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Investigations on-the Brittle Crack Propagation

Abstracts

§ 1. Introduction

In order to investigate the mechanism of brittle crack propagation the following
studies were made: i ‘
1) The brittle breaking stress and the limiting temperature for a rimmed steel were

" measured in double tension test and the theoretical analysis was made. The limiting

temperatures of impact bend specimen with brittle bead for twelve steels were measured

- in erack starter impact bend test comparing with the standard V-Charpy impact test to
'investigate if the standard values of V-Charpy impact test should be variable with the

kind of steel.

2) The brittle crack speeds for a rimmed, killed and high tensile steels were measured
in tension test and bend test in different principles.

3) The redlstrlbutlon of residual welding stress due to crack propagation were made
in constrained test to invesfigate the rate of released strain energy for increment of
crack length.

4) The plastic surface energy of fractured surface were estimated by measuring the
hardness in Charpy impact and Tipper tests to investigate the instability conditions
shown by Griffith and Orowan.’

5) The fundamental investigations were made with bead bend test concerning the
correlation between the surface plastic strain and the bend angle and the effect of
increasing temperature on the scattering of bend angle. ‘ '

§ 2. Investigations on the Critica.l _Stress and the Limiting Temperature for Brittle
- Crack Propagation

2.1 Double Tension Test
In order to evaluate the notch toughness of steel by the critical stress and limiting

" temperature for brittle erack 'propagation, a new testing method, i.e. double tension test,

was proposed, in which statical load is also used for the initiation of crack to eliminate
any ambiguous effects which might be imposed to the critical values by the use of

impulsive loading in Robertson Test and S. 0. D. Test. The theoretical analysis in good

agreement with the experimental results were also made by authors.

2.2 Crack-Starter Impact Bend Test
To investigate the difference in crack arresting property, the Crack Starter Impact

Bend Test was applied to twelve steels consisting of two high tengile, and ten mild

steels, namely four killed, two semikilled and four rimmed steels.
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The high tensile steels showed the best result, being followed by in the order of
killed, semikilled and rimmed steels.

As to the correlation with standard V--Charpy test, the 2kg-m/cm? transition tem-
perature in this test was found to correspond to the temperatures in V-Charpy impact
test which gave the energies 1.1 to 1.2 kg-m/cm? for high tensile steels, 1.0 to 2.2
kg-m/em?* for killed steels, 1.2 to 1.4kg-m/cm® for semikilled steels and 0.5 to 1.2

kg-m/ecm? for rimmed steels.

§ 8. Measurements of the Speed of Brittle Crack Propagation.

- 3.1 Tension Test

) Measurements of the speed of brittle crack propagation were made with a system
of surface crack detectors and a dual beam cathode-ray oscilloscope. The tests were
made on a rimmed and killed steels. As it is necessary to prevent the crack detectors
from plastic deformation before crack passes them for measuring crack speed, H-type
specimen consists of loading, neck and test portions as shown in Fig.'3.1.1 were used.

The crack detectors were cemented to the surface of test portion in which low
stress existed as shown in Fig. 3.1.2. Therefore the average crack speed reduces in the
test portionand the average crack speed is obtained by the spacing of 40 mm between
two detectors,and the time interval between successive signals responding to the breaking
of detectors.

The speed detectors used are the advance 0.025 mm wire, cemented to the specimen
with a thin layer of polyester coat and connected to lead devices. Block diagram of
recording equipment and instrumentation are shown in Fig. 3.1.4. and Photo. 3.1.1,
respectively. )

A typical test record for rimmed steel at temperature —51°C is shown in Photo
3.1.2. ,

The test results are shown in Fig. 3.1.9. The crack speed increases as the temper-
ature decreases and the relationship is expressed by the following equation.

log V=A+B/T
where A and B are material constants, V is crack speed and T is absolute temperature.

The reason why the crack speed for killed steel is higher than that for rimmed
steel may be ascribed to the larger amount of elastic strain energy stored in specimen
before fracture occﬁrs at the higher maximum load.

