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ABSTRACT

This is the second of two Ship Stmcture Committee reports describing
a thre~-year investigation of the crack propagation and arrest characteristics
of ship-hull steels. The earlier repo~t (SSC-242), which dealt principally
with development of experimental and analytical techniques, is briefly discussed.
Results are then presented for the following steels: ASTM-A517F (high strength
low alloy), 9% Ni (for cryogenic service), ABS-E and AllS-F (two plates, one
of which is high strength and designated 12H).

The major material prope~ty affecting crack arrest Is found to be
the dynamic fracture toughness, KD, which is both velocity- and temperature-

dependent. Except for the 9% Ni steel, all of the materials showed an initial

decrease of toughness with increasing velocity. Thus, cracks in the steels

investigated here display an instability, in that propagation at higher speeds

consumes progressively less energy. The negative slope of the toughn@ss/

velocity curve is pzrt?culaxly pronounced around the Nil–I)uct5.lit.yTemperatures

(NDT) for the ship hull steels. At very low temperatures (?.g. –196°C), the
toughness passes through a minimum and then increases with increasing velocity.

It appears that this is the most general behavior for cleavage crack -propagation.

In contrast, 9% Ni steel fractures by the ductile dimple mechanism
and the toughness inc~eases slightly with increasing velocity throughout the

velocity range investigated.

-~i_



INTRODUCTION . , . .

PROGRAM SUMMARY . . .

1. Criterion for

.

.

.

.

●

✎

.

.

.

.

.

.

. .

● ✎

Fracture Arrest .
2. Crack Arres E Material Property

3. Dynamic Analysis . . . . . . .
4. The Duplex-DCE Test Procedure .

5. Current Results . . . . . . . *
6. Implications of the Research .

.

.

.

.

.

.

.

.

.

.
●

✎

●

✎

✎

7. Re~ommendations for Future Research

MATERIALS . . . . . . . . . .

PROCEDURE . . . . . . . . . .

RESULTS . . . . . . . . . . .

A5171?. . . . . , . . . .

9% Ni Steel (A553) . . .
ABS-C, -E, and -EH Steels

DISCUSSION OF RESULTS

CONCLUSIONS . . . . .

ACKNOWLEDGEMENTS , , .

REFERENCES . . . . , .

.

.

APPENDIX A: Analysis of

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
*
.

.

●

✎

.

.

.

.

.

.

,

.

.

.

.

.

.

.

.

0

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

,

.

.
*
.

.

.

.

.

.

.

.

.

.

.

,

,
.
+
.
.

.

.

.

.

.

.

.

.

●

✎

.

.

.

.

.

.

.

.

.

.

●

✎

☛

✎

h

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

✎

☛

✌

✎

✎

✎

✎

✎

Side-Grooved DCB Specimen

.

.

.

.

.

.

.

.

.

.

.

.

.
.
.

.

.

.

●

✎

.

.

.

.

.

.
*
.

●

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

.

.

.
●

✎

4

.

,

.

,

.

.

.

.

.

.

.

.

.

.

.

.

,
.
.
.
.
.
.

.

.

.

.

.

.

.

●

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

,

,
.

.

.

.

.

●

*

.

.
,
.
.
.
.

.

.

●

✎

✌

●

✎

✌

*
.
.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

.
a

.

.

.

.

.

.

.

.

.

.

.

.

i

.

APPENDIX B: Estimation of Size of Largest Tolerable Embrittled Region

inShipSteelatNDT . . . . . . . . . . . . . . . . . .

LIST OF FIGURES

FIGURE 1. Measurement of Crack Arrest . . . . . . . . . . . . . . .

FIGURE 2. Comparison of the Crack Velocity Dependence of Dynamic
Fracture Toughness f-orVarious Steels at Various

Temperatures. . . . . . . . . . . . *. ~. “. .. “ “ .

FIGURE 3. Microstructure of the ABS Steels Used in This
Investigation . . . . . . . . . . . - . . . . . . . . . .

FIGURE 4, Optimization of Heat Treatment of 9% Ni Steels . . . , . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Page

1

2

2
2
3
3
5
8
8

9

12

23

23
27
33

40

45

46

47

50

52

4

7

11

13

iii



LIs’1’UF FIGURES (Continued)

FIGURE 5.

FIGURE 6.

FIGURF 7,

FIGURE 8.

FIGURE 9.

FIGURE 10a.

FIGURE lob.

FIGURE 11.

FIGURE 12.

FIGURE 13.

FIGURE 14.

FIGURE 15,

FIGUllE 16.

FIGURE 17.

FIGURE 18,

FIGURE 19.

FIGURE 20.

FIGURE 21.

FIGURE 22.

FIGURE 23.

DCB-Test Piece Configurations . . . .

A517F Test

Comparison

Analytical

Foundation

Specimen Broken at -196°C

of Experimental Results on

Predictions of the Dynamic

Model . . . . . . . , . .

.*..* . . . . . ,.

. . . . . . . . . . . .

Specimen 3Y3 with

Beam-on-Elastic

.,,.. ● ..., . .

Velocity Trace Detected on Transient Recorder . . . . . . . .

Crack Length Versus Time for a Duplex Specimen of SAE4340
Starter Section and ABS-E Steel Test Section , . . . . . . .

Duplex Specimen of A517F/A553 Tested at -196°C . . . . . . .

Fully Side-Grooved Specimen . . . . . . . . . . , . , . . . .

Relation Between Crack Velocity and Dynamic Fracture
Toughness for the Double-Cantilever-Beam Specimen . . . . . .

Impact Rate and Crack Velocity Dependence of Dynamic

Toughness of A517F Steel Over a Range of Temperatures . . . .

Effect of Crack Velocity on I)ynamic Toughness of A517F

Steelat-196°C. . . . . . . . . . . . . . . . . . . . . . .

Relation Between Stress Intensity at Crack Arrest and Stress
Intensity at the Onset of Rapid Crack Propagation in the

Wedge-Loaded DCB Specimen . . . . . . . . . . . . . . . , . .

9%NiSteel. ,, . . ,. . . . . . . . . . . . . . ,. . . .

Dynamic Fracture Toughness of 9% Ni Steel Compared to that

ofAsTM-A517F. . . . . . . , . , . . . . . ,, , . . . .a .

Metallographic Observations of A553 (9% Ni) SLeel . . . . . .

Dynamic Fracture Toughness and Dynamic Tear Energy Values

for Three Ship-HullSteels . . . . . . . . . . . . . . . . .

Dynamic Toughness as a Funcrion of Crack Speed and
Temperature. . . . . . . . . . ,. . . . . , . . . , . . . .

Relation Between Crack Velocity and Dynamic Toughness
for Steels TestedNearNDT . . . . . . . . . . . . . . . . .

Fracture Appearance of Ship-Hull Steels . . . . . . . . . . .

Crack Arrest Data for Three Ship-Hull-Steels . . . . . . . .

A Summary of Direct Measurements of the Dynamic Fracture

Toughness of Plain Carbon Steels Below NDT . . . . . . . . .

Page

14

16

16

17

18

19

21

24

24

25

25

28

31

32

36

36

36

37-38

40

42

iv



LIST OF TABLES

Page

TABLE I . Properties of the Steels Used in this Report . . . . . . . . . 10

TAELEIL Test Specimen Design Characteristics . . . . . . . , . . . . . 22

T~L~I~~. crack Propagation and Arrest Data for A517F Steel . . . . . . 26

TABLEIV. Dynamic Fracture in Duplex Specimens Consisting of A517F 29-30
andNiS~eels . . . . . . . . . . . . . . . . . . . . . . . .

TN3LE V. Crack Propagation and Arrest Behavior of Ship-Hull Steel . . . 34-35

TABLE VI. Lowest Measured Values of KD for Sreels at Temperatures 43
ClosetoNDT, . . . . . . . . . . . . . . . . . . . . . . . .



