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ABSTRACT

This is the setond of two Ship Structure Committee reports describing
a three-year investigation of the crack propagation and arrest characteristics
of ship-hull steels. The earlier report (S5C-242), which dealt principally
with development of experimental and amalytical techniques, is briefly discussed.
Results are then presented for the following steels: ASTM-A517F (high strength
low alloy), 9% Ni (for cryogenic service), ABS-€ and ARS-E (two plates, one
of which is high strength and designated EH).

The major material property affecting crack arrest is found to be
the dynamic fracture toughness, Ky, which is both velocity- and temperature-
dependent. FExcept 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 toughness/
veliocity curve is particularly pronounced around the Nil-Ductility Temperatures
(NDT) for the ship hull steels. At very low temperatures (e.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 duectile dimple mechanism

and the toughness increases slightly with increasing velocity throughout the
velocity range investigated.
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INTRODUCTION

There is renewed concern today over the conditions required for the
arrest of a fast moving crack. This concern arises from the possibility of
large overloads in flawed structures, such as when two ships collide. Rolfe,
Rhea and Kuzmanovic [1] have taken the first steps toward a crack arrestor
design practice, They conclude that:

", ..the use of steels and weldments with moderate levels
of notch toughness combined with properly designed crack
arrestors, is recommended as a fracture criterion for
welded ship hulls,"

Rolfe, et al., have proposed a minimum dynamic test emergy (DTE) specificatiomn
of 600-800 £t 1bs (5/8 in. thick DT specimen at 32°F) for crack arrestors with
vield strengths from 40-100 ksi. However, it should be clear that these DTE
values are a relative measure of material performance and not the absolute
measure needed to design a crack arrestor with a specific crack stopping
capability. Three absolute measures of arrest performance are currently under
discussion:

(1) +the arrest toughmess, K,

(2) The toughness associated with the omset of crack extension
in a dynamically loaded specimen, de and

(3) the propagating crack toughness, Kp.

The relative merits of these rthree parameters are examined more fully in
Reference [2]., It is sufficient to note here that they are measures of the
same property, namely the material'’s resistance to rapid crack extension. The
arrest toughmess concept is based on the largely unsupported assumption that
the kinetic energy imparted to a structure while the crack is preopagating 1is
lest, In contrast the propagating crack toughmess is derived from fully
dynamic analyses that account for actual contribution of kinetic energy and
inertia. The quantity ¥ 4 has been proposed as an alternative measure of
either K 4 or K on the basis of a postulated but unproven equivalence betwesn
the stress rates zenerated at the tip of a2 rapidly lcaded stationary ecrack and
an advancing crack.

This report and S§SC-242 [3], a report of the earlier work of this
program, describe results of a 3-year study of crack arrest Iim ship steels.
The principal aim of the research was to establish a2 valid measure of arrest
performance. The analyses and experiments presented in S8C-242 peint to the
need for a dynamic analysis, Ky approach. A new method for ipitiation and
arresting fast fractures in small laboratory test pieces over a wide range
of temperatures was also demonstrated.

The measurements described in this report were undertaken in order
to determine the behavior of commercial ship-hull steels at operating tempera-—
tures. Particular attention was focused on the Nil-Ductility Temperature (NDT),
as measured by ASTM-E-208, which is a reasonable base point for comparison of
structural steels. Data on current ABS grades were normalized according to the
respective NDI's of three steels. The higher strength grade, A517F, was tested
at and below its NDT while the cryogenic steel AS533(97Ni) was tested above its
NDT,



PROGRAM SUMMARY

This section contains a short summary of the findings of Project
SR-201 "Fracture Arrest Study' including those presented in 85C-242 and in
this report.

