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ABSTRACT

Crack Arrest ToughnesKy) is being proposed as a characteristic materiagltoess below which
cleavage fracture does not occHi, is usually obtained by means of large specimekes thhe Compact Crack
Arrest (CCA) specimens used in ASTM standard E1@3itainingK,;, from small size Charpy specimens would be
of utility to the nuclear industry because of thesage as nuclear surveillance specimens. Literagports indirect
methods of obtaining{,, from Charpy specimens by empirical correlationhwiesults obtained from larger
specimens. In a recent study, the authors haveopeaba method for direct evaluation &, from instrumented
impact tests of pre-cracked Charpy specimens aptiedpit to modified 9Cr-1Mo steel. In the presshtdy, this
method is extended to the same steel in thermgéig @ondition.

The load-displacement traces obtained from instnterd Charpy-V impact tests with fatigue pre-cracke
specimens of a modified 9Cr-1Mo steel in 0%, 10% #5% cold worked and aged (650/10000h) condition in
the transition temperature regime bear signaturesagk arrest, because after crack initiationltta® does not fall
to zero level as observed for total cleavage firactWhile the arrest load can be determined frbm load-
displacement traces, assessment of crack lengtrrast is an uncharted domain. This is mainly bseamno
unequivocal signature of arrest can be found orfrimure surface enabling direct measurementhiggtudy, the
Key-Curve technique has been effectively used to assessrtuk arrest length that is subsequently used for
estimation of the crack arrest toughnd&g X

TheKey-Curve commonly used for ductile fracture, expresseddhd () as a separable and multiplicative
function of ligament lengthbj and displacementd) in the formP = B*W*(b/W)"™H(d/W), whereB and W are
standard specimen dimensions and 2 for 3PB specimens artlis a power law function. In this study, this has
been applied for cleavage fracture. The constantbe Key-Curve expression were obtained by fitting the load—
displacement pairs between yield point and peall [m&ceding cleavage fracture and used to obtaickcarrest
length. The results were validated by comparindpiital crack length measured optically on unbrokpecimens
of 15% cold worked material aged for 6&05000h.

Using the arrest load and the arrest length,has been determined using the ASTM E399 expressium
averageK, for 0, 10 and 15% cold-worked and aged (85@nd 10000 h) datasedse 62.7, 65.8 and 69.9
MPa.n?” respectively. The datasets indicate substantitescin crack initiation phenomenon contrary te #irest.
The scatter in crack initiation toughness was attarized by the three parameter Weibull distributicsed in the
reference temperature based Master Curve approabhe corresponding medidgy, whereK;qis the dynamic
crack initiation toughness, for the three dataaees74.3, 72.2 and 81.2 MP&:fmespectively.

Keywords: Crack arrest, key curve, cleavage fracture, DBEfrjtic steel.
1. INTRODUCTION

Crack arrest toughness [1, 2] is being proposed abaracteristic material toughness
below which cleavage fracture does not occur. Tardard test method [3] for determining crack drtesghness

uses Compact Crack Arrest (CCA) specimens thatrareh larger in size than Charpy specimens useduolear
surveillance studies. Crack arrest phenomenon e tstudied using instrumented impact tests of @har



Transactions, SMIRT 21, 6-11 November, 2011, New Delhi, India Div-11: Paper |1D# 385

specimens. Sokolov et al. [4] have statisticallglgsed the crack arrest load by a two parametebMigplot, and

the load at a cumulative arrest probability of @@8s been empirically correlated with nil ductiliransition
temperaturelypt. In other efforts [5-9], the temperature of ocenne of specific arrest load levels such as 3 or 4
kN etc. as determined from instrumented Charpysteate been correlated withpr and also tdia (temperature
corresponding to median arrest toughness=100 MP3)r€habling the determination &f, from the empirical
curves. It may be observed that in the above e&fféf, has been obtained by indirect means through ecapiri
correlations. Obtaining s directly from instrumented impact tests of Chaspgcimens would further improve the
utility of these tests.

The evaluation oK, requires the determination of crack arrest |®g¢.s;and crack arrest lengti, s
The value ofP,.s;Can be obtained directly from the load-displacempdot. The uncertainty in the determination of
aarestin @ Charpy impact test can stem from the follgmvacts: First, the crack continues to extend bdyapes
during the course of the test, and second, there imequivocal microstructural feature to identifga,es;in Mod.
9Cr-1Mo steel. Further, till date no standard testhodologies are available to determine the ceaodst length
from these tests. Hence, an analytical techniqamety, the ‘key curve’ method has been recentlyleysa by the
authors to obtaim,estand hencek s for Mod. 9Cr-1Mo steel in the normalized and tenegecondition [10].This
method has been extended to the cold worked artiMgd.9Cr-1Mo steel.

