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Summary

Recent steel manufacturing produces 9% Ni steels with high toughness through minimizing
impurities in steel and improving heat treatment. These 9% Ni steels show ductile fracture and
absorbed energy more than 20 kgf'm in V—Charpy impact test at —196°C, which indicates V—Charpy
impact test to be insufficient for the material selection. It is difficult to know the arrestability of these
9% Ni steels through the “surface—notched double tension test” using liquid nitrogen (—196°C) as
refrigerant, though the method has been developed to get the arrestability for high—toughness
materials.

In this paper the crack arrestability of 9% Ni steels which were varied in toughness was examined by
means of surface—notched double tension tests and Charpy impact tests of two specimen types. The
former were conducted to check Keca values and the latter were conducted at temperatures ranging
—100~~-—269°C in order to clarify the effect of specimen notch shape on the ductile/brittle transition
phenomenon of the high—toughness 9% Ni steels and erack initiation/propagation energy. The
following conclusions are obtained.

(1) “Three surface slitted Charpy impact test” is available for the material selection of
high—toughness 9% Ni steels because their transition temperature shifts 45--84°C higher than that of
V-—notched one.

(2) The crack arrestability of 9% Ni steels can be estimated based on the iransition temperature and
the propergation energy of three surface slitted Charpy impact test.

1.

Introduction
The low temperature toughness of 9% Ni
steels has recently been improved through the
advance of steel-making processes such as
reduction of steel impurity and improved heat
treatment. For such high—toughness 9% Ni
steels, it becomes difficult to know their
fracture toughness against the brittle crack
initiation and propagation arrest by using the
common refrigerant, liquid nitrogen (—
196°C). It also becomes difficult to evaluate
arrestability by the surfacc—notched double
tension test'’ ¥ (hercinafter referred to as

liquid nitrogen, which is generally conducted
as an industrial toughness evaluation method
for 9% Ni steels, is considered insufficient for
the material selection, since the absorbed
cnergy in this test exceeds 20 kgf-m in many
cases and the fracture mode seldom contains
brittle fracture.

This paper describes that crack arrestability
can be evaluated from the results of “three
surface slitted Charpy impact test”, which has
been newly developed by using 9% Ni steels
varied in toughness deliberately. Three surface
slitted Charpy impuct test has proved effective

SDT test) which has been developed as the as an industrial toughness evaluation test
method of crack arrest test for high—toughness  method for recent high—toughness 9% Ni
materials. steels.

On the other hand, the standard V-—notched
Charpy impact test under the temperature of 2. 9% Ni steels Used for Tests
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Table 1 shows the mechanical properties of
9% Ni steels used for tests. Their toughness
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spccimenZ). In the SDT tests of 9% Ni steels the
surface—notched part (crack initiating part) of
the specimen was cooled down to — 196°C by
liquid nitrogen and the temperature was kept
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Table 1 Mechanical properties of 9% Ni steels used
Mechanical  Properties
Steel| Thick| Tensife Test (ot R.T.) \(/ glhy%ysyggact Test
Codel  Iooupsl Ts. [ EL | vE  [orystallinly
() (bt g/ (%) | Chafem) |~ ()

A132] 69| 72 | 28 10 5
B {25 71176 | 28 | 195 20
C 30| 65| 74 | 32 | 223 g
D32 69| 72 | 30 | 248 0
E {305 66 | 73 | 24 | 260 0

levels were varied by changing heat treatments
and chemical compositions, and their thick-
nesses were in the range of 256mm to 32mm.
Steel A was produced as a low—toughness
steel by adding impurities, P and S, deliberate-
ly and Steel B was also produced as a relativelv
low —toughness steel by adding P. Steels C, D
and B were pure 9% Ni steels with an
extremely low amount of P and 5.

o
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Evaluation of Arrestability of 9% Ni
steels by SDT Test
Fig. 1 shows the dimensions of SDT test
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Fig. 1 Shape of surface—notched double tension test
specimen

constant while testing, the crack propagation
line being also cooled in the condition of either
constant or gradual temperature.

Fig. 2 shows the SDT test results of five
kinds of 9% Ni stcel plates. The brittle crack
arrest toughness Kea is calculated by Equation

(1).