SHIP STRUCTURE COMMITTEE

Th? SHIP STRUCTURE COMMITTEE is constituted to prosecute a researcta
program to improve the hull structures of ships by an extension of knowledge
pertaining Lo design, materials and methods of fabrication,

RADM W. M. Benkert, USCG
Chief, Office of Merchant Marine Safety

U.S. Coast Guard Headquarters

Mr. P. M. Palermo Mr. M. Pitkin
Asst. for Structtires Asst. Administrator for
Naval Ship Engineering Center Commercial Development
Naval ,Se~ Systems Command Maritime Administration

Mr. K. blorland Mr. C. J. Whitestone
Vice President Maintenance & Repair Officer
American Bureau of Shipping Military %alift Command

SHIP STRUCTURE SUBCOMMITTEE

The SHIP STRUCTURE SUBCOMMITTEE acts for the Ship Structure Committee
on technical matters bv m-ovidina techn~cal coordination for the determination-, .
of goals and objectives of the program,
results in terms of ship structural des

NAVAL SEA SYSTEMS COMMAND

Mr. C. Pohler - Member
Mr. J. B. O’Brien - Contract Administra
Mr. G. Sorkln - Member

U.S. COAST GUARD

LCDR E. A. Chazal - Secretary
CAPT D. J. Linde - Member
LCDR D. L. Folsom - Member
CDR W. M. Devlin - Member

MARITIMEADMINISTRATION

Mr. J. Nachtsheim - Chairman
Mr. F. Dashnaw - Member
Mr. F, Seibold - Member
Mr. R, K. Kiss - Member

MILITARY SEALIFT COMMAND

Mr. D. Stein - Member
Mr. T, Id.Chapman - Mwober
Mr. A. B. Stavovy - Member
Mr. J. G. Tuttle - Member

NATIONAL ACADEMY OF SCIENCES
SHIP RESEARCH COMMITTEE

Mr. R. W, Rumke - Liaison
Prof. J. E. Goldberg - Liaison

and by evaluating and interpreting the
gn, construction and operation.

AMERICAN BUREAU OF SHIPPING

Mr. S. G. Stiansen - Member
or Mr. I. L. Stern - Member

SOCIETY OF NAVAL ARCHITECTS & MARINE
Ef!GINEERS

Mr. A. B. Stavcvy - Liaison

WELDINGRESEARCHCOUNCIL

Mr. K, H. Koopman - Liaison

INTERNATIONAL SHIP STRUCTURES CONGRESS

Prof, J. H. Evans - Liaison

U.S. COAST GUARD ACADEMY

CAPT C. R. Thompson - Liaison

STATE UNIV. OF N.Y. MARITIME COLLEGE

Mr. W. R. Porter - Liaison

AMERICAN IRON & STEEL INSTITUTE

Mr. R. H. $terne - Liaison

U.S. NAVAL ACADEMY

Dr. R. Bhattacharyya - Liaison
-vi-



INTRODUCTION

There is renewed concern today over the conditions
arrest of a fast moving crack. This concern arises from the
large overloads in flawed structures, such as when two ships

required for ‘the
possibility of
collide. Rolfe,

Rhea and Kuzmanovic [1] have taken the first steps toward a crack arrestor
design practice. They conclude that:

II...the use of steels and weldments with moderate levels
of notch toughness conibinedwith properly designed crack
arrestors, <s recommended as a fracture criterion for
welded ship hulls.i’

Rolfe, et al., have proposed a minimum dynamic test energy (DTE) specification
of 600-800 ft lbs (5/8 in. thick DT specimen at 32°F) for crack arrestors with
yield strengths from 40-100 ksi. Iiowever, it should be clear that these DTE
values are a relative measure of material performance and not the absolute
meastireneeded to design s cr2& arrestor with a specffic c~ack stopping
capabilltye ~ree absolute measures of arrest performance are currently under

discussio~:

(1) the arrest toughness, I<a

(2] The toughness associated with the onset of crack extension
in a dynamically loaded specimen.pK

d’
and

(3) ‘thepropagating crack toughness, KEJ

The relative merts of rhese Zhree parameters are exzmined more fully i~
Refe~ence [2]. It is sufficlen.t to Dote here thaz ;hey SIC measures of Ehe
same prope~ty$ namely the materials resis-tamceto rzpfd crack extension. T!!e
arresr roughness concep~ is based on the largely uastippor~ed assumptio~.that
the kinetic energy imparted to a srructure while
lost,

the crack iS pTO~a~ati~~ is

In con:rast che ~ropagating crack toughness is derived from idly
dynamic analyses rhat ECCOIXC for acLuzL contribution of kinetic energy ancl
f~er~$a. me guLaaLiLyK ~ has been proDosed as an.alternative measure of
either K a or Kjl on che basfs of a pos-t-JaCedbut unproven equivale~ce ‘oetween
the sEress races .=eaerated at ~he tlp of a ra?<dly loaded sE2timary CYaCk and

an advancing crack.

This report and SSC-242 [3], a report of the earlier work of ‘cbis
program, describe -resultsof a 3–year sLudY of crack zrrest in shtp steels.
The principal aim of the research was to establfsh a valid meascre of arresr
pertormznce. The analyses and experiments presented in SSC–242 point to ~he

need fox a dynamic av.alysis,I(Dqprwac”n. A QEW method foz ini-tiationand

arresting tzsc fractures in small laboratory test pieces over a wide ra~.ge
of temperatures was also demonstrated.

The measurements described in this report were tinder~aken in order
to determine the behavtor of commercial ship-htilisteels at operating tempera-
tures. Particular attent<on was tocused on the Nil-hctiltty Temperature (NIM’),
as measured by ASTM-E-2089 which fs a re&30db~e base point for compar~so~.of
structural steels. Data on current ABS grades were normalized accvrdTng to the
respective NDT7S of three steels. The htgher streng~h gr~de, A517F, was rested
at and below its N’DTwhile the cryogenic steel A533(9%Ni) was LesEed above fts
NDT .



PROGRAM SUPDVIARY

This section contains a short summary of the findings of Project
SR-201 “Fracture Arrest Study” includtng those presented in SSC-242 and i~
thfs report.

1. Criterion for Fracture Arrest

The analyses and experiments described in SSC-242 [3] show that the
dynamic, crack tip energy release rate~t

dWD dUD dTD
‘1 = ~-~-dA

is the proper basis for formulating the arrest criterion. Energy conservation
dicrates that Lhe energy release rate must match RID, the per-unit-area fracture
energy, during propagation. Arrest is assured when the minimum value of the
fracture energy (this quantity may vzry with velocity) exceeds the energy
release rate. Accordingly, the criteria for propagation and arrest can be
expressed in terms of energy values or in terms of corresponding stress
fntensity values, KIj and propagating crack toughness? K :~~~{

D

RID(V) = G1

Propa~ation

KD (v) = K1

R
Ill,min ~ G“

—

Fracture Arrest

%, min
> K1

(2B)

(3A)

(3P!)

2. Crack Arrest Material Property

The criteria given above seem to show that the ma’cer%alproperty govern-
ing arrest is RID,min (or KD,min), the minimum in the energy- (or toughness-)
crack velocity dependence. The arrest process G actually more complicated

* Where U is the strain energy in the cracked structure, T is the kinetic energy
and W is the work performed on the structure by Che sfirroundings, A iS the
area of crack advance and ~he superscripts D emphasize that the quan~ities
require dynamic analyses.

** JJo~ethat ~~is represents a change in nomenclature from that emPloyed in

SSC-242. The term K=, which was fomerly used to des%gnate the propagating

crack toughness is now reserved for the toughness associated with one extension
of a stationary crack under dynamic loading. For the balance of this report
S1 units will be used:

lMNm-3/2 = 0.9 ksi~; lJ = 0.738 ft-lb; lJ/m2 = 5.71 x 10
-3 .

~n-lb/in2.

-2-



because the values of U, T, and W, their derivatives, and consequently, the
instantaneous value of G1 are influenced by the history of fracture energy
dissipation during the period the crack is running. As a resulr, the point of
arrest is gove~ed by RID(V) or KD(v), specifically the portion of the fracture

energy-crack velocity dependence sampled by Ehe crack during the entire propaga-
tion event preceding arrest. The analySiS aiso SUggeStS that RID,min and
KD,min reduce to G1a and K1a, the so-called arrest energy and toughness [4]
in situations where the kinetic energy and dynamic effects are negligible.

3. Dynamic Analysis

Existing co~troversies about crack arrest are not concerned with the
criLerTa (Equations 3A and 313)but arise from the dearth of dynamic anal ses
and the uncertainty about the relative contributions of @, 5~, and ~ .

dA dA dA
In SSC-242 [3], Kanninen derived a fully dynamic analysis of propagation and
arrest in a wedge-loaded rectangular-DCB specimen with finite dimensions.
This analysis reveals that the kinetic energy release rate - dTD is comparable

dA
to the strain energy release rate - dUD in the latter stages of propagation in

dA
this test piece. Substantial differences between - dUD and the sta~ically

dA
calculated value are also encountered, It-appears that dynamic effects, in

genera%, cannot be neglected.