The basis of the key curve method is the exprassidoadP as a multiplicative and separable function of
crack lengtha or ligament lengttb and plastic displacemed}; [11]. This method has been successfully used to
describe the fracture behaviour of ductile metatsbioth stationary [12] and growing cracks [13]isl&also used in
ASTM E 1820-09 el to estimate current crack lerfgthductile fracture conditions. Under ductile frae and
dynamic loading conditions, this method has proseccessful in calculating current crack lengthléar velocity
impact tests of AISI 316SS pre-cracked Charpy spens [14]. In ductile fracture, the use of totapliacement
instead of plastic displacemedyj has found preference and been proven succes&idlgflwhen the yield point is
not well defined, such as in aluminum alloys. Thectional forms and methodology used when totglldeement
is the variable are similar to those for the keywewising plastic displacement [12,13]. The keyweumethod has
been applied successfully for estimating the poprack extension [17] occurring during ductilectxae for C(T)
specimens of Mod.9Cr-1Mo steel under quasistaticlittg and fixed grip conditions. For the small pograck
extension as compared to the larger specimen diomes)ghe change in plastic displacemefy) (s negligible and
can be assumed constant. A modification of thisr@ggh [10] has been adopted to evaluatg for cleavage
fracture and arrest of unaged Mod. 9Cr-1Mo steeliring in the ductile-brittle transition tempenguegime. In
the present study, the same methodology has bg#iedfor analyzing the crack arrest occurring atdcworked
and aged Mod. 9Cr-1Mo steel.

2. MATERIAL

The material used in this study is a Mod.9Cr-1N&ekin the normalized and tempered (N&T) condition
and subsequently cold worked levels of 10 % and .1bhe steel was supplied in N&T (1095 and 780°C/1h)
condition with a tempered martensitic microstruetum the form of a 30 mm thick plate. The chemuxahposition
(in wt %) is given in Table 1. Cold work, corresypling to reductions in cross sectional area by #0%h 15%, was
imparted on round bars of 17.2 mm & 17.7 mm diamsetsnd 500 mm length in a rotary swaging machine at
ambient temperature. Further, the N&T and priodasbrked material were thermally aged at a tempeszatf 650
°C for 10000 hours.

Table 1: Chemical composition of Modified 9Cr-1Mee used in weight percentage

C | Mn P S Si Cr | Mo| Ni Al | Nb| V N Fe
0.12| 0.38) 0.02 0.00f 0.47 942 1 0/13 0.p21 |0.R5D.0.068| Bal

3. EXPERIMENTAL

A series of impact tests were conducted on fule £10*10*55 mm) Charpy specimens, fatigue pre-
cracked to am,/W= 0.5, using an ‘Accelerated Drop-Weight Testing'cmae. The tests for N&T , 10% and 15%
prior cold worked material were conducted at terapges of 80°C, 75°C and 75°C respectively. Ad thsts were
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conducted at loading rates of 1.1 + 0.1 m/s. Thesnwd the impacting hammer was 27.993 kg. The machias
instrumented enabling recording of the load-timéadaver the impact duration. The obtained load-tptas are
converted to load—displacement plot. A typical laksplacement plot is shown in Fig. 1.
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Fig 1: Load — Displacement plot of Normalised & Tmered Mod. 9Cr-1Mo steel aged at 650 °C and 1008@r$1

4. RESULTS AND DISCUSSION

With an aim to evaluate the crack arrest tough@€g3, the crack arrest loadP{.s) and the crack arrest
length @4res) have been determined using the load-displacetraregs obtained from the instrumented impact test.

The determination 0P, requires load-time or load-displacement plots. cAs be seen from Fig.1, the
load-displacement plots can be divided in threéedkht regimes: 1) load systematically rises uphs maximum
load followed by 2) sharp drop at the maximum pdandicating cleavage crack propagation till theeatmpoint and
3) post arrest loading marked with initial oscithais followed by a declining trend in the averaged level till the
specimen is detached from the hammer. In the redintike initial loading is linear indicating elastieformation,
followed by deviation from linearity indicating mticity, which has been found to be of minimal exte the
present campaign. The load drop in regime 2, itidieaof cleavage crack propagation, deviates frdma t
conventional cleavage fracture scenario in theeséimst the conventional cleavage is marked by sleaigh drop up
to the zero level where as in the present circumests the load drop is arrested at a level muchehigfan zero,
indicating crack arrest. This arrest point has bassigned as the crack arrest loBgh{s), as shown in Fig.1 and
used for further calculations. The cleavage indgraioad has been identified in regime 2 as thatpgfoom which the
load shows a sudden fall, and crack initiation tmess K;4) also has been evaluated with this load. In re@intbe
reason for occurrence of oscillations around a nasiining load level is a matter of speculatiom.the earlier
study with unaged 9Cr-1Mo steel [10], this aspext heen correlated to the discontinuous crack gatjmm in the
microscopic level through the martensitic packetd prior austenitic grains, where the cleavagetfpogpagation
was periodically resisted by high angle boundagiesg rise to substantial ductile band formatidie extent of
plasticity has been more pronounced as the cramndg through the specimen. In regime 3, the curgatf the
load displacement plot is symptomatic of ductikecfure.