1. Criterion for Fracture Arrest

The analyses and experiments described in 88C-242 [3] show that the
dynamic, erack tip energy release rate®

6 = o o ¢b

is the proper basis for formulating the arrest criterion. Energy conservation
dictates that the energy release rate must match Ryp, the per-unit-area fracture
energy, during propagation. Arrest is assured when the minimum value of the
fracture energy (this quantity may vary 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
intensity values, K

T and propagating crack toughmness, KD:**
RID(V) = GI (24)
Propagation
KD(V) = KI {2B)
Rdmin  ~ 1 (34)
Fracture Arrest
> 3B
KD,min X1 (38)

2. Crack Arrvest Material Property

The criteria given above seem to show that the material property govern-

ing arrest is RID,min (or Kp, mpin), the minimum in the energy- (or toughness-)
crack velocity dependence. The arrest process is actually more complicated

% Yhere U is the strain energy in the cracked structure, T is the kinetic energy
and W is the work performed on the structure by the surrcundings. A is the
area of crack advance and the superscripts D emphasize that the quantities
require dynamic analyses.

&% Note that this represents a change in nomenclature from that employed in
88C-242. The term Ky, which was formerly used to designate 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
SI units will be used:

lMNm_3/2 = 0.9 ksivin; 1J = 0.738 ft-1lb; 1J/m2 = 5,71 % 1072 in-1b/in’.
—D-



because the values of U, T, and W, their derivatives, and comseguently, the
instantaneous value of G1 are influenced by the history of fracture energy
dissipation during the period the crack is runming. As a result, the point of
arrest is governed by Rip(v) or Xp(v), specifically the portion of the fracture
energy—crack velocity dependence sampled by the crack during the entire propaga-
tion event preceding arrest. The analysis also suggests that RID,min and

Kpsmip reduce to Gy and Ky,, the so-called arrest energy and toughness [4]

in situations where the kinetic energy and dynamic effects are negligible,

3., Dynamic Analysis

Existing controversies about crack arrest are not concerned with the
criteria (Equations 34 and 3B) but arise from the dearth of dynamic analyses
and the uncertainty about the relative contributions of QEB} QEE, and dWw~ .

dA dA da
In $5C-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 - dTP is comparable
dA
to the strain energy release rate - dUP in the latter stages of propagation in
dA
this test piece. Substantial differences between - duP and the statically
dA

calculated value are also encountered., It appears that dymamic effects, in
general, cannot be neglected.

4. The Duplex-DCB Test Procedure

Substantial progress was made towards 2 practical method of measuring
the crack arrest property Ryp(v) or Kp(v), of ship steels. The work began
with the wedge-loaded, rectangular DCB-specimen. This configuration was
selected because it makes it possible to initlate and arrest cracks within the
confines of the test piece.

The essential features of the experimental procedures are illustrated
in Figure 1. In brief, the specimen containing a blunt starter notch is wedge-
loaded, in order to 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 S55C--242,

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

(i) Duplex DCB-Specimen. As discussed more fully in 85C-242 [3], the
capabilities of the DCB specimen were greatly enhanced by attaching a high
strength/low toughness "starter section" to the Ytest section" by electron beam
welding, This arrangement, the so-called "duplex" DCB specimen, makes it
possible to imnitiate 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/9Y,test section) [2], typlcally by an order of magnitude,*

% 9Y is the yield strength,
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FIGURE 1.

MEASUREMENT OF CRACK ARREST: (2) Wedge-
loaded laboratory test pieca. The points
of fracture initiation (A), crack arrest
(B), and the weld line between the
starter section and the test material (C),
are identified. The horizontal con-
ducting strips are also visible in the
photograph. (b) Record of the variation
of grid voltage with time during cratk
propagation, and (c) graph of the change
of track 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 postheating.
Specimens up to 50 mm— (2 in.-) 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 the 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 obtained for the A517F grade showed that the side grooves do not alter
the mechanics of propagation of flat fracture, though a correction must 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 sgince the shear lips consume more energy than the
flat fracture in the interior. The measurements derived from side-grooved
specimens therefore understate the Kp values of relatively thin plates above
the NDT, and should be regarded as lower Lound 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 refirement, 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 to relatively thin ship plates
above NDT.

Currently the specimen design is capable of measuring dynamic fracture
toughness values up to ~250 MNm=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
section 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 to crack initiation. 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 p 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 30Z of the cross section.

*% See Appendix A.



(b) test temperature,

(¢) crack velocity.

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

Not only does the absolute value of toughness depend on test tempera-
ture, but alsc the velocity dependence, as shown in Figure 2. This figure
summarizