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ABSTRACT

The fracture toughness of the pressure vessel
steel A508 was determined in the temperature
range 100 - 350°C. The J-integral method with
crack growth resistance curves, the so-called
R-curves, was used. The results show that the
steel Toes not have an "upper-shelf" and the
frac _' ;<:; toughness, K_» decreases with increas-
ing * Mperature to a minimum around 300°C and an
incr* j?e above it. These results are compared to
the? obtained previously on an other pressure

î steel A533B which has essentially the
t.emperature dependence. The results were

al#< analysed using the Tearing modulus, T. The
CCJI l.usion is that the crack growth resistance
arv the crack initiation resistance (K. ) show a
si.atificant decrease around the operating tem-
peratures as compared to 100°C.
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SAMMANFATTNING

Säkerhetsbedömningar av reaktorkärl kräver
brottseghetsdata av de stål son ingår i reaktor-
kärl. På grund av materialens höga brottseghet/
sträckgränsförhållanden har det varit svårt att
bestämma brottsegheten vid reaktordriftstemperaturer.
Utvecklingen inom den elastisk-plastiska brott-
mekaniken under senare år har emellertid möjlig-
gjort bestämningar. Det är två ståltyper som
ingår i de flesta svenska tryckkärl, nämligen
A533B och A508. I en serie undersökningar finan-
sierad av SKI har i Studsvik utförts brottseghets-
mätningar på ett av de aktuella stålen, A533B,
och dess svetsförband. J-integralmetoden har
därvid använts.

I föreliggande undersökning har utförts experiment
på det andra stålet, A508, som ingår i svenska
PWR-tankar och stutsar i BWR-tankar. Även här
har tillämpats J-integralmetoden med sprickmot-
ståndskurvor (sk R-curves). Provningen utfördes
vid en normal hastighet och i temperaturområdet
100 - 350°C. Av resultaten framgår att stålet
A508 visar liknande temperaturberoende som
A533B, vilket innebär att brottsegheten (K, )
minskar med ökande temperatur för att uppvisa
ett minimum vid 300°C. De erhållna värden är
approximativa och en mera noggrann bestämning
kräver flera prov.

Tillämpning av dessa data på tryckkärlen innebär
en konservativ bedömning av säkerheten, eftersom
det förutsätts att sprickan blir instabil efter
initiering. Nan vet emellertid att omfattande
spricktillväxt sker i dessa stål inom det nu
aktuella temperaturområdet före instabilt brott.
Metoder för vederhäftig analys av detta saknas
dock hittills.

Nyligen har Paris gjort en analys av detta och
föreslagit en ny brottseghetsparameter, Tearing
Modulus T. Tack vare R-kurvorna i denna experiment-
serie, kan man utvärdera även T. Detta har
gjorts och resultaten visar att även T, som här
tolkats som ett mått på sprickutbredningsmotståndet,
minskar med ökande temperatur upp till driftstem-
peraturer. Men i motsats till K_ visar T ingen
uppgång, snarare fortsatt minskning vid 350°C.

De erhållna resultaten tolkas som att stålet
A508, i likhet med A533B, kan vara benäget för
deformationsåldring som leder till att såväl
Bprickinitieringsmotståndet, K. , som sprick-
utbredningsmotBtåndet, T, minskar betydligt vid
reaktordriftstemperaturer jämfört med 100°C.
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Vid säkerhetsbedömningar av reaktorkärl bör »an
därför använda brottseghetsvärden vid driftstea-
peraturer och ej värden vid lägre temperaturer.
Av resultaten följer även att provtryckning av
tryckkärl vid lägre temperaturer inte nödvändigt-
vis innebär säkerhet vid drift, eftersom den
kritiska defektstorleken som där kan leda till
instabilt brott blir lägre än vid provtryckning.