L,. The Duplex-DC3 Test Procedure

Substan~ial progress was made cowards a practical me~hod of measuri~g
the crack arrest property RID(V) or KD(v), of ship steels. The work began

with the wedge-loaded, rectangular DC~-specimen. This configuration was

selected because it makes it possible to initiate and arrest cracks wi’chin rhe
confines of the test piece.

The essential features of the experimental procedures are illustrated
in Figure 1. ln briet, the specimen containing a blunt s’carternotch is wedge-
loaded, in order co initiate rapid crack propagation. Crack velocities are
measured using a grid of conducting strips electrically insulated from the
sample. The signals corresponding to the breaking of individual strips are
recorded electronically and translated into a crack length vs. time record.
Toughness values are calculated from the analysis given in SSC-242.

In the course of che program the following refinements were made:

(i) Duplex DCB-Specimen. As discussed more fully in SSC-242 [3], the
capabilities of the DCB specimen were greatly enhanced by attaching a high
strength/low toughness “starter section” to the “test section!’by electron beam
welding. This arrangement, the so-called “duplex” DCB specimen, makes it
possible to initiate the fast fracture at virtually any temperature, even above
the transition temperature of the test plate. The higher yield strength of
the starter section reduces the specimen size requirements in proportion to
(“Y,starter section/aY,test section) [2], typically by an order of magnitude.*

* ~Y is the yield strength.

-3-
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FIGURE 1, MEASUREMENT OF CRACK ARREST: (a) Wedge-
loaded laboratory test piece. The points
of fracture i.ni.tiation(A), crack arrest
(B)} and the weld line bptween the
stzrter section aridthe test material (c),
are identified, The ho~izontal con-
ducting strips are also visible in the
phonograph, (b) Record of the variation
of grid voltage with time during crack.
propagation, and (c) graph of the change
of crack length with time derived from (b),



(ii) Welding Problems. Problems of cracking, particularly delayed

cracking of the electron beam welds, were encountered with some of the ship
grades. The problem has now been resolved by preheating and pos’cheating.
Specimens up to 50 mm- (2 ire.-)thick have been prepared and tested successfully.

(iii) Crack Velocity Measurement. The technique for measuring the
velocity of the fracture in the test piece was extended to lower test tempera-
tures. In the case of the A553 (9% Ni) grade velocities were measured success-
fully at both -160°C and -196”C.

A major problem encountered on another structural steel investigated
at Battelle-Columbus Laboratories was the strong tendency for cracks to branch
in the DCB test piece after entering rhe test sections. It was necessary to
eliminate the branching because the propagating branched crack cannot be
analyzed at this stage. Larger compression loads (obtained by increasing the
wedge angle) were employed but did not suppress the branching. Deep side
grooves* did prove to be effective and were adopted as an interim solution. A
result obtai~ed for the A517F grade showed that the side grooves do not alter
the mechanics of propagation of flat fracture, though a correction mus~ be
made for the reduction in the area of crack advance.** However, the side
grooves do inhibit the formation of shear lips near the plate surface at tempera-
tures close to and above NDT since the shear lips consume more energy than the
flat fracture in the interior. The measurements derived from side-grooved

specimens therefore understate the KD values of relatively thin plates above
the NDT, and should be regarded as lower bound values.

The present side-grooved DCB-specimens are well suited for measuring
the toughness values appropriate for heavy sections, e.g., plane strain. A
further refi~ement, possibly in the method of loading, that will eliminate
branching without interference by the formation of shear lips is needed to
extend the usefulness of the test procedure -torelatively thin ship plates
above NDT.

Currently the specimen design is capable of measuring dynamic fracture
toughness values Up to 1250 P!tim-3/2.This is probably insufficient for steels
which exhibit extensive shear lips (e.g., 25 mm thick plates tested above NDT).
Scaling up the width of the specimen and changing the geometry of the test
sectfon to more of an I-shaped profile should more than double the capacity.
The width increase would allow more elastic energy to be stored in the specimen
prior ‘cocrack inf.tiation. At the same time, the reduced cross section would

provide a smaller thickness and less energy absorption per unit length of
crack advance.

5. Current Results

For the steels tested here, K D has been found to be a complex function
of three factors:

(a) metallurgical variables, such as composition,

* The grooves on each side of the test piece were cut to a depth corresponding
to 30% of the cross section.

+* See Appendix A.

5--.



(b) test temperature,

(c) crack velocity.

Thus, for any gfven steel, a three-dimensional plot of toughness, temperature,
and velocity would be needed to provide a complete characterlzatton of resistance
to fast fracture.

Not only does the absolute value of toughness depend on test tempera-
ture, but also the veloctty dependence, as shown in Figure 2. This figure
summarizes the major results ~eported he~e. The three curves are qualitatively
different:

(a) The crack-resistant 9% Ni steel has a high sratic fracture
toughness (i.e.~ K (V = 0) = KIC) and toughness increases
w.onotonically, 1?alt ough slowly, with crack speed. At a
speed of 1000 m/s, this steel has rhe highest toughness of
all, even when tested at -196°C.

(b) The A517F and ABS-C grades tested at -196°C, well below the
ductilejbrfttle transition temperature, <nitially exhibit
a small decrease of toughness, which passes rhrough a
minimum at modest speeds afidthen increases at a moderate
rate.

(c) The ABS grades (C, E, and EH] and the A517F grade tested at
NDT* show a sharp dec~ease in Eoughrwss. It is not
es~abl<shed whether there is a minimum in the toughness/
velocity curve, although some indirect evidence suggests
tha~ the lowest value in the NDT c~~rveof Figure 2 is
close to the minimum.

The behavior of the steels at NDT is particularly important because
i~ represents a strong tendency for unstable tracture, in thaz ?he faster a
crack travels, the less energy ir consumes, Balancing this are Ehe rather
high toughness level and the apparently ex~remely h<gh initiation toughness.
In a practical situation, the in<ciation toughness can be “bypassed’gby Lhe
presence of welds with high restdual stress and localized regiom of low

toughness which can serve as sites for ?nitiation. The research also shows
tha’cNDT is a useful reference temperature for comparing different steels, a
factor which may become important in t?mslating the data here to practical
terms .

The KD values at NDT reported here correspond to fracture energies in
the range of 50-200 KJ/m2. In contrast, ~he dynamfc tear energies of 25.4 mm
thick ship steel are on the order of 25~~–500KJ/m2 at NDT.[5] The difference
arLses at least partly from the presence of side grooves in the DCB specimens
tested on this program. The side grooves inhibit shear lip formation which
begins to make an important contribution to fracture energy in 25,4 mm thick
samples at temperatures around NDT. [5] As the temperature is raiaed above NDT,
the dynamic tear energy rises more steeply than the fracture energy measured on
side.grooved specimens because of the increasing importance of shear-lip
formation in the full-thickness sample. For this reason the side-grooved
specimen provides a measure of crack propaga~ion resistance which is likely to
be conservative at NDT and to become increasingly more consexva~<ve as the
temperature is raised above NDT.

A The nil-ducrility temperature as measured by ASTM-E-208.
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6. Implications of the Research

This research points the way towards estimating how far a crack will
travel before it arrests. An estimate of the largest possible propagating
crack which could be arrested by the steels studied here at very low tempera-

ture where shear lip formation is minimal can be made:

()

2
~D

a’: (4)

where a is the half cr ck length, and o is the applied stress, Using typical
values, KD 2 100 MNm‘3~2 and u = 170 MNm-2, a becomes 110 mm. Larger cracks
would propagate catastrophically.

A number of additional steps need to be taken in order to translate
this simple calcula~ion into a practical approach to ship safety. These steps
would eliminate the simplifying assumptions:

(1)

(2)

(3)

Treating the ship as an Tnfinite center-cracked panel. While
this assumption was made in a recent failure analysis, [6] irs
justification is not clear. For impac~ loads, this assumption
is probably very bad. The deck can be created as a center-
cracked panel for hogging loads since the form of the stress
intenstty is the same as for beams in bending. However, the
bulkheads would act as stiffeners. Basically, what is needed
is a fully-dynamic solid-mechanics analysis of the ship hull
structure containing a crack and subjected to realistic loads.

An initial flaw size has to be specfffed. Probably the most
conservative assumption would be to treat an entire welded
seam as the flaw. This would result in starting flaws 1-2 m

long and KQ VdUeS in the range 250-350 MNm’3/2.

The conservative value of dynamic fracture toughness is the
minimum in the toughness/velocfty curve. Further experimenta-
tion is needed to determine the exact value of the minimum.
Also research is required co determine whether there is a

relation be~ween values obtained in simpler, cheaper tests,
such as Charpy, and those described here, which characterize
the running crack.

The approach described here can also be applied to the design of
arrester plates. In this case, the equations are much more complex and the

dynamic toughness of both the hull plate and arrestor plate mus~ be lcnownas
functions of velocity.

7. Recommendations for Future Research

1. Develop methods for testing thin sections. In this context,

“thin’rrefers to plates where the constraints due to plane
strain have broken down and shear lip formation is allowed.
Such experimentation will allow for more realist<c fracture
toughnesses to be measured above NDT. In order to accomplish

this objective, the measuring capacity of the specimen would
be increased further than has been done on the current project.

-8–



2. Develop a fuller description of the variation of the dynamic
fracture toughness associated with a rapidly propagating crack,
The results developed in this program need to be ex~ended over
a wider velocity range, particularly at anticipated servtce
temperatures. At these temperatures crack propagation will be
mixed-mode, a combination of flat fracture and shear lips.

3. Measure the resistance of weld to rapid crack propagation. While
cracks in current ship-hull grades tend to traverse the base
plate, extensive crack propagation along welds is anticipated
at higher strength levels. A simple modification of the duplex
DCB specimen can provide such data.

4. Relate the mechanics of the DCB specimen to other geometries. A
satisfactory description of fast fracture requires a fully

dynamic analysis of the geometry and loading involved. Sgch an
analysis should be applied to laborato~y specimens such as
dynamic tear and to ship hull structures under impact loading,
for example.

MATERIALS

Five steels were chosen for investigation as being of current of

potenttal interesr for ship hull applications. Relevant proper~ies are listed
in Table 1.

The three ABS grades are the same plates investigated by the I!iaval
Research Laboratory [5] in their survey to determine W~J@~h@r currently avai~ab~e
ship plate meets ‘thefracture-safety cr<terion suggested by Rolfe, et al.[1]
Mlcrostructures of rhese steels are given in Figure 3. Note particularly that
there is a correlation between fine grain size, IOW NDT, and high dynamic tear

energy at NDT.

possible
obta<ned
?epoxted

Cankers.
poinL of

The A517F is s higl~–strength quenched ad ~empered steel which is OE
fuLure igtsrestb ~re~im$na~y dynamic toughness data had previously been

in ~his laboratory[9 ] and exrensive tmpact—test results have been
by Rolfe and co-workers [7,10].

The 9%Ni steel is being used tor cryogenic applications, such as LNG
T~S nfl-d:~~~ility-EemperaLzre is :eported to be below the boiling

liquid nitr~gem. [81 More precise measurements of low-temperature
toughness have been ditficuQt tO obtiln. Attempts to me.astireK~c at -196”~ haV@
been complica~ed by excess plasticity, [li,L3] but values of KQ corresponding to
exrensfon of a fatigue pre-crack and based on 5% secant offset are in the range

11O-L4O MN/m-3/2. As a result, the cozstra?nt associated wi~h plane-stzain
behavior is lost beyond ra~her modest thicknesses (25-&O mm), and s<de grooves
ars required to produce flat fracture.

The resistance to rapTd crack propagation and to crack arrest is very

poorly defined. Charpy impact energies in excess of 50J (37 ft-lb) at tempera–
‘curesbelow -150°C have been reported by several authors. [12,14] To the
extenr that Charpy energy related to crack propagation resistance, this is
encouraging evidence that this steel has adequate toughness. At the same time,
toughness appezrs to be extremely sensitive to heat ‘treatment. F?gure 4,
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taken from the data of Ooka, et al, [15] shows the extent of ‘chiseffect.
Note particularly the shaded band in FTgure 4b, definfng the allowable

tempering temperature according to ASTM-A553-72, one of t-hespecifications

covering the steel. Variations in Charpy energy of almost a factor of

three fall wtthin this band.

While the exact reasons for the variability of toughness are not

clear, they must arise from che special effects of ‘heat treatment in 9% Ni

steels. 14arschall, et al[16] have pointed out that austenite begins to form
upon heating these steels to temperatures ~450-500”C, Thus , tempering at
higher temperatures will result in partial reaustenizatiwn, as is shown in
Figure La. The austenite ~~tention varies with reheating temperature: in
steels heated above s565”C, martensite formation is more complete after quench-
ing to -196°c than to 25”C, while the austenite formed at and below ~565°C is
more stable, in that cooling below room temperature provides no additional
martensite formation. [16] This phenomenon complicates the interpretation of
the temperature variation of toughness, since, in many cases, the steel may
undergo partial phase transformation in cooling to the tes~ temperature.

Furthermore, these steels exhibit transformation-induced plasticity[15]
(“TRIP” effect) which should depend on the amount and nature of the austenite

present.

The practical effect is that the impact energy does not depend
uniquely on austenlre content as shown in Figure 4a. (Note that the peak in
the impact energy versus tempering temperature curve anticipates the peak in the
retained austenite versus tempering temperature curve.) This observation
precludes defining a single relation between microstructure and toughness,
just as the sensitivity to heat treatment complicates the problem of comparing
results obtained in dtfferent laboratories.

Notwithstanding these difficulties it is important to define the
crack propagation resistance and crack arrest capability of 9% N% s~eel. To
this end, a commercially produced and heat-treated 12.7 mm thick plate
satisfying ASTM-A553 was obtained so that the dependence of fracture toughness
on crack velocity could be measured.

PROCEDURF

The wedge–loaded double-cantilever-beam (DCB}specimen was used in these
experiments and the results were analyzed with the beam-on-elastic-foundation
model . Both the experimental and analytical procedures have been described
ex~ensively elsewhere .’~[9,l7-l9] Over the course of the program several
different specimen designs were adopted depending on the particular steel and
test temperature. Several of the designs used on A.517Fearly in the program
are sketched in Figure 5. The ordinary specimen (Figure 5a) contains a blunt
starter notch which allows the specimen to store excess elastic energy before
crack exce~sion. Once the crack begins to propagate, this oversupply becomes
available to drive the crack rapidly. Eventually the crack exhausts the supply

* Modifications were chat for rem.peraturesbelow -78”C, the velocity measuring
grid was insulated from the specimen by A12 Epoxy (Techkits, Demarest, N.J.),
and that in the last year of the program velocity traces were recorded on a
Blomation Transient Recorder.
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of excess strain energy and arrests. Figure 6 shows an actual sample while
Figure 7 shows its crack length vs. time dependence. Velocity was measured bY

recording the rupturing of individual lines of the vapor-deposited grid evident
on Ehe specimen surface in Figure 6. A time trace represe~tative of the latter
stages of the program, is shown in Figure 8.

The ordinary DCB specimen is appropriate for high-strength/low-
toughness materials, such as SAE4340 steel [18] or structural steel at very low
temperatures . However excessive yielding will occur before rapid crack
propagation can be initiated when [20]

where h is the specimen half-height, KQ is the effeccive

the onset of fast fracture, and UT is the yield stress.

(5)

stress inkensity at
For steels of low.

yield strength, the size requirements imposed by Equatfon (5) are excessive.
This problem has been overcome by developing the duplex specimen (Figure 2b)
in which a high-strength low-toughness starter section is electron-beam welded
to the steel being tested. A rapid crack, initiated in the starter sec~ion,
propagates into the test section and eventually arrests. A plot of crack
length vs. time for a duplex specimen is given in Figure 9. As before, [3,21]
a s’ceady-state crack velocity is achieved in the starter section. After the
crack has penetrated into the test section, a new steady-state veloc%ty,
characteristic of the higher toughness structural steel, is achieved. Finally,
the crack beings to decelerate and arrest. It is believed that this process
occurs essentially tinderfixed-grip conditions.

After the crack has ostensibly arrested for a few hundred microseconds,
a small additional jump is observed. It is believed that this jump is associated

with the machine “catching-tip”and releasing additional stored energy into the
specimen. While the jump had not been detected earlier, [3,28] it was found in a
number OE the present experiments due to the higher resolution brought about by
the Tnrroduction of the Cransient recorder.

The arrestor specimen, sho-wnin Figure 5c, is a laboratory simulation
of an arrestor plate in a ship. It consists of a strip of high-toughness steel
welded to two plates of low-toughness steel.

Initial attempts to use SAE4340 for the low-toughness srar’cer-section
in the 9% Ni steel experiments were unsuccessful because of severe weld crack?ng.
This difficulty was overcome by using ASTM-A517F instead, Since the experiments
were carried out a temperatures 5 -150°C, A517F steel [9] was appropriate for
rhe low-toughness starter section. Initial root diameter of the starter notch
varied from 0.28 to 1.S5 mm to insure a range of crack speeds in the various
specimens.

In the earliest experiments on 9% Iiisteel the crack arrested at the
weld line and did not penetrate into the test section. To overcome this problem
the partially side-grooved specimen of Figure 10a was devised. This design has
three advan~ages:

-15-
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FIGURF 8. VELOCITY TRACE DETECTED ON
TRANSIENT RECORDER
AES-E Steel Tested at -12”C.
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(1) The reduced cross sectton extends the measuring capacity of the

specimen to higher toughness levels.

(~) The grooves inhibit shear lip formation so that the reported
toughnesses should approximate plane-strain values. Because
of this, the behavior revealed here in thin sections should
be a good approximation to thick sectton properties.

(3) The grooves also promote straight-line crack zravel,

Straight-,ine crack travel is promoted when the smallest possible
included angle of the side-groove is used. However, as the included angle is
reduced it becomes progressively more difficult to deposit the velocity
measuring grid. The compromise adopted was to use a 90° angle for the side

containing the grid and a 60° angle for the opposite side.

“Wile this procedure was successful for the 9% Ni steels, when it
was applied to the ABS grades a problem was encountered wi~h the crack
deviaZing from a straight-line path in the SAE4340 steel starter secrfon and
not entering the test section. To overcome this, fully side-grooved specimens
were adopted, in which the grooves ran the enti~e length of the specimen
(Figure 10b). This design also had zhe advantage of cutting machining costs
considerably by eliminating an EDM operation. In addit%on, the problems with

weld cracking were solved by using a preheat of 260°C snd a postheat of 315°C
without cooldown.

Table 2 lists the desj.gnsof the individual specimens tested in this
program. The duplex, fully-side-grooved DCB specimen was Zountito be the most
suitable design for ~hese experiments. However, this design has two drawbacks:

(1) Since shear lip formation in tlietest section is inhibited,
full thickness behavior is not reproduced for conditions
where there is a large shear lip contribution to toughness.
The most pertinent example of this is 25 mm thick plate at
and above NDT.

(2) The test-section-only stale-grooved specimen allows the
toughness range Tnves’cigated to be extended to higher
levels (see Appendix A).

There were several early experiments on the A517F steel at –196°c for
which the crack velocities were not measured, (series Z in Table 2). In this

case they were interpolated from a plot of KQ vs velocity for all of the
specimens tested at -l96”c for which velocities we~e measured.

In some of the specimens tested at -196°C crack arrest occurred by a
perpendicular deviarion of the crack from its original path so that one arm
broke off the specimen (Figure 6). However, this occurred after the crack had
begun to decelerate. As shown in Figure 7 the arrest point calculated from

the model is close to the deceleration region. As a result the reported arrest

values represent deviations of the crack an amount 10-20% Oi the beam height
from its original path. The veering is due to lateral movement of the loading
pins which relieves the compressive load due to the wedge, and was eliminated
in the later tests by the use of side grooves.
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TABLEII. TEST SPECIMEN DESIGN cXAF.UICTERISTIC5

—

Material
Specimen Numbers Thickness (mm) Type Starter Section Test Section

A2-A4 12.7 Duplex A517F 9x Ni

A5, A8 12,7 Duplex(a) A517F 9% Ni

A6, A7 12.7 Duplex, Test Section A517F 9% Ni
Side Grooved

Fl, F2, F4, F5 25,4 Duplex, Test Section 4340 ABs-c
S<de Grooved

F3, F6, F7, F8 25.4 Duplex, Fully Side Grooved 4340 ADS-C

G1-G3
&

ty

G4-G6

H1-H5

H6, H?

vYlo-13

25,4 Duplex, Teat Section 4340 A3S-E
Side Grooved

25,4 Duplex, Fully Side Grooved 4340 ABS-E

25.4 Duplex, Test Section 4340 ABS-EH
Side Grooved

25,[l Duplex, Fully Side Grooved 4340 ABS-EH

12,7 Duplex 4340 A517F

VY23, vY2B 25,4 Duplex 434Q A517F

VY26 25,4 Duplex, Test Section 4340 A517F
Side Grooved

VYVI-VYIT-6 12.7 Arrestor 4340 A517F(b)

Y2-Y5 12,7 Ordinary -- A517F

zl-z4 12.7 Ordinary -- A5171?

.

(a) Contained side groove extending 16mm in~o test section.
(b) Arrestor strip.



Dynamic roughness values were obtained from the analysis of
Kanninen.[22, 23] A feature of this analysfs is thar the crack velociry is
determined by the ratio of KD ro KQ and does not depend sensitively on the shape
of the K vs velocity curve. Figure 11 shows the relation among these quanti~ies
for the $i~nsions adopted for all of the specimens (except a few of the ordinary
A517F tests). Given the steady-state velocity and Kq, which is the effec~fve
static $Cress intensity at the onset of rapid crack propagation, KD can be

determined from the graph. For duplex specimens, individual KD ValUeS for the

separate sections can be determined from ~Q and the velocity measured in each
section.

RESULTS_—

A517F

Table 3 lists the experimental results. while the data are plotted
Figures 12-14. KD values are taken from the data of Barsom and Rolfe [10].
Although there are insufficient points co deEine the full Kn versus velocity

in

curve at any one temperature, several trends are clear. Chief among these is the
increasingly higher values of dynamic toughness at the ‘highertemperatures. This
effect may be due partially to the loss of constraint as the ‘temperature$s
raised and, consequently, as the yield stress is lowered. Some 10ss of constraint
is evident from the thickness effect at -78°C and constraint is probably lost at
the higher temperatures. There is some added uncertainty to the results at the
highest temperatures (-35 to -54”C). In three of these specimens the crack
arrested within the arrestor strip. The velocities plotted appear to be steady-
state, but might actually represent deceleration. Therefore, the plotted
velocities might be underestimates , possibly by as much as 200 m/s. At the
same time, KD is calculated from the velocity via Figure 5C of Reference [17].
If the actual velocity is 200 m/s higher than the reported value, the dyfiamic
fracture toughness would be 10-20% lower. The fourth point of this series
exhibited a much higher velocity and lower toughness than the other three for
reasons that are not clear.

The data at -196°C are shown on an expanded scale in Figure Is. The

zero velocity value is KIC. Our value for reinitiation from a sharp crack
agrees with the values reported by Barsom and Rolfe [10] and by Tetelman, et
al [24]. The parabolic curve has the equation

(6)

where co is the ‘barwave speed. Equation 6 is of the form generally accepted
for cleavage failure: with increasing velocity KD first decreases- passes

through a minimum and then begins to increase rapidl.y.[25] The coefficients of
Equation 6 were determined from the data where crack velocities were measured.
Note also that this equation is identical in form to the rate-dependent material
of Kanninen’s [19] calculation with the minimum value of KD = 0.91 KIC occurring
ac a velocity of 0.05 co.
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TABLE 111.CRACK PROPAGATION AND ARREST DATA FOR A517F STEEL

Stress
Dynamic Intensity at

Specimen Temperature Crack Toughness, KD Arrest I<a,
No. (“c) Velocity (m/s) ~m-3/2 ~m-3/2

Duplex Specimens

VYv-1
-3
-5
-6

VY-lo
-12
-13

:;;(3)

-28

A-2
-3
-4
-5
-6
-8

z–1
-2
-3
-4

Y-2
-5
-3
-4

4:;:;:::;

-351-44~a~
-44/-48(a)

-78
-78
-78
-78
-78
-78

-152
-196
-196
-196
-196
-196

-196
-196
-196
-196

-196
-196
-196
-196

700
155
370
300

475
560
625
740
900
780

830
940

1010
1500
1090

w1260

Ordinary Specimens

640
870
830
890

161
225
276
242

180
159
170
159
167
164

73
49
68
75
81
54

34
31
26
40

49
61
48
56

.—
--

207
217

114
102

--
--
--
-—
--
--

34
20
13
18

;;(d)
27(d)

(a) Temperature variation over the crack path.
(b) Side-grooved in test section.

(c) Estimared from relation between KQ and crack ~relocity.
(d) Crack ran to one side.
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The points orIFigure 12 represent two dtfferent size samples with the
velocity measurements having been made on larger samples and the velociCy
estimates on smaller samples. In particular the ratio of initial crack length
co beam height (aO/h) was > 1 and < 1, respectively. While it was not possible
to locate the toughness minimum precisely using the present data, there is no
reason to modify the view [25] that it occurs at a few hundred m/s at low
temperatures.