3.2 Bend Test
Measurements of the speed of crack propagation were made with a new equipment

using ultrasonic beams and condensers.” Block diagram of the equipment is shown in
Fig. 3.2.1. Van der Veen type slow bend test specimens as shown in Fig. 3.2.2 were
used and directive characteristies of ultrasonic beamsare shown in Fig. 3.2.3. Details of
oscillator, amplifier and charger are shown in Fig. 3.2.4 and Fig. 3.2.5.

The operating principle was as follows: two parallel ultrasonic beams were placed
with a distance of 49 mm. Untill # 1 beam was shutted by the crack, its output act as
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a cut off bias of the third grid of 6SA6 (characteristic curves are shown in Fig. 3.2.6.)
As the crack would progress across #1 beam, the third grid of 6SA6 would be OV
and plate current amplified #2 beam would charge a condenser untill #2 beam was shut-
ted. Measuring the charged voltage and using calibration curves, we could obtain the
speed of brittle crack propagation.
Results of measurement are shown in Fig. 3.2.12, The speed increased in high
strength material and lower temperatures. It seems to have some relation between crack

speed and yield point.

& 4. Redistribution of Residual Welding Stress due to Crack Propagation

Ag for the crack propagation under external load, various studies have been made
in recent year, but the problem of crack propagation under internal stress field has not
been studied. In order to study this problem, we have studied on the redistribution of
internal stress when artificial crack propagates in the stress field. o

Constraine specimens such as shown in Fig. 4.1 were used. Artificial crack (slit)
is made by saw cut. Direction and location of the saw cut is shown in Fig. 4.2 (a) by
dotted line. Total length of the saw cut is divided into quaters, and for each increment
of saw cut, released strain-is measured by Gunnert’s strain meter. ,

The results of this experiment are given in Figs 4.3~4.8. Fig. 4.3 shows the distri-
bution of residual stress in specimen No. 00~1. Figs. 4.5.1~4.5.4 shows the residual
principal stress for each slit increment and Fig. 4.7 shows the rate of released strain

energy, dV/dl, for each plates.

& 5. Investigations on the Plastic Surface Energy of Fractured Surface

Characteristics of plastic surface energy of fracture were investigated by estimating
the plastic strain energy absorbed through the measurement of work hardening in the

neighbourhood of fracture. Charpy-impact specimens were used for the test.

5.1 Charpy-impact test

It was proved that the distribution of plastic surface work near fracture could
accurately be estimated by the hardness measurement. In brittle fracture the severe
plastic wo)rk was sharply concentrated in a thin layer adjacent to fracture, about the
order of !/;, mm thick; in shear or fibrous fracture this concentration was fairly heav-
ier, about the order of '/,~1 mm thick. Whereas in many cases the amount of plastic
deformation at the cleavaged surface yielded somewhat below the fracture transition
temperature was nearly as large as that of the shear fibrous fracture.

Also some characteristics were found as to the correations between the work harden-
ing curve of material and the mode of concentration of the plastic work distribution at

fracture.

5.2 Tipper Test
In order to understand the reason why the local shear fracture at notch root changes
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into the brittle one at the fracture transition temperature (Tr,), the energy balance of
specimen during shear crack growth was investigated. Each specimen was loaded to
yield shear cracks of different depths and then unloaded, at the temperature a little
above T'r;. The increase rate of plastic surface work (dS) of fracture during crack
growth was little when the crack length was less than about 3 mm, while S came mark-
edly to increase as the crack length exceeded about 5mm. Taking into consideration
the amount of the work of external load, the plastic work of the part not adjoining the
fractured surface and the elastic strain energy stored, and their non-temperature-sensitive
characteristics, it was supposed that as a slight decrease in temperature would result in
a fair decrease of dS the stable equilibrium of energy balance might break at the shear
crack length of prominent dS increase, that is a crack length of about 5mm. The ex-

periment proved the existence of this critical shear crack at the temperature Tv,.