Denna undersökning har finansierats av Statens
Kärnkraftinspektion (SKI).
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FIGURE CAPTIONS

1 Specimen lay-out.

2 The specimen.

3 Fracture toughness testing equipment.

4 Fracture surface.

5 Schematic load-displacement curve.

6 J-resistance curve at 100°C.

7 J-resistance curve at 200°C.

8 J-resistance curve at 300°C.

9 J-resistance curve at 350°C.

10 Fracture surfaces showing crack exten-
sions in smooth and grooved specimens.

11 Temperature dependence of KJ(,.

12 Temperature dependence of T.
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NOMENCLATURE

KIc (IM m"3/2)

J (N m"1)

Jc (N wT1)

KJc (MN m"3/2)

t
Linear elastic fracture tough"
ness

The J-integral

Elastic-plastic fracture tough-
ness, J at the onset of crack
growth

Elastic-plastic fracture tough-
ness _
KJc = ^Jc

T

v

E (MN m"2)

oy (N m"
1)

CTUTS ( N m" 1 )

o f (N m"
1)

B (mm)

W (mm)

a (mm)

P (N)

A (mm)

S (mm)

V2 (mm)

A

Aa (mm)

a

Tearing modulus

Poissons ratio

Elastic modulus

Yield stress

Ultimate tensile stress

°y + °UTS
2

Specimen thickness

Specimen width

Crack length

Load

Displacement

Load span

Crack opening displacement

Area under the load - disp
ment curve

Crack extension

Size factor
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1. INTRODUCTION

Previous experimental determinations in Studsvik

of fracture toughness were concentrated to the

pressure vessel steel A533B and to its welded

regions (1,2,3,4). The main aim was to obtain

data at the temperatures of interest for reactor

operation and in the so-called upper-shelf area;

that is in the range 23 to 400°C. Determinations

were made using the J-integral method. It was

found that the fracture toughness is not constant

in this temperature range but decreased substan-

tially at temperatures above 100°C and showing a

minimum at around 300°C. This temperature depend-

ence is unlike that of Charpy V-notch toughness

which is normally used to assess the safety of

the pressure vessel. The fracture toughness

value obtained in the range 250 - 300°C was well

below that of the values obtained in the range

23 - 100°C where the constant "shelf-level" was

assumed on the basis of Charpy V-notch data. It

was also well below the minimum value of

24 3 MN m"3/2 quoted in the Marshall report (5)

obtained using the Witt's Equivalent energy pro-

cedure (6). Systematic attempts elsewhere to

directly determine the temperature dependence of

upper-shelf fracture toughness using elastic

plastic fracture mechanics have been limited.

The available data, including data in Ref 3 have

been reviewed recently (7) where it was concluded

that the values of fracture toughness at 275°C
-3/2

were in the region 127 to 162 MN m ' depending

on the analytical procedure and method of evalua-

tion used.

The object of the present investigation is to

obtain similar data for the steel type A508

Cl 2, which is the predomment material for

PWR-reactor pressure vessels, and the nozzle

material for BWR-vessels.
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2. FRACTURE TOUGHNESS TESTING APPROACH

The direct determination of the upper-shelf

toughness of A508 steel using Linear Elastic

Fracture Mechanics (LEFN) methods (8) is not

feasible due to the high ratio of toughness to

yield strength. Very large sized specimens would

be required for this purpose. The most promising

method to date is generally acknowledged to be

that of the J-integral (proposed by Rice (9)),

which has been developed into a testing method

by Begely and Ländes (10) and Bucci et al (11).

This so-called J-integral R-curve method was

used for determining the temperature dependence

of the "upper-shelf" fracture toughness of A533B

steel by Östensson (3).

The Working Committee of the ASTM Task group on

Elastic-Plastic fracture under committee E24 on

Fracture Testing has recently proposed a procedure

to determine J and the critical fracture toughness

Jc (12).