The crack arrest data at -196”c, shown in Figure 14, are of interest
for several reasons. In the first place, Ka is clearly not constant but a
function of the initial conditions as expressed by KQ (the stresS in’iensitYat

crack extension) and of the material as expressed by KIC. Secondly, the Ka
values associated with rapidly moving cracks are larger than for more slowly
moving cracks. This is in accord with Kanazawa’s [2b] analysis of his data
since the velocities in his large plates are larger than in the small plates.
This result arises partially from the higher energies needed to sustain more
rapid cracks. Indeed, it the material were rate independent Ka would decrease
with increasing velocity. [19]

9% Ni Steel (A553)

Most of the experiments were performed at -196”C, the results for this
temperature being given in Table 4 and Figure 16. The toughness values associated
with rapid crack propagation appear to be not too much higher than those associated
with extension from an initially sharp crack. That the resistance to fast EracLure
in Mode I is not extremely high is illustrated by Specimen 7 which broke completely
in two. The size grooves were required to provide crack penetration into tha A553.
In specimens without side grooves the crack arrested upon encountering the test
section. Two of the points listed in the Table are not plotted on the gxaplh.
One of these (Specimen 6) represents a measurement deduced from crack velocity
da’cawhere the trace was quite poor and prevented an accurate value. The ocher

inaccurate point w-as calculated using Equation A-4 for a sample (Specimen 8)
w’nere the crack penetratio,~ Into the test section was small, resulting in.s
ls~ge relatfve error. Both of these values were much hfgher than ‘thecompa~ison
measurements on the same specimen. The points plotted on Figure 16 may well be
conservative for this reason as well as because of the use of side grooves.

~fiile Comparison with data from other in-,rest%gatorsmay not be mesaing-

ful because of the ex~reme sensitivity of Eoughness to heat treatment, Tt is
interesting EO no~e chat Vishnevslcyand Steigerwald [11] report Kc val:~es for

CraC~ in!tiati~m ‘~~~ ~m-3/2 fOr a heat treatmen~ reaSOnab].y C~OSe LO the o~.e

Esed iz this ?mesc$gation. Our datum point for the very low veloci~y of 45
m/s is close to this value.

Experiments at higher temperatures were only partially Successful. fLS

d<scussed in Appendix A it is ~ossible to set some bounds on the dynamic tolI~h-

ness ar -152 and -16&°C. It a~pears that KD is not very much larger at these
temperatures than zt -196”C, a trend also apparent in the data for KQ values
for crack initiation from a sharp notchi [12,131

Scanni~g electron microscopy (Figure 17a) revealed that the micro-
mechanism of fracture was dimpled rupture. In addition, a number of shsxp
ridges are observed. On other parts of the surface, the ridges are replzced by
valleys. While the cause of these ridges and valleys was not investig~~ed ifl
detail, they are probably related to inhomogene%ties in Khe microstructure

resembling banding and shown in Figure 17b.
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(a) crack Tmitiatioriand Arrest Data

—— ..—

Root Radius C~aek Stress Intensity (MIkr3/2)
Specimen Temp. of Starteii penetration Cracll
No, (c)

Crack
Notch (mm) Into Test Section (mm} Initiation, Arrest, Ka

—

A-3 -196 0.14 0 911 > 73

A_6(a) -196 0,55 136 21@(~) 59

*_8(b) -196 0.81 +) 118 73

A_5(b} -196 0.93 16.3 259 111

A-2 -152 0.25 2.4 134 95

A_~(a) -164 0.57 (c) 395(d) {c)

———.-— —-—=-—-—--i7=---- -——=:=___ -— ——-= ———...———-——.--= — .-.——

(c) Specimen broke completely in two.

(d) Based on specimen wld’chat side grooves,



TmLE ~f. DYNAMIC FRACTURE IN DUPLEX SPECIMENS CONSISTING
OF A51.7TAlH392 Ni.STEELS

(b) c-rackPropagation Data

——-.

StTess Intensity and Fracture
spQcimen ‘rem’p. Toughness (MNm-3/2) Crack Velocity (m/s)
Noo (c) Kq KD (A517) KD (A553) A517 A553

.——.—

A-3 _~96 98 49(C) >da) 940 (a)

A-5 -196 259 75(C) <db) , 13(JC) 1500 1070

A-2 -152 134 73(C) >134 830 (a)

A-7 -164 395(f) -- ~160 -- (a)

—.—

(d) Value atlbjectLo large erroas, gee textia

(e) Specimen completie.lybrolcein two.

(f) Based on specimen width at side grooves.



200

: –196°C

‘E
: 150
-c 9°/0 Nickel

Crack Velocity,d,mls

FTGURE 16. DYNAMIC FRACTURE TOUGHJ’ESSOF 97 Ni
STEEL COMFARED TO THAT OF AST?V-A.517F
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FIGUFU217, METALLOGRAPHIC OBSERVATIONS OF A553 (9% Ni) STEIZL.

In both pictures the horizontal direction is
through the thickness.

(a) Fractograph illustrating dimpled rupture
and ridges.

(b) Light migrograph normal to the fracture

surface illustrating “banding”.
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The dyn~ic toughness of 9% Ni steel contrasts sharply with that of

A517F as shown in Figure 16. In turn, the b~havior of A517F is characteristic

of steels ~ested below their ductile-brittle transition temperatures. [25] While
the velocicy dependence OE the 9% Ni steel is not particularly well defined, the
curve appears co be somewhat flatter than those for higher strength steels which

fail by dimpled rupture when tested at room temperature, [27] It would appear

that the cleavage and dimple rupture mechanisms result in different forms of

the toughriess/velocity curve.

Because of the presence of side grooves, the values cited here are for
fast fracture characteristics of thick sections and only for one particular heat
treatment. The Charpy data indicate that the heat treatment used on our experi-
mental material.produced ~he lowest toughness levels of any within ASTM-.4553.
It is reasonable to assume that the KD values for this steel in the quenched and
tempered condition can be raised to leveLs considerably above 130 MNm-3/2 even
in the presence of side grooves.

AM-c, -E, and -EH Steels

Complete experimental results are
steels, the temperature range spans NDT and
velocities ran~e from 380-1120 m/s, whereas

listed in Table 5. For all three
extends over ~100”c. Crack
the limiting speed is estima~ed LO

be ~2,000 m/s.- Wich three exceptions KD v.cluesexceed ~00 MNm-3/2, whereas
Kid, the energy associated with crack initiation by impact, Ts repor~ed to be
s50 MNm-3/2.[7~28] Thus, the energy absorbed by a rapidly propagati~.g crack

appears to be i~.excess of that ~equired to trniciatea crack by dynamic Ioadfng.

Figure 18 shows the temperature dependence of KD for each of the three
steels along w?th the dynamic tear energfes for the same plates measured by
Hawthorne and Loss. [5] While there is quite a bit of scatter, i-tis clear that
NDT marks an upturn in the toughness versus Temperature curvs. Also Ffgure 18
suggests that the steels can be best compared by refer~ing ED NDT as a standard.
This is done in Figure 19. Only those specimens for which velocity E?aces are
available have been included, since toughness depends on crack veloclty as well.
as test temperature. Note particularly chat the data axe ordered with respec~
to crack velocity, with ~he lower velo~i~ies systematically assoc$a~ed wi~h

higher toughness. In particular, the Loughness associa~ed wizh the highest
velocities appears to be temperature-indepeu,derltand about equal LO 100 MNm-3f2
over a 60°C span in temperature. The values are also seen LO be co~widerably
higher than the lower bond values which have been suggesZed based OZI KIC aad
KD measurements. [~,2~]

The veloci~y depende~ce of toughness at NDT, deduced from Figure 19,
is shown in Figure 20. Also shown in Figure 20 are da~a on A517F steel, [21] 2s

well as KD values for C steel and A517F. [7] A sreep dependence of toughaess
on velocity, common Eo all four steels, is revealed. In particular, the
behavior appears to fit the descending segment of the idealized mater$al E curve
(Figure 18), A moot point remai~s as to whether s~ill lower values of XD WOU16
be observed if hfgher velocities were achieved and whether KD approximates the
minimum in the toughness versus velocTty curve.
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TABLE V . CRACK PROPAGATION AND ARREST BEHAVIOR OF SHIP-HULL ST’E.EL

a, Crack Initiation and Arrest Data

Root Radius of Crack Penetration
Specimen Temperature Starter Notch intioTest section Stress Intensity (MNm-3/2)
No. (“c) (mm) (mm) Crack Initiation, K~ Crack Arrest, K,a\

E-2
G-1
‘+5‘a)
G-3
G_~(a)
G_~(a)

24
9

-12
-12
-31
-50
-.53
-80

8
-12
-17
-40
-60
-80

H-3 24
~_7(a) o
H-1 -17
H-4 -17
H-5 -54
~_6(a) -94

0,65
0.66
0,56
0.58
0.57
0,.57
0,56
0.58

0.62
0.69
0.56
0,56
0.58
0.61

Q.56
0.57
0.67
0.56
0.58
0.56

c Steel (NDT = - 1.2”c)

61.9
73.7

(b)
104.9

(b)

(b)
11~.9

(b)

&Steel (NDT = - 23*C)

156.4
15,2

@)
(b)

>bl,o(d
(b)

W! Steel (NDT = - 51°C)—.—

31.fl
21.8
55.9
62,5
(b)

(b)

239
251
264

211
174
158
145
239

228
224
190
246
168
171

98-143
93-160

58-90

35-gn

49-129
139-287

69-164

236 ~~8_225

189 “103-149
284 l?J-225
280 lf38-?12
224
191

(a) Fully side-grooved.
(b) Specimen broke completelyin two.
(c) Crack ran out of side groove.
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STAKN?,RSECTION TEST SECTION

FIGURE 21. FRACTURE APPEARANCE OF SHIP-HULL STF,ELS

a. ABS-E tested at -17”C; crack velocfty =
1120 mls, K~ = 90 NN7n-3j2.