Kea=Fy 0 «//;g @/(ZW/?T a) -tan (wa/2W)
(kef/mm*’%) (1)

correction factor taking account

of load reduction due to crack

propagation 2)

. applied stress (kgf/mmz)

W: width of erack propagation zone
(mm)

: length of arrested crack [eiffec-
tive length of crack in case of a
test specimen having W of 1000
mm (ag; =0.1a+190) 2% (mm)

where Fp.

a8}
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Fig. 2 Relation between Kca value and temperature
(comparison between experimental and estimated
value)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

New Impact Test and Arrestability of High—toughness 9% Ni Steel 177

For Steels A and B which showed brittle
fracture in their standard V-—notched Charpy
impact tests at —196°C (see Table 1), SDT
test was effective in evaluating their arrestabil-
ity. On the other hand for Steels C, D and E
which showed no brittle fracture and exhibited
good toughness in the V—Charpy test at —
196°C their arrestability shows different
propertics. The arrestability of Steel D was
evaluated to he similar to that of Steel B. The
arrestability of Steels C and E was difficult to
evaluate quantitatively even by SDT test at —
196°C.

FFor 9% Ni steels, the V—Charpy impact test
at — 196°C is conducted as the common
material receiving test specified by JIS. As
shown in Table 1 and Fig. 2, V—-Charpy impact
test at —196°C can evaluate a low—toughness
steel like Steel A, however, it is insufficient to
judge arrestability of a steel with higher
toughness than that of Steel B.

4. Low Temperature Impact Characteris-
tiecs of High-toughness 9% Ni Steels
4.1 Shape Effect of Test Specimen on

steels at low temperature. Fig. 3 shows the test
specimen dimensions compared with those of
V—Charpy impact test. This specimen has
three slits, one of which is 0.14mm in width,
replacing 2mm deep V—notch and the other
two are 0.14 mm wide in each side. To examine
the cffect of specimen shape on the fracture
mode, the depth of side slits were varied from 0
to 2.5mm. Consequently as 2S(2) type test
specimen whose side slits were 2mm in depth
was proved to be most effective to know the
ductile/brittle transition phenomenon, it was
selected for this experiment.

2S(2) type three surface slitted Charpy
impact tests and V-notched Charpy impact
tests (2V) were conducted under the low
temperature in the range of —100°C to —
269°C. Table 2 and Fig. 4 show the test results
and the examples of transition curves. vE and
sk show the absorbed energy by 2V and 2S(2)
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Code ™7V T55(2)
A =R | R
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(b) 2mm V-notched Charpy impact test specimen

Fig. 4 Comparison of transition curves between
3—surfaces slitted and V—notched Charpy

Fig. 3 Shape of Charpy impact test specimens impact tests
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Table 2 Results of Charpy impact test

Absorbed Energy | Transition Temperature
S{E&D_ Th‘ick at ‘]960(: (1<gf~m) (OC)
Code vE sE vTrs | sTrs | m
mm | [2v] | [2s@] | [2v] |L2s@)] © 7
A321 7.0 0.7 | -1801-1351 4%
B 1251 19.9 1.2 | ~2251 1501 75
€130 22.3 A4 | - =259
D 132124.8 1.8 1-269 | -1851 84
E [30.5] 26.0 331 — 96| —

{1} ATrs=sTrs~virs

impact tests respectively. These impact tests a
the temperature of }quid helium were con-
ducted insulating with foam polystyrene sheet

after the preliminary cooling by

rogen. The tempers

.,1qmd nit-
ature were detected by the
thermo—couple of gold/iron-—chromel. It was
confirmed that the foam insulating sheet had
little effeet on the absorbed encrgy.

In 2V impact tests at the temperature of
liquid nitrogen (— 196°C) , ductile/1
transition was observed only on Steel A which
showed brittle fracture of more than 5{}%.
Steels B oand D showed the transition at the
oxtremely low temperature such as liquid
helium. Steels C and € showed no tragsition
oven at the liquid helium temperature.

On the other hand in 25(2) impact tests the
transition phenomena were observed on all the

brittle

four kinds of steel plates except Steel C above
the lquid nitrogen temperature, and as for

[ A 4
Steel C the

same was obscerved when the
temperature went down to that of liquid helium.
1t is clarified from the tests that due to the
notch acuity and side slits restraint, the
transition temperature sTrs obtained by 25(2
tests is 45-84°C hlghcr than vTrs b

2V impact tests. The absorbed energy at -
196°C (sE— 9g) of 2S(2) impact tests coin-
cides with the grade of arrestability in SDT
test and its sTrs is available within the
temperature up to —196°C because of its shift
to the higher temperature range. Consequently

impact

Y AJIMA

the three surface slitted Charpy impact tests is
effective as an industrial toughness evaluation
method for high—toughness 9% Ni steels.