In the present study this procedure was mainly

adopted for determining the fracture toughness,

with essentially two deviations: the first was

the use of side-grooved specimens at two tem-

peratures. This was decided in the latter stages

of the experiments when it was found that the

"standard" or "smooth" specimens produced very

irregular crack fronts. The second deviation was

to disregard the so-called specimen size validity

criterion. Both these points are discussed in

the appropriate sections of this report.

Since the onset of crack growth is an important

event for determining the critical fracture
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toughness, efforts were aade to locate this

event directly during the test by the so-called

potential drop Method, previously used and

described in (4). However, it was difficult to

interpret the data and the results are not

reported here.

Furthermore, the results have also been evaluated

in terns of the Tearing Modulus, T, recently

defined and proposed as a unique ductile fracture

toughness parameter by Paris et al (13).
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3. EXPERIMENTAL

3.1 Material

The Material was steel type ASHE-SA508. Cl 2

vacuum degassed electric steel forging supplied

by Klöckner werke with the Chemical Composition

as shown in Table A.I. The actual piece used in

this investigation, dimensions 2 000x240x150 am,

was an excess nozzle cut-out from the Ringhals IV

reactor pressure vessel. The piece was quenched

from 900*C ir water after being held for 7.5 hours,

and tempered at 660*C followed by air cooling.

The resulting mechanical properties are shown in

Table A.2. Finally it was annealed at 620*C for

10 hours to simulate stress-relief-annealing.

3.2 Specimen lay-out and pre-cracking

The specimens were taken out of the material so

that the specimen axis was in the forging direc-

tion, the crack plane perpendicular to it and

the crack extension in the thickness direction,

as shown in Figure 1.

The dimensions of the specimens were 230x50x25 mm.

They were furnished with a straight V-notch

Figure 2. The fatigue pre-cracking was carried

out in a 2 ton Amsler vibrophore machine in

accordance with ASTM-standards (8).

3.3 Side-grooved specimens

Some of the specimens were side grooved in the

plane of the crack front after pre-cracking. The

grooves were about 2 mm deep on each side, with

a radius of 0.1 mm at the root. The object was

partly to reduce the unevenness of the pre-crack
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caused by side effects, but mostly to obtain a

more uniform stable crack extension during

testing. All the specimens tested at 350°C were

side grooved. In addition a full R-curve was

developed with side grooved specimens at 200°C

in order to compare it with that obtained by

"standard" or "smooth" specimens.

3.4 Test set-up and procedure

All the specimens were tested in three-point

bending at a rate of 1 mm/min in the 500 kN

Instron machine in Studsvik and the test set-up

was the same as that used for testing the A553B

steel (3,4), see Figure 3. The loading span was

180 mm. A full load-deflection curve was recorded

for each specimen. Test temperatures were achieved

using two infra-red heaters.

For the determination of the critical value of

J, the R-curve technique with multiple specimens

was employed.

Each specimen was loaded to a pre-deterir.ined

displacement value and unloaded to zero load. A

complete load-displacement record was made on an

x-y recorder. To mark the crack-extension at the

point of unloading a heat tinting technique was

employed, i.e. the specimen were heated to about

300°C for a few minutes; they were then broken

apart at the temperature of liquid nitrogen. To

determine the R-curve about six specimens were

employed at each temperature, loading each

specimen to different values of displacement.
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4. DATA EVALUATION

4.1 Crack-extension data

Measurements were made on the fracture surface

of each specimen using a travelling stereo-micro-

scope. A typical fracture surface is shown in

Figure 4. The crack-extension, Aa, was measured

as the combined length of crack tip blunting,

a. , and stable crack, a . This method was chosen

because it was often difficult to separate these

two areas. Aa was taken as the average of evenly

spaced measurements across the breadth of the

specimen: 9 measurements for smooth specimens

and 7 for side grooved specimens.

4.2 Determination of J and R-curve

For single edge notch (SEN) three-point bend

specimens the value of J at the point of un-

loading is estimated by, see (12):

J = 2 A
B(W-a)

To account for the roller indentation on the

specimen and the energy component of the un-

cracked specimen, the theoretical slope A/p was

calculated from elastic beam theory

A _ sf rs +
P 2 lW
* 4E'BVT W

and the area A, was subtracted from A1 to obtain

A, see Figure 5.