(b)

b. ABS-EH tested at 24°C; crack velocity =
800 m/s, ?K~ = 165 FThn-3/2.
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The fracture appearances of the different veloc%ty regimes (and thus
different toughness levels), are consistent w<th the velocity-sensi~ive behavior

shown in Figure 20. Four different surface morphologles were nored as

illustrated in Figure 21:

(a)

(b)

(c)

(d)

Velocity 1 1000 mis, Temperatures < NDT: Figure Zla shows a

fracture surface which TS quite flat and shiny, typical of a
low-energycleavage fracture.

Velocity Z 800 rds, Temperature= NDT + 75°C: Figure 21b
shows a fracture surface that is dull and flat. only one
specimen displayed this behavior.

Velocity ~ 500 m]s, TemperaturesBetween NDT -20~C and
NDT + 50”C: The fracture surface illustrated in
Figure 21c is flat but also contains large cleavage
facets. The behavior was confined to C steel.

Velocity : 400 m/s, Temperatures ~ NDT: Three samples of
Grades E and EH steel displayed the behavior shown TE Figure 21d
which was characterized by combined flat fract~re and shear lip
formation. The shear lip formed at the root of the side groove
is parallel to the broad face of the ~es~ specimen. Thus it iS
a mirror image of the shear-lfp formed ix a fist-sided plate.

The stress in~ensity values at crack arrest ‘tendedto increase with
increasing temperature. All of the values obtained are plotted in Figu~e 22,
again using NDT as a reference ~emperature CO provide z common basis for
comparison. Two values of Ka are plotted, a low-erlimi~ corresponding to the
displacement value at crack extension and an upper limit corresponding co the
larger displacement at~ained after the machine has provided additional energy
to the specimen. Note particularlythat the values o? Ka with~n the narrow
‘cemperatuzerange of NDT + 30°C to NDT + 36°C vary by z factor of two. This
observation $s not surprising, since Ka is not s material cons~snt but is
determined by the his~ory of energy absorption durfng crack propaga~fon,
Also ind<cated on Figure 21 is the KD versus temperature cu~e for crack
initiation in C steel, and the KIR curve adopted by ASYIE [29] on the basis of
tests on A533B. KIR is a lower bound for all reporred Lofighnessmeasu~enents
for this latter steel and contains some K1a values. These two latter curves
are a rough lower Iimir for the present data! but tend to undezestima~e the
results seriously for most specimens.

DISCUSSION OF RESULTS

Taken together, rhe experimental results define s consistent picrure
of the fracture process and provide added support for the energy balance
approach.

Previous results [18,27] have shown chat crack propagatiofi associated
wirh the ductile dimple mechanism results in a monoton~cally ~isfng ~D VS crack
velocity curve. The curve for the 9% Ni steel (Figure 16) is of the same shape
but somewhat flatter than that of the high-strength steels studied earlier. [18,27]
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The 9% Ni steel displays a much higher resistanceto fast fracture at
-162°C and -196°c than ordfnary ship grades (i.e. A13S-C,-E and -Eli)tested at
the same temperatures (See Figure 2). But, it is also important to note that the
KD values obtained for the 9% Ni steel at -.162°Cand -196°C are comparable to
those measured for the ordinary grades in the vicinity of the NDT, where the
resistance to fast fracture is acknowledged to be marginal. The tes~ piece
illustrated in Ffgure 15 which broke in two, at a velocity estimated to be on
the order of 1000 m/s at -162°C is evidence of the normal nature of the toughness.
In other words, the fast fracture resistance of the material in the form of present,
side grooved laboratory test peices is not large enough at -162°C and -196°C to
preclude fast running fractures in large structures. However, the qualifications
contained in the two underlined words must also be weighed. First, the side
grooves used in the present experiments tend to inhibit surface shear and shear
lip formation which can consume twice as much energy as equivalent amounts of
that fracture. Consequently, the present results, while valid for relatively
thick plates, may understate the toughness of the 12.7mm thick 9% Ni steel.
Additional.studies of test pieces without side grooves are needed to obtain a
be’cter definition of KD are needed. Secondly, there should be scope to
improve the fast fracture resistance via heat treatment as discussed earlier.

The curve Eor A5171? tested far below NDT where the cleavage
mechanism predominates appears to exhibit a toughness minimum at velocities on
the order of a few hundred m/s, in accord with the picture of Eftis and Krafft. [25]

The results available from the literature [25,28,301 and some pre~iminary results

from the present study, as shown in Figure 23, support the existence of the
minimum although its precise depth and rhe corresponding velocity are poorly
defined

instabi.
energy.
instabi,

Any decrease in toughness with increasing velocity will result in an
ity in chat progressively higher velocities absorb progressively less
The data for the ADS steels at NDT reported here suggests that this

ity ~ersists even into the transition range. The ini~ial decrease in

the roughnes~/velocity curve may be connected with the competition berween yfe~d-
ing and cleavage. As the crack travels more rapidly, yielding is inhibited and
less energy is dissipated by plastic flow. As the temperature is raised above
NDT, the energy increases and it becomes progressively more difficult to generate
a fast moving crack in the ship steels. The experiments were not extended to a
sufficiently high temperature to determine the upper plateau in toughness .

The minimum value of the KD vs. velocity curve was not determined.
From Figure 19, < 105 MNm-3/2 at NDT.it would appear the KD(lnin)_ At the same

time Ka (the stress intensity at crack arrest), appears to be ~ 80 MNm-3/2 at
NDT . Calculations by Kanninen [19] for the double cantilever beam geometry

suggeSt that Ka ~ (0.6-1..1)K D(min
‘~~2, which i. close to the lowest v~~ues

with a typical value of 0.8 KD(min). Thus

one can estimate KD(min) L 100 MNm
observed herein. Since KD appears to be sensibly independent of velocity over
a range of 800-1120 m/sP it might be assumed that the minimum has been located.
However, more extensive data are needed.

A quantity which has been suggested as characterizing fast fraccure
resistance is K1d the toughess associated with rapid crack initiatio~.
Several authors [1,5,31-33] have estimated that KId at NDT is:
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PLAIN cARBON STEELS BELOW NDT
Data from References [25,28,30]
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% c!—. (0.06-0.12) ml’2 (7)
‘Yd

where ‘Yd is the dynamic yield stress, wh$ch can be approx%mateG by adtiing
210 NNm-2 to the statfc room temperature yteld stress, to compensate for rate
effects and for the temperature difference between ambient ard NDT.

The minimum KD values obtained in this laboratory st temperatures on

the order of NDT are summarized h Table 6. Note that these lowest values sre

roughly twice as large as ~<ddetermined from Equation 7. Accordiv-gly, it zppears

that K,. as well as K.. vnderes~<ma’ies the fast fxactvre resis~ance of the
u, m-

steel. Hovever, the values cited in Table 6 are noc
values of KD wi~h respecc to velociEy, KD$mfn~ which
of Kd, This point zequires further Tn.vesrlgation.