& 6. Investigation on the Bead Bend Test

Bead bend test is often used as a kind weldability test. Fundamental investigations
on the mechanism of bead bend test were performed in this study. The main items in-
vestigated in this study are the following two:—

(1) Surface strain in bead bend test
(2) Temperature rise during bead bend test

Serial experiments were performed to survey the effects of such parameters as
thickness of plate, diameters of pressing punch and supporting jig and length of span
upon thed distridution of surface strain obtained by bending. In this experiment plates
of 10, 20, 39, 40, and 50 mm thick were used. Analytical investigations were also tried
and a formula expressing the relation between bend angle and surface strain under the
various circumstances are also suggested.

In the second part of this research the temperature rise during the progress of bend-
ing and its effect on the reproducibility of experimental results were investigated.

& 7. Conclusion

It is essential to investigate the mchanism of brittle crack propagation in order to
prevent the ship steel plate from the brittle fracture. The results of this investigation
are briefly summarized as follows:

(1) The critical stress for brittle crack propagation is about 13kg/mm?* at — 60°C,
and 20kg/mm?® at — 20°C and the limiting temperature is about — 20°C for steel 1R in
double tension test.( Fig. 2.1.2)

(2) The limiting temperature or the arresting temperature is higher with the 15 ft-
Ib transition temperature in V-Charpy impact test. (Fig. 2.1.3)

(3) Killed steel and high tensile steel, HT 52, are better than semikilled and rimmed
steels in crack starter impact test, (Fig. 2.2.5)

(4) The V-Charpy impact value at the transition temperature in crack starter test
is the highest for killed steel and lower for semikilled steel, HT 52 and rimmed steel.
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(Fig. 2.2.7)

(5) The speed of brittle crack propagation were measured with the system of crack
detector dual beam cathode ray oscilloscope and supersonic beam-condenser in tension and
bend tests, respectively. (Photo. 3.1.2, Fig. 3.1.8 & Photo. 3.2.1). The crack speed in-
creases as the temperature decreases and it is higher for high tensile and killed steels
than for rimmed steel. (Fig. 3.1.9 & Fig. 3.2.11)

(6) Since the rate of released strain energy for each slit increment in constrained
test is maximum along the bead (#=0°) followed by 30", 15", and 45°, respectively, the
crack is apt to start in these directions in the same order. (Fig. 4.6 & Fig. 4.7)

(7) In brittle fracture the severe plastic work is sharply concentrated in a thin layer
of 1/10 mm thick, whereas in shear or fibrous fracture it is about the order of 1/2~1
mm thick in V-Charpy impact and Tipper test. (Fig. 5.1.6, Fig. 5.1.7, Fig. 5.2.5 &
Fig. 5.2.7)

(8) The brittle fracture starts when the shear crack initiated beneath the bottom
of notch reaches in the critical length.

The analytical investigation and the experimental proof were made on the critical
shear length (§ 5.2 {|)

(9) The ultimate strain in bead bend test can be determined by the ratio of the di-
ameter of pressing punch to the thickness of plate and is little influenced by the length
of span. (Fig. 6.11)

The relation between the strain beneath pressing punch and the bend angle is shown
in Fig. 6.18.
(10) It may be seen that the temperature rise during the progress of bending is grea-
ter as the initial temperature is higher. (Fig. 6.21)



BRI 1T 2 WL AT B UF 13 B BT

H N

PO R 44

Tl

v 2 Wi BT R S T 3o & O L R R D TR,
D1 AT BEER e v e e e e e e e (3

2.0 DBy A — I GBI e e (6

g3 an iR AR ORI
3oL BRI o or or e e e e e e a2 (120

WA SRR DRSS MGG e (24

i 5 A RETHT D TH T T A L £ — DY

(35

R R I L T 0 S CRAEEEE ( 43)
HEB T R R BRI OB e e e e (490)