To develop the R-curve at each temperature the

J-values calculated as above were plotted against

the crack extension, Aa.
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For J calculations and plots a desk-top computer

was utilized.

4.3 Determination of critical J or J value

From the R-curve the critical value of J is the

value at zero crack extension. As pointed out

before, the measurements also contained crack

extension due to blunting. To separate it from

the true crack extension, a blunting line was

drawn in the J-Aa curves using the equation

J = 2 o f Aa

which is based on the assumption that the Dugdale

model (14) is applicable, and the measured

blunting is half the crack tip opening displace-

ment.

To assess the acceptability of the data before

determining J point, the procedure recommended

by the ASTM-task group (12) was adopted. Accord-

ingly minimum (0.15 mm) and maximum (1.5 mm)

crack extension lines were drawn so that they

are parallel to the blunting line, and the

acceptable data are restricted to fall between

these two lines. Data to the left of the minimum

line were left out because of the uncertainty in

separating actual crack extension from the

apparent crack extension resulting from blunt-

ing. The maximum extension line is to restrict

the crack extension value to 6 % of the ligament.

The validity of the data points is also deter-

mined by the so-called specimen size criterion:
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B > a £-
°f

where the value of a was taken to be 25, as

suggested in (12). a-values were calculated from

the present data, but not taken into account

when fitting the R-curves, see results and dis-

cussion.

4.4 Determination of the tearing Modulus, T

The present LEFM and J-integral analyses of

safety apply only to the onset of crack growth,

after which unstable structural failure is

assumed. However, in the ductile "upper-shelf"

regime extensive stable growth and tearing under

increasing load precede instability for steels

such as A508, providing a margin of safety. J

approach is therefore a conservative method of

assessing material toughness in the upper-shelf

range. Until now attempts to extend J-analysis

into the stable growth regime have met with

difficulties because of their inability to treat

the effects of large scale plasticity. Using the

R-curve approach, Paris (13) proposed a non-dimen-

sional material parameter for predicting cracking

instability thus:

Tearing Modulus; T = ^ x ̂ —=•

where ^ is the slope of the R-curve. The use of

T is becoming increasingly attractive to people

working with elastic-plastic fracture mechanics,

although the proof of its validity is yet to be

demonstrated. The present results are analysed

in terms of T in an attempt to understand the

role played by crack growth beyond initiation

and its temperature dependence.



STUDSVIK ENERGITEKNIK AB STUDSVIK/E1-80/85 9

1980-09-08

5. RESULTS

5.1 R-curves

In Figures 6 to 9 all the data presented in

Table A.3 are plotted as J versus Aa. At 100°C

and 300°C the data were obtained on "standard"

or "smooth" specimens whereas at 350°C they were

obtained on side grooved specimens. At 200°C

data were obtained on side grooved as well as on

smooth specimens, to facilitate direct comparison

of the effect of side grooves. The J-data of the

side grooved specimens are based on "effective"

thickness.

The typical fracture surfaces of the two types

of specimens are shown in Figure 10. The use of

side grooves usually produced flat and uniform

crack-extension over the entire crack-front,

whereas it was irregular when no side grooves

were used, often the crack-extension was greater

in the centre of the specimen than over the rest

of the crack-front. In developing the R-curve

from smooth specimens, this variation was taken

into account by plotting both average and maximum

values of Aa. The ASTM-proposed method does not

recommend the use of maximum Aa values in develop-

ing the R-curves, but this has been done partly

to compare the present results with those obtained

previously on A533B steel (3), and partly because

these data produced a more confident linear fit.