4.2 Phenomenon of Fracture in Extreme-
ly Low Temperature Charpy Impact
Test

The transicnt strain of impact hammer was
measured in the former impact tests. Fig. 5
shows the hammer strain transient curves.
Hammer strain rises immediately after the
hammering on the specimen. In both 25 (2) and
2V impact tests the strain reaches its maximum
value and then gradually decrcases when

uctile fracture occurs. On the other hand if
brittle fracture is included, the strain rapidly
falls in the midst of its risc.

The maximum hammer strain at the liquid
helium temperature (—269°C) was 10—60%
greater than the strain at the higher tempera-
This ph

2

fure. cnomenon is considered to be
cement of strength of 9%
temperature.

absorbed encrgy of Steels C and

caused by the enhan
Ni steel under
Therefore the

extremely low
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(b) 2mm V-notched Charpy impact test
Fig. 5 Hammer strain—time curves in Charpy impact

test result
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E at the liquid helium temperature had almost
the same value as the one obtained under
ductile fracture at liquid nitrogen temperature,
though brittle fracture was included 50% or
even more. In the case of ordinary ferritic and
martensitic steels, the transition temperature
of fracture appearance almost coincides with
that of energy transition because transition
occurs in the temperature region without
notable enhancement of strength. Such transi-
tion phenomenon that does not entail a fall in
energy can be said to be the characteristics of
high--toughness materials like 9% Ni steels.
However, it is thought that in this temperature
zone this transition phenomenon is also
influenced by complicated phenomena such as
temperature rise due to plastic deformation and
transformation of residual austenite to strain
induced martensite®™ "%

Fig. 6 shows the fractography by scanning
electron microscope of 25(2) and 2V impact
specimens conducted in the liquid helium
temperature test of Steel E. The 2V specimen
shows dimple pattern all over characterizing

Specimen

25()| ®

Al

Fig. 6 Fractographs of 3—surface slitted and
V—notched Charpy impact test specimens (Steel
E at —269°C)

ductile fracture. On the other hand 2S (2)
specimen shows about 80% of brittle fracture.
Microscopically the fracture surface is com-
posed of quasi—cleavage facets which characte-
rize brittle fracture and fine dimples which
connect these facets. Such fine dimples in
brittle fracture prove the existence of stable
residual austenite phase derived from ununi-
formed distribution of niclce]7), making 9% Ni
steel superior in low temperature toughness.

5. Proposal of Expedient Evaluation
Method of Arrestability for High~
toughness 9% Ni Steels

5.1 Estimation of Arrestability by Transi-
tion Temperature of Three Surface
Slitted Charpy Impact Test

For high—toughness 9% Ni steels the
ductile/brittle transition phenomenon, which
seldom occurs in the usual 2V impact test,
occurs by the application of 25 (2) impact test.
The relation between fracture transition
temperature (sTrs) and brittle crack arresta-
bility was examined on the 2S(2) impact test
results,

Fig. 7 shows the relation among sTrs, Txeq—
400 and Tgea=g00 0F steels A, B and D. Trkea=
400 and Tgea =600 are the temperatures at
which the Kea value converted to the ability for
30mm thick plate is equal to 400 and 600
kegf/mm™* respectively. Equations (2), (3)
and (4) are used in the conversion of Kea
values. Kea value for any plate thickness (t
mm) is expressed as Equation (2).

Kea(t) =Ko exp(—ko/Tk) (kgf/mm™?) (2)

where Ko and ko : material constants
Tk > temperature (K)
Kea (t=30mm) value at the temperature Ty
can be expressed by Equations (3) and (4).

Kea (t=30mm) = {Ko/f ()} exp (—ko/Tx)
(kgf/mm®'?) (3)

where £(t) : coefficient of thickness effect®
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Steel Code | Thick. Symbol 5.9 Hetimation of Arrestability from
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Fig. 7 Relation between sTrs and critical temperature
for crack arrest [ Tiea=4000 1 Kea=600 (t==30mm) |

1—0.05(—30) : t<35mm
(54/65) — (3t/1300)
P 35mm<t=100mm (4)

f(t) =

The results of the same analysis of carbon
steels and low—nickel steels for low tempera-
ture service is also shown in Fig. 7.

It is obvious that good reclationship exists
hetween arrestability and the transition
temperature sTrs obtained by threc surface
slitted Charpy impact tests. Therefore Equa-
tion (5) can be proposcd as an arrestability
estimation method for high—toughness 9% Ni
steels by means of sTrs.