H7ER R T EARTETESERI G-V A



BRI I 200038 D ASHE K O8I 1hseh 56 12 BB+ 2 BiFge

WLTE #h =
1. AROB/”
FAHEEA o0 Bttt S oD PRGN B5alE L TS BN DG A s 6 M 5 22 WP 03 6 BB s W M X 406

M OMRHCEE S LT Er, Lo, — BT OF

S OTERL U AR 5 T R
I L ORI AR A & BRI 7 & DN B IR B s O R L oSSR A D A B ST s
J O, DRI EBER A DR A A L T D, LAY T, — AR LA YO LD
TN CIRIE L T <mE e 5 S 8 208 2 2 S Bl 5 72 T B 72 IS AT & %éu

ABEAB 2T 5 TG OO BRI R & DFJE 5 D12 M /e BFT ORI 200 X Y e
ZAREREL OV Ol & 2 7,

I HEBEMELUCRETORE

AR & LTl 15 ~ 20 mm @ ) £ K8, ¢ 3 %00 i, %0 6, s b ONSR T8
M &4 S %80 OLESE R4 45 & OHBRIIMAT 2 45 1 - 1 307 5554,

F A L AR, 2 L O R 2 0 1 - 2 s

£ IR R T %

B B BRSBTS I O BRge & LT, U R 2 s 2 A
dodt Ho, BEREAT G 8 DAl D FIT, BEBSS AR e o 2 I oA -

0 SIS
HEEL

L EWLIOIZY Ty 7 A — 5 — WIS R s T s, BEEY o Ty L 1t
ft-lb FERLUEYE & ORI A L B F1 7,
WP TR MR O WEPE L S0~ THRENZ 0 2 WEPERE I AR 5 29O 308 K LA oo = 8 4 73,

ZADG GBS L O FRER O BEA T DV TR AL FE LRI X AU & OIS L B B LA,

91 (/) 15

WM#AMOéwmﬁfémh@wwmmm&ubNacwc,MMW%%%H&%BMCW%W
A & SRS T O 5 A 2 OB L ks i,

WA B i o B 1 M T A L RS T O IS 2 A L T 407, Griffith-Orowan
OODENE U7 o Ao P S 0 0 G D A A B B 1 A R B 7 T 72 4 78, Orowan 045 =