The results obtained at 200°C, Figure 7, facili-

tate comparison of data from smooth and side

grooved specimens, with average as well as

maximum Aa values. As seen the data obtained

with average Aa values from smooth specimens
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produce more scatter because of the irregularity

of the crack front. Two extreme cases are spe-

cimens R27 and R41 (see Table 3) the results of

which are 274 and 971 J respectively, and which

had large crack extensions in the centres of the

specimens only and none over the rest of the

crack front. Specimen R46 on the other hand had

no crack extensive in the centre, and the rest

of the crack front was non-uniform. In fitting

the data points to the R-curve of average Aa

values the above points have not been considered.

Most of the remaining data including those of

side grooved specimens are fitted to a single

R-curve, indicating that the effect of side

grooves (or size) is negligible on J-Aa rela-

tionship and J . These results are, however, too

few to allow for a definite conclusion in this

respect. It is clear from the present results

that side grooves produce a uniform crack front,

thus reducing errors due to Aa measurements.

The data from maximum Aa values yield a more

confident linear fit where the slope is less

steep compared to that of average values.

The results at 100°C and 300°C obtained from

smooth specimens are plotted in Figures 6 and 8

respectively with both average and maximum Aa

values, yielding two R-curves. The data point of

243 J (specimen R25) with average Aa value at

300°C is not considered in fitting the data for

the same reason as described above for specimens

R27 and R41.

At 350°C, only average Aa values are used in

Figure 9, since they are obtained from grooved

specimens which produced uniform crack fronts
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with the exception of one specimen R18. This was

taken into account when fitting the data to the

R-curve.

In all cases data points to the left of 0.15 mm

offset line and to the right of 1.5 mm line are

not considered in fitting the data to the R-curves

(12).

5.2 J evaluations

The critical fracture toughness, J , is the

value of 3 at zero crack extension. Since the

measurements of Aa were made from the end of the

pre-crack and therefore include crack-tip blunting,

J was evaluated as the value at the intersection

of a linear fit to the R-curve and the theoretical

blunting line.

The results in Figures 6 to 9 show that regardless

of which Aa value was used, maximum or average,

the R-curves seem to intercept the blunting line

at approximately the same point, thus yielding

approximately the same J value. This is noted

at each test temperature.

The last column in Table A.3 shows that o < 25

in many cases and therefore does not satisfy the

specimen size validity criterion. This is so at

high J values which require thicker specimens.

The validity of an a value of 25 has not been

demonstrated in literature for the present type

of steel with high toughness in this temperature

range. But size-independence down to 25 mm

thickness was demonstrated for a similar steel,

A533B, in (3). Therefore the above criterion has

not been taken into account when fitting data.
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5.3 Temperature dependence of K,
K r j c

Figure 11 shows the temperature dependence of

fracture toughness (K. ) in the range 100 - 350°C
jc

Kj is calculated from the relationship

Jc =

In the same figure are plotted ostensson's data

(3) on A533B steel where only maximum Aa values

were used. A glance at the figure shows that the

temperature dependence of steel A508 follows the

same trend as A533B steel.

5.4 Temperature dependence of the Tearing

modulus, T

Finally the influence of temperature on crack

growth resistance has been evaluated in terms of

the Tearing modulus, see Figure 12. The slopes

of R-curves from both average and maximum values

of Aa were used for this evaluation, see Table A.4,

to demonstrate that they yield very different

values of crack growth resistance, dJ/da, and

hence T. Further work is necessary to clarify

the significance of this result. It is clear,

however, that both curves show that the tempera-

ture dependence of T is similar to that of KJc

up to 200°C. A slight increase in T is observed

at 300°C when evaluated from average Aa values,

but not when using maximum Aa values. No signi-

ficance is attached here to this result, since

the data-fitting evaluation techniques are not

very precise*. Further experiments are necessary,

however, to check this.