The cleavage fracture and arrest occurring in edddod.9Cr-1Mo steel [10], and in the cold workexdl a
aged Mod. 9Cr-1Mo steel in the present study cacdnsidered to be similar to the pop-in crack esi@mreported
in [17], as it involves a sudden drop in load withcorrespondingly much less change in total digpteent.
However, there are many differences between the ipograck extension as reported in [17] and thesgme
circumstance: (i) while loading is quasi-static enélxed grip condition with a high compliance metformer, it is
dynamic by a gravity driven free falling loadingssym of relatively high stiffness in the latter) (he crack
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extensions and corresponding load drops are mugkrlan the present case; (iii) there is limitedgpicity before
occurrence of cleavage fracture in the presentystDdie to the first two reasondy and d do not maintain
constancy during cleavage fracture and arrest. toude limited plasticity, instead of using the keyrve with
plastic displacemerd, as the variable, the key curve using total dispi@entd as a variable has been applied in the
present case.

The functional form of the key curve used in thesent study is as given below:

P=B*W* (b/W)"* H (d/W) Q)

For deeply cracked TPB specimens=2. H (d/W) has been expressed as a power law. This method
requires the unbroken final crack length for vaiiga For the material in the present study, a#l §pecimens had
fully fractured during the course of the tests. lé@er, the same material in 15% cold worked condliiad under
thermal aging conditions of 650 °C \ 5000 hours &dew specimens which were not fully broken dutimg course
of the tests. The material in the above cold worked thermally aged condition displayed load-disphaent plots
identical to the material in this study. This jfiss the use of the 15% cold worked material thdisneged at 650
°C \ 5000 hours to validate the key curve for thetarial in this study. The key curve using the fiomal form of
Egn. 1 was used to fit the-d pairs after yield and before cleavage fracturee Titted key curve was used to
calculate the final crack length using the asl pair in the test record. As given in Table 2, final crack lengths
calculated using the key curve are in good agreemih the optically measured crack lengths. Thoafems the
validity of the application of the key curve fittedth inputs ofP-d pairs before cleavage fracture, with the obtained
fit being applied tdP-d pairs after cleavage crack arrest. Similalyd pairs before cleavage fracture were fitted to
the key curve, and the obtained fit was used tainlarack arrest lengthag(.s) using theP-d pair at crack arrest.

Table 2: Comparison of unbroken final crack lengthleulated using Key curve method and by optical
measurement for 15% cold worked Mod. 9Cr-1Mo saégeld at 650 °C and 5000 Hours

Test specimen Final Crack lengths
Calculated by Key Curve (mm) Optical Measurement ()
KC 5 7.0 7.4
KC 7 7.5 7.8
KC 11 6.8 6.6
KC 12 8.6 8.8

Using Parest @arrest @and the relevant specimen dimensidfg, has been determined from standard linear
elastic fracture mechanics stress intensity fakt@quation as given in ASTM E399-90 el [18]. Theadiun for
obtainingKj, is as follows:

Kia = {P*SI[ (B*Bn) "W }( aarresf W) (2)

where:P=load P,estin the present casedrspan,B=specimen thicknessBy=net section thicknes8(=B
in the absence of side groovegj;specimen width, ana=crack lengthd,.in the present case).

The K, values thus determined using crack arrest lengjiisined by the key curve method for the cold
worked and aged Mod.9Cr-1Mo steel are given in @al3la to 3c along with thBe; (test temperaturepestand
P.restvalues Kyqis the crack initiation toughness, amgs the initial crack length. The maximum and miaim K5
of each dataset varies from the mean value by $4%-7.8% for Normalised & Tempered, +7.5% to 95.fr
10% cold worked, and +4.5% to —9.7% for 15% coldked material. This indicates thid{, is an average property
and not statistical in nature. The mé@pis 62.7, 65.8 and 69.9 MPa’mfor Normalised & Tempered, 10% cold
worked, 15% cold worked and aged material re$padgt Considering the scatter inherent in touglsnesder
dynamic loading conditions, the changeKin with cold work can be considered to be insignificaDn the other
hand, crack initiation toughnes,{ )indicates substantial scatter varying from 65t87110.63 MPa.fi* for
Normalised & Tempered, from 59.35 to 113.28 MP2.for 10% cold worked, and from 69.01 to 114.66 Mi3.
for 15% cold worked and aged material. The statibtscatter inK,q was characterized by the three parameter
Weibull distribution used in the reference tempamat based Master Curve approach. The correspgmdédian
K WhereKyq is the dynamic crack initiation toughness, for theee datasets are 74.3, 72.2 and 81.2 MPa.m
respectively.