Pers X 2 DFRIEACDTREEE S o v ) b s 23R4S & o 1 e

Bl s L otr ¢ 73—
SIEGRER D Tas S b7,

BRI — VA - LT oA — 2 Y BT DT ORI A T s do i,

— 1 —



Ta

‘
i \
‘

hemlcal compmmon *

ble { -1

(%) ‘Mechanical

Propertics of Steels used

Progpertics
rropertics

Plate | T T T yerd Tirensilelyy
Code Kind of Steel 'I'hick] | oint |Stren Elonga- Notce
1 , (mm)| C | Mn . Si p | s |Pol el on
| ! ‘ (kg/ _|th (kg/ (24)
R S P o | mm*)imm®) e N
5 ‘ 28.0- 43.0- 128.0- T
R | Rimmed . 15 018 0.4 — 002 0.0y P 45
- ! 0.12- 10.72- 26.0- |46.0- |28.0-
kK15 OO 0 00w 0008 10 (5
YS |, Semi- leled | 20 0.16 | 0.83 0.09 0.019 0.023] 27.5| 46.3 30.0
- A T, R L T 38, 24T 56. 11726 21N 0,18, Al 0.037
(O HighTensile | 20 014 123 0.39 0.029 00535 F 50 w07 (or 012V 010
D i High Tens11e i 21 | 0.15]1.10,0.35, 0.018 1.017 ’35 7| 55.2] 27.4
o R N S U N
E ngh Tensxle ; 20 0.16 1 13 0.30 0.021] 0.020 31 7 51.1 31 4
L JERR R _ . oL
F ! lelcd .29 0.19 0.82 ©0.21 | 0.019 0.020 24 9| 43.3 32.5
e S I T i -
G | Killed 27 0.16 1 0.77 . 0.19 0.020 0. 023. 26. 8 43.3 31.0
I Qcmlkxllcd 24 |1 0.2010.72 0.10 0.018 0 021 27.2 45.8 | 30.4
J | Semikilled | 25 | 0.19 0.81 £0.065 0.020 0.031 28.2| 44.4| 27.5
K | Rimmed ! 19 0.24 1 0. 61 0 023 0. 023 0.030] 27.0| 44.1 31.4
— e e e — N 1o
L “ Rimmed I 24 [0.19]0.48 0. 019| 0.022 0 04-0 23.9 1 40.0 31.4
SK | Killed 20 | 0.17 ‘ 0 78 0 28 :0.018 0 019 32.4 ‘ 48.0 30.0 | Cu 0.17
SR ' Rimmed ' 20 |0.25]0.59 0. 009‘ 0. 017 0.029 30.5| 45.5| 23.8| Cu 0.25
FS Semi- Kll]cd 20 10.21]10.78 0. 0()4 0 014 0.022) 28.0 46 8 26 5| Cu0.189
o i o R B ok I 1 Cu0.13
. : ' £33 k% ** **412* ()34— 220* Nl O()] MO 015
H  High Tensile ; 20 0.15"1L.01%%0.37% 0.014  o17]" "41.9] " "68.4f 24.0Ti 0.022 Al 0.03
) o R o ) Cr 0.24 V_0.10
M Rimmed i 19 0.2610.11 0.01 ( )‘ 0.021] 31.0 | 48.7 31 0]
Note * Check andlysxs ** Ladle ana1y51s + T-—Top of ingot = B—Bottom of ingot
Table 1+ 2 List of Experiments performed
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1. Investlgatlonb on the
Critical Stress and the
Limiting Temperature
for Brittle Crack
Propagation

Double Tension Test

D

2) Crack Starter Impact
Bend Test

2. Measurements of the
Speed of Brittle
Crack Propagation

1) Tension Test

Nobukazu Ogura (

& Engineering Co.)
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Research Institute)

2
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Masao Yoshiki Takeshi Kanazawa
(University of Tokyo)

Hiroshi Kihara (Univ. of Tokyo)
Haruyoshi Suzuki (T.T.R.1.)
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Yoshio Akita, Kazuo Ikeda, Ichiro
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Bend Test
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3. Redistribution of
Residual Welding Stress

due to Crack Propagation

Investigations on the
Plastic Surface
Energy of Fractured
Surface

1) Charpy Impact Test

2) 'Tipper Test
5. Investigations on
the Bead Bend Test
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Table 4 -1 Conditions of Stress Measurement and Kinds

of Test Specimen
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Fig. 5.3a
. . b
30—1 30° DO DO c
- - d
.,
Fig. 5.4a’
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L : Over All Slit Length
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1H)—2) . N . . _h
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Fig. 4+ 1 Detail of Test Svpecimen
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Table 51
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Strain Energy near Fractured Surface

Relation between Impact Value and Absorbed Plastic
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~20 5 0.16 — 0.16 1.20 13*
75 100 8.90 7.80 8.35 13.76 61
29 65 5.70 5.76 5.73 11.20 51
15 20 2.24 3.70 2.97 7.52 40
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7 25 3.20 4.00 3.60 8.41 43
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Fig. 6 + 4 Trnsverse Distribution of Surface Strain (Plate Thickness: 30mm)

Note: Parameter x in the above figure shows the longitudinal distance from the center (mm).
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Fig. 6 -+ 12 Ultimate Strain
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Note : The above figure shows the relation between

test temperature and bend angle or surface strain

and the effect of temperature rise upon test results.
(O : Specimen bent in 120 degree without failure
® : Specimen failed immediately after the initiation of crack

O——@: Crack intiation —— fracture

i} Results plotted by initial temperature
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