Apart from the slopes of the R-curves,
two "normally" temperature dependent
parameters E and a. are included in the
equation for T. None of these parameters
have been determined in this study. The
values used were only approximate and
vary only slightly with temperature
(Table A.4).
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The results at 350°C (Figure 12) show that the

decrease in T continues, this contrasts with the

trend for K_ . The data here were obtained from

grooved specimens alone.

i
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6. DISCUSSION

6.1 J values

c

The present results yield the same J value,

irrespective of side grooves and whether the

maximum or average crack extension values were

used. This result could be affected, firstly, by

more data points: the basis for R-curves have

been 3 to 4 "valid" data points. At least two

more specimens would be required at each tempera-

ture to increase the confidence level. Secondly

there is the scatter in the data obtained from

the average Aa values for smooth specimens. This

is obvious at 200°C (Figure 7) but is inherent

in all measurements of non-uniform crack fronts.

With side grooved specimens the crack front was

quite uniform, and measurements can be treated

with high precision and hence the R-curves. Data

points with maximum Aa values from smooth specimens

produced a confident linear fit and hence J

value, although the reason is not obvious*.

These results are consistent with those obtained

by Östensson (3) on A533B steel for which maximum

Aa values were used.

Despite the reservations made above, there is a

reason for confidence in the obtained J values.

At all temperatures there is at least one data-

point with crack extension close to the blunting

line which reduces errors introduced by extrapola-

tions to obtain J values. For the same reason

errors in obtaining J due to specimen thickness

considerations (too low a value) will be negli-

gible, since they only affect data at high

J-values.

It is possible that this is a result of
the so-called size effect. Maximum Aa
values correspond to the respective J
but the specimens are too small to
produce them over the entire crack
front. Large specimens would have
yielded these Aa-J relationships.
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6.2 Temperature dependence of K, and T
r K JC

Although further tests are needed to increase

the confidence level of the data obtained, the

conclusion from the present data is that A508

steel shows essentially the same temperature

dependence in the "upper-shelf" range as A533B

steel. The fracture toughness, KT is lower at
JC

300°C than at 100°C. Therefore safety assessments

of the pressure vessels should be based on the

values at operational temperatures and not those

at lower temperatures. It also implies that

proof testing of a pressure vessel at a lower

temperature does not necessarily guarantee

safety during service, as pointed out in (15).

The increase of K. at 350°C compared to 300°C,

suggests that this steel, like A533B, is suc-

ceptible to strain ageing.

The Tearing modulus, T does not show this recovery

but decreases further at this temperature. It

is, however, too premature to speculate on the

significance of this result on strain-ageing,

since the present data are too few. The general

trend on temperature dependence of T, however,

is clear.

Since the slope of the R-curves is an important

parameter in the evaluation of T, the results

demonstrate that resistance to crack growth

decreases with increasing temperature to show a

minimum around the operating temperature. There-

fore the safety margin in crack growth before

final instability is also less at 300°C than at

100°C.
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6.3

1.

2.

3.

Suggestions for further work

To increase the confidence level of the
present results of temperature dependence
of fracture toughness supplementary
tests should be made.

In view of the risk of succeptability
to strain ageing fracture toughness
determinations should be made using at
least one lower strain rate in which
case the fracture toughness is expected
to decrease further.

Specimen size dependence of Tearing
modulus.

