5762 standard.
In the case of a specimen which did not show brittle fracture when the
fatigue crack passed the brittle region, the distance between the brittle
region such as the welded fusion line and the upper surface of the specimen
measured on a cross section extracted after the test was used for the crack
length in the CTOD calculation. On the record of clip gauge opening dis-—

be studied in the near future.
Nﬁvertheless authors would like to stress hAZE ()
that the new method has a i

prominent Fig.11l. Fatigue CTOD i

: I ; . 5 test

future and c?n be applied in various for getection of tEEECImeﬂS
areas including material research and minimum fract h:
industrial assessment. on welded joigiz S e

CONCLUSION

5221%ue CTOD test method was developed in order to make it easy to detect

Resea::ﬁSinﬁlu? gf gc in heterogeneous materials such as welded joints
with this method togeth i i .

s R g g er with the ordinary method revealed

(i) Fatigue CTOD test is suitable for detection of the minimum toughness

of heterogenious materials joi
as welded joints In this
: : . test ; :
2 Varlots M crostructiEey b certaisly scamed by @ taticce ?i::ﬁd : placement vs. time, the crack length extention was monitored through the
ii Fracture toughness obtained in the Fatigue CTOD test conformed wéll : s e e e e e

pliance. Therefore the total clip gauge displacement, Vg, at a point where

the cyclic amplitude of the displacement agreed with the value calculated by
a compliance equation could be used in the CTOD calculation. Present series
of the experiment made use of the compliance equation by Tada (1973) with

some modifications.

e numerous number of specimens.
(iii) IggoFatlggeSCTOD test should be carried out with a AK value less than
i N/mml-2 and a Stress ratio R greater than 0.5.
Tacture toughness by the Fatigue CTOD test is less sensitive to the
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AVg _ 24a _ 2 _ 3, 0.66
ap = ofggz 10.76 - 2.28x + 3.87x2 - 2,063 + =6,

0.45W + 0.55a + Z ] : :
= d h ht Z
o 0.45W + 0.55a (correction for knife edge heig )

B: Experimental correction factor from initial compliance for aq

AVg/AP = AVg/(Pmax - Ppin)
x = a/W

The compliance equation was slightly modified so that it might agree with
the experimental compliance at the beginning of a test. An intermittent
slow loading programme in each 100 cycles was introduced in order to enable
an accurate monitoring of the displacement change, AVg, when the high
frequency loading was employed and the recorder used could not follow the
quick change in Vg output.

Fracture

\
'
\

[ No f racture]

\
\

141 crack iy

Fimex 4vgf

at fusion
line

Load

Load & Clip gage displacement Vg

Fracture

a=ag
V, - E:Ef
of Time
Clip gage displacement
(a) Load-displacement curve (b) Test record

Fig. A.1 Schematic test records in the Fatigue CTOD test

LOAD
Vg

Fig. A.2 Load and clip-gauge-opening
records by transient memory
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