Tkea (£=130) =400 (STrs —1 2) +14
Treatt=30) =600= (sTrs— 7) £ 14 (°c)

phase of crack initiation and stable crack
development accompanicd by increasing frac-
ture resistance can be called as “initiation
stage” and the second phase of crack unstabi-
lization as “propagation stage” where material
can no more resist crack propagation and
fracture resistance decreasesgﬂo). The tran-
sient hammer strain features due to the
fracture mode difference were clearly observed
in the propagation stage. Fracture resistance
deerecases gradually in ductile fracture and
rapidly in brittle fracture.

The arrestability of high—touhness 9% Ni
steels was analyzed in view of the absorbed
energy in the propagation stage which clearly
showed the transition phenomenon. Fig. &
shows the relation between the absorbed
energy and the integrated area of hammer
strain—time curves obtained in the Charpy

30p
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4 20+ /&
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= Specimen | Symbol
51 25(2) o)
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! 1 g § i 3
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Area, Av (ustrain.m sec)
Fig. 8 Relation between absorbed energy and integrated

area of hammer strain—time curve in Charpy
impact test result

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

New Impact Test and Arrestability of High—toughness 9% Ni Steel 181

impact tests. They are proportional to each
other when the absorbed energy is relatively
smail. When the absorbed energy is 10 kgf*m
using the impact testing machine of 30 kgf-m in
capacity, the hammer speed is estimated to be
reduced to about 82% of the initial speed after
the breaking of specimen. Since the absorbed
energy was less than 10 kgf-m in the case of 25
(2) impact tests, crack initiation/propagation
energy can he estimated within the error of
about 10% from the integrated area of hammer
stain—time curves. Accordingly the integrated
area of strain is said to be almost proportional

Crack Crack

Initiation<t-Propagation

Region Region

Ai, Ap, At + Area

5 NN Atz Ai+ Ap

& | ATNAp )
Failure
[aiture

0 Time

Fig. 9 Schematic diagram of hammer strain transient
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Fig. 10 Energy transition curves of crack initiation
propagation in 3—surface slitted Charpy impact
test result

to the work done in the process of specimen
breaking and eventually proportional to the
absorbed energy. Applying this relation, the
absorbed energy were separated into the crack
initiation energy (Ei) and the propagation
energy (Ep) in accordance with the area ratio
shown in Fig. 9. Fig. 10 shows the Ei/Ep
transition curves of five kinds of 9% Ni steel.
Ep shows the transition more clearly compared
with Ei. Under extremely low temperature of
liquid helium, Ei increases remarkably, dif-
ferentiating it from the wusual transition
phenomena, which is thought to be due to the
strength enhancement in this temperature
range.

Fig. 11 shows the relation between the crack
propagation energy Ep and Keca values for
Steels A, B, and D as well as the result of
carbon steel for low temperature service (JIS
SLA33B). Kca values here were converted for
30mm thick plate by using Equations (3) and
(4). Equation (6) clearly shows the existence
of the relation between Ep and the converted
Kca for three kinds of 9% Ni steel with
different toughness levels.

Kea(t=30mm) =450 Ep”° (l<;gf/nr1rn3/2> (6)
where Ep ! crack propagation energy (kgf-m)

The arrestability of 9% Ni steel, that is Kca
value, can be estimated by Equation (6). The
relation between the temperature and Kca
values estimated from Ep was compared with
that obtained by SDT tests in Fig. 2. Both

Steel  Code H]n‘!?\k) Symbal.
9% A 32 v
ls\lgckiﬁ % 25| ©
ee 32| ¢
1000¢ [Carbon Steel o
700 (SLA33B)
o 500~
» L
4 300
= o
200
3 o “Kea=450-Ep>°
‘ 100 1 o bl [ I |
0.1 0.2 0.3 0507 10 20 30 50
Ep (kgf-m)

Fig. 11 Relation between Kca and Ep
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coincide well for Steels A, B and D.

6. Conclusion

Three surface slitted Charpy impact tests
are proposed in order to know the arrestability
of high—toughness 9% Ni steel. Various
estimation methods were considered based on
the results of three surface slitted Charpy
impact tests, using 9% Ni steels whose
toughness levels were deliberately varied.

(1) Toughness evaluation for the rccently
developed 9% Ni steels based on the
standard V—notched Charpy impact test is
insufficient and the application of threc
surface slitted Charpy impact test is
effective.

(2) Though the surface—notched double
tension test (SDT) is cffective to obtain
the arrestability of usual high—toughness
materials, it is still difficult for recent
high—toughness 9% Ni steels to identifly
Kea values at the liquid nitrogen tempera-
ture.

(3) Equations (5) and (6) arc proposed as
formulae to estimate crack arrestability of
high--toughness 9% Ni steels based on the
result of the three surface slitted Charpy
impact test.
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