i
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Table A.I

Chemical composition of the test material (wt (%))
Steel type ASME SA 508 Cl 2

C Si Mn P S

0.21 0.21 0.71 0.008 0.007

Cr Mo Ni V Co

0.45 0.63 0.87 < 0.01 0.013

Al Cu As N

0.018 0.09 0.022 0.010

Table A.2

Mechanical properties of A508 Cl 2 axial direction

Test temp

°C

20

150

350

Yield
strength «
a , MN m

503

453

430

Tensile Elong.
strength _
aUTS, MN m" %

650 27

595

610 20

Red
of area

68

64
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Table A.3

Test data.
(a) "Smooth" or "Standard" specimens (B = 25

Identi-
fication

R19

R23

R36

R17

R13

R39

R35

R27

R33

R20

R46

R7

R41

Rl

R25

R28

RIO

R5

R45

R47

Test-
temp

°C

100

100

100

100

100

100

200

200

200

200

200

200

200

300

300

300

300

300

300

300

Pre-
crack
a
mm

27.6

27.2

28.1

28.3

28.3

28.6

27.9

28.3

27.9

28.3

28.3

28.3

28.1

29.2

27.6

27.3

27.9

28.3

28.7

28.3

Aa

average

0

0.30

0.65

0.83

1.28

1.44

0

0.15

0.53

1.06

1.45

1.9

0.8

0

0.18

0.63

0.65

1.29

1.41

1.67

max

0

0.51

1.2

1.4

2.22

2.5

0

0.39

0.82

1.7

2.6

3.5

3.8

0

0.50

0.89

1.3

2.6

2.8

3.5

J

KNm"1

269

371

630

688

974

1 112

127

274

392

626

903

914

971

138

243

363

428

737

806

933

K

233

276

359

375

447

477

159

234

280

354

425

426

440

166

220

270

285

374

391

421

Size
factor

B o f

a = —j-

48

35

20

19

13

12

102

47

33

21

14

14

13

94

53

36

30

18

16

14
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Table A.3 Cont'd

Test data.
(b) Side grooved specimens (B = 0.021 m)

1

Identi-
fication

R30

R37

R42

R31

R48

R44

R22

R43

R12

R15

R18

Test-
temp

°C

200

200

200

200

200

350

350

350

350

350

350

Pre-
crack
a
mm

28.4

28.6

28.4

28.7

28.8

28.2

28.3

28.4

28.1

28.4

28.3

Aa

average

0.31

0.62

0.73

0.70

1.13

0.23

0.40

0.65

1.08

1.43

1.28

max

0.40

0.78

0.92

0.90

1.39

0.27

0.45

0.84

1.23

1.55

1.61

J

•cNnf1

326

392

420

467

586

158

272

341

507

611

614

K

MNm-3'2

255

280

286

307

342

169

221

248

302

332

332

Size
factor

B o,
a = ~

33

28

26

23

19

69

40

32

21

18

18
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Table A.4

Results and data used in the calculations

°C 350 (g) 300 (s)

av

200 (s)(g) 100 (s)
(s) (s)(g)

max av max av max av

da v

T

Jc <

KJc

xlO"

MNnf2)

KNm"1)

(MNm"3/2)

5 E (MNm~2)

af (MNm"2)

E/of
2 (MN"1!»"2)

333

228

200

192

1.85

520

0.684

240 507

168 356

160

174

1.90

520

0.703

263

189

432

309

220

208

1.96

520

0.720

380

282

260

228

2.0

520

0.740

699

517

(g) grooved specimens

(s) smooth specimens

av average
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FI6 t SPECIMEN LAY-OUT

Standard: 2B=W
S =

FI6 2 THREE-POINT BENP SPECIHEN
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Beam, resting on lo-
wer rollers, affecting
differential transdu-
cer core

Differential transdu-
cer

Potential drop
electrode (one

on each side of spe
cimen on opposite
sides of crack).

.Specimen

.Infrared heater

Thermocouple

Figure 3

Fracture toughness testing equipment installed
in a 50 kN servo hydraulic Instron machine.
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final

Figure 4

Fracture surface showing fatigue pre-crack,
dblunting + stable crack growth,

final fracture
+ ag and
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W///7/7///////////////

Figure 5

Schematic load (P) - Displacement (A) curve
showing correction procedure for roller inden-
tation.
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1

Figure 10

Fracture surfaces.

a) Smooth specimen
b) Grooved specimen
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o
288 _

CO
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Ui

QC

CJ
188

8
8 188

TEST TEMPERATURE, C

388 488

FIG. 11 TEMPERATURE DEPENDENCE OF Kjc
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FIG. 12 TEMPERATURE DEPENDENCE OF T
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