TA131J3ITI– LOWEST ~iASU~D VALUES ~~ KD
TEwEM~!~S cLOSE TO NDT

~ecessari?y the minimum

may be closer to the values

Test Temperature
Steel NDT (“C) (“c) K /0

l]?
~ y~ (~. ) Reference

A517F -40 -50 0.16 This work

A533B -29 -18 0.17 [35]

ABs-c -12 -12 0.21 This work

ABS-E -23 -17 0.18 This work

ABS-EH -51 -54 0.19 This work

It has also been suggested [7,34] thzt NDT is on the order of the
temperature at which plane strain breaks down for a 25 miithick specimen. TO
promote flat fracture, and to inhibit shear lip formation, the specimens used
in the curren~ investigation were deeply side grooved. Experiments on.A517F at
NI)T-40”C and on 4340 [39] have suggested that side-grooving does not zffecr KD
in the absence of shear lips, but this point needs to be tnvesfigated more
systematically. However, since shear-lip formation is inhibited by s$de-grooves,
it is believed Lhat the values reported here are either representative OY
conservative with regard to full-thickness behavior.

Dynamic rear energy is yet another measure of fast fracture resistance.
Qualitatively, Zhe varia~ion of dynamic fracture tough~ess wi;h ~empera~ure
resembles the dynamic tear energy behavior (Figure 18). However, there are
impor~an~ quantitative differences between the two experiments. In the dynamic
tear Lest, the loading conditions are nor simple, the crack veloci~y is not
necessarily constant, shear lip formation is not inhibfted, and the kinetfc
energy contribution is not accounted for. For these reasons one would not
expect a one-to-one correspondence between the two test procedures.
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The strong dependence of toughness on crack veloctty at NDT (Figure 20)
illustrates one of the difficulties in interpreting energy absorption measure-
ments such as are obtained via the dynamic tear test. Since the c-rackvelocity

history of the latter test-is unknown, ir is not clear what velocity ox

velocities the reported energies refer to. More seriously, it,is+not clear at
what velocity a crack in a ship will propagate and what is the appropriate
energy. The observation in this study that rapid cleavage fracture can occur
at 10°C or more above NDT is borne out by the record of an actual failure wi~hin
the past few years. [6]

The values of the stress intensity at crack arrest are very scattered
(Figures 15 and 22). This observation is consistent with the energy balance
approach. [23] In Appendix B this approach is used to estimate the largest
tolerable sfze of embrittled region, i.e., the largest “brittle region that the
base plate can contain and still arrest a rapidly moving crack at NDT. The
resulting equation is:

(8)

where 2ae is the width of the embrittled region and o is the applied stress.
In Appendix B typical values are inserted into eq. (8) and 2ae is found to be
: 140mm (5-1/2”). This means tha~ a flaw transverse to a weld line which becomes
an unstable crack will be arrested by the base plate. While this calculation is
admittedly crude, it gives an indication of the potential power of the methodology
described in this report. In particular, the calculations in Appendix B show
the largest tolerable flaw size is a small multiple of the parameter, (KD/~yd)~;at
cited in Table 6. Accordingly significant beneffts can be anticipated by defining
composition and processing changes which increase KD. The present research
suggests that the KD levels at NDT may not be susceptible to significant improve-
ment in conventional ship steels. However, scope exists for reducing NDT so that
it is well below service temperatures as suggested by Rolfe, et al [1].

(1)

(2)

(3)

(4)

CONCLUSIONS

Rapid crack propagation and crack arrest in a variety of structural steels
are governed by an energy balance approach.

The controlling material property for propagation and arrest is the dynamic
fractur@ toughne$$, KD. Experiments reveal that KD depends on fracture
mechanism and crack velocity. There is also a temperature dependence of
I(Dwithin the cleavage crack propagation range. For the steels studied
here, thz dynamic fracture toughness is roughly twice the ‘toughness
associated with crack initiation by fmpact.

The stress intensity at crack arrest after cleavage failure is not constant
but varies in accord with the principle Of conservationof energy.

Dynamic fracture toughnessvalues for a variety of ship-hull steels are
similar to one another at their respectivenil-ductility-temperatures(NDT).
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APPENDIX A

ANALYSIS OF THE SIDE-GROOVED DCB SPECIMEN

shown in
The ener~y extracted frcm a partially side-grooved DCB specimen such as

Figure lo,during crack propagation is found from:

[’r d.= [“ RBda

o 0

(A-1)

where U is the stored elastic energy, ar is the crack length at arrest, Z. is the
crack length at init~ation, B is the full thickness, and it!is the effective
fracture energy given by:

R’ = R~,a5a1

(A-2)

where R5 is the fracture energy of the starter sectiun, RT the fracture energy of
the test section, b is the (reduced) thickness of the t~st section and al is the
crack length at the weld line between starter and test sections. Previo& experi-
ments, [17-]confirmedby the present results, slnowthzt the crack p~opagates at a
constant velocity in the starter sectfon and at another constan’cvelocity in the
test section before it decelerates and arrests. Thins, it is reasonable to assume
that there %s a constant fracture energy in each of the sections.

To a good approximation: [9,36]

[

a
r

‘u = ‘GQGa)
1’2 (ar - ao) (B)

ao

(A-3)

where G.qis the stress intensity at crack initiation and Ga is the stress intensity
at crack arrest. Note that there are three sources ot error in Equzrion F.-3:

(1) It is an approximation of a more complex expression. However,
within the rangeof no~al specimen designs and distances of

crack travel, it is an excellent approximation. [36]
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(2) Within the context of Kannfnen’s beam-on-elastic-foundation
model, T22,23] the foundation modulus should differ in the
non-sfde-grooved and sfde-grooved regions of the specimen.
This f-actorwas not taken into account in the derivation of
Equatfon A-3; the resultfng error is not known but is
believed to be qufte small.

(3) There is a moment of fnertia correction arising from the
introductionof side grooves; [37]for typical DCB geometries
used in these experiments,the correction IS ~lZ.

Since the first two of these factors act in opposite directions, the overall
error is believed to be well within the experimentaluncertainty.

Combtn?ng Equations A-1 through A-3 , rearranging terms, and expressing
the results in terms of fracture toughness and stress intensity:

. 1/2—

(A-4)

whine K ~(T) and K D(S) are the dynamic fracture toughness of the test and
stzrter“sections,respectively.

AS before,[17]K ~(S] %s determined from Kq and che steady-srate crack

veloclty, K and Ka from Ehe static solution [33] using tlip gage dfsp~acement
and measure! crack lengths (a. and ar, respectively).

Ic.the two cases where Equation A-4 is inapplicable, limits can be
set on K D(T):

(a) When the crack does not penetrate into the test sectfo~.

(A-5a)

This was the case for specimens A-2, A-3, A-4, Eor all of which B = b.

(b) When the crack is not arrested and the specimen breaks completely
in two, Preliminary unpublished calcula~ions by Kannixen suggest
that

(A-5b)

This was the case for specimen A-7, for which b = 0.4B. Unfortunately.
the velocity trace for this specimen.was not recorded because of
triggering problems.
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APPENDIX B

Estimation OF SIZE OF LARGEST
TOLERABLE EMERITTLED REGION IN SHIP

STEEL AT NI)T

Using the conservative assumption that all of the kinetic energy that
is generated becomes available to drive the crack [9,36], a rapidly propagating
crack will arrest whenever the total amount of strain energy made available to
the crack tip becomes less than the total energy absorbed in fracture:

[

af af

[

K’D
Gda z — da

E
J J

a a
o 0

where G is the strain energy release rate, a. is the original
and af is the half-crack length at arrest.

If the specimen contains an embrittled region (KD ~
and if the starting flaw size is very small, a. ~< af, we can
largest value of ae consistentwith crack arrest
represents the largest size of embrittledregion
contain and resist catastrophicfracture. Using
Eq. (B-1)becomes:

(’f afr ..

(B-1)

half-crack length,

O) of width 2ae,

estimate the
by ~he base metal. This value
which the ship hull could
the two assumptions just tired

J
LJ

— da
E

a
e

(B-2)

Approximarfng the ship hull as an infinite center-cracked panel loaded in tension:

2
0 ~a

G=—
E

equation (B-2) becomes:

22
anaf

2
5 K02 (af - ae)

(B-3)

(B-4)
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Rearranging eq. (B-4), a conditionfor which the crack will arrest at a half-
length of a~ is defined:

2
[)
af+l

0 ~ae
~: >+

[1
.
ae

(B-5)

The maximum value of the right hand side of eq. (B-5) is 1/4, correspondingto
af = 2ae. If the left hand side of eq. (B-5) exceeds 1/4, the inequalityis
never satisfied and the crack wT1l never arrest. Accordingly the largest
tolerablesize of an embrittledregion is:

(B-6)

For ship plate, o s 0.5uY and Uy ~ 300 MNm-2. Using a typical value of

I(D~ 100 ITNm-3/2 at NDT, 2ae becomes 140mm (5-1/2”).
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