In an impact test, there are inertial effectsioating from the specimen-hammer interaction, giviise to
oscillations in the load-time trace, at least ia thitial part of loading. This is considered asajor source of error
in the load measurement under dynamic loading ¢iomdi. One of the experimental means [19, 20] tluce this
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error has been to reduce the loading rate whicksgiise to simultaneous reduction in the oscillataonplitude.
However, reduction in loading rate costs the dymaeffect and thus the loading rate needs to bemiged to
maintain a sufficient stress intensity factor rateensure a dynamic loading. This has been optinizy Moitraet

al. [21-24] at ~1.1m/s for plain 9Cr-1Mo and Mod.90vlo steels and their welds. The amplitude of iaérti
oscillations [25] is also considered negligible dweg a time span of 3t, wherer is the time period of oscillations.
Also, loss of contact effects [26] is minimal whigve energy criteriofey > 3E7 is met.Ey is the initial pendulum
energy ander is the total energy absorbed by the specimen. Bgtimg the above criteria, dynamic fracture
toughnesK4 [27-29] has been estimated to have an accuracy 20%. In the present study, tests have been
conducted at a reduced impact velocity of 1.1 +rf)/4 and the fracture loads have been found toocomivith the

3t criterion. Thus the accuracy in the crack arresghnessK;.) can be inferred to be within + 20%.

Table 3a: Test TemperaturBe), crack arrest load?},.s), crack arrest lengthay.s), crack arrest toughneds ()
and mearK;, for Normalised & Tempered Mod. 9Cr-1Mo steel age@50 °C for 10,000 Hours

Spec- No: Ttest Parrest Qarrest KIA ’ Mean KIA
(°C) (kN) (mm) MPa. m°3 MPa. m®>
MD1 80 3.97 5.99 59.75
MD2 80 3.53 6.19 57.69
MD3 80 3.87 6.17 62.69
MD4 80 3.80 6.44 68.75
MD5 80 3.77 6.18 61.39 62.62
MD6 80 3.28 6.42 58.91
MD7 80 3.43 6.46 62.64
MD9 80 3.48 6.33 60.05
MD10 80 3.39 6.80 72.20

Table 3b: Test TemperaturEdy, crack arrest loadPfes), crack arrest lengthays), crack arrest toughness()
and mearK;, for 10% cold worked Mod. 9Cr-1Mo steel aged & 66 for 10,000 Hours

Spec- No: Ttest Parrest Qarrest KIA ’ Mean KIA
(°C) (kN) (mm) MPa. m°3 MPa. m®>
MA1 75 5.67 5.24 65.42
MA2 75 3.99 6.07 62.18
MA3 75 4.16 6.13 66.15
MAS 75 2.85 6.97 65.88
MA6 75 3.34 6.79 70.76 65.82
MA7 75 3.74 6.41 66.99
MAS 75 4.57 5.81 64.26
MA9 75 3.48 6.63 68.49
MA10 75 3.83 6.20 62.89
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Table 3c: Test Temperaturé), crack arrest load?},.s), crack arrest lengthay.s), crack arrest toughneds ()
and mearK;, for 15% cold worked Mod. 9Cr-1Mo steel aged & 66 for 10,000 Hours

Spec- No: Ttest Parrest Qarrest KIA ’ Mean KIA
(°C) (kN) (mm) MPa. m°3 MPa. m®>
MC3 75 3.35 6.53 63.08
MC4 75 3.72 6.56 71.05
MC5 75 3.59 6.67 71.92
MC6 75 3.34 6.77 70.05
MC7 75 4.95 5.93 72.98 69.85
MC8 75 3.40 6.83 73.51
MC9 75 3.71 6.58 71.38
MC10 75 5.24 5.61 68.67
MC11 75 3.99 6.24 66.50 5.

CONCLUSIONS

a) Crack arrest lengtlaf..s) has been determined for cold worked and aged ®Gd-1Mo steel using the
‘Key-Curve’ method. Also, crack arrest toughndsg )Y has been calculated for the cleavage fracturenamdt tests
occurring in the ductile — brittle transition tematire regime.

b) The averag, is 62.62, 65.82 and 69.85 MP&nespectively for Normalised and Tempered, 10%
cold worked and 15% cold worked Mod. 9Cr-1Mo stagd at 650 °C for 10000 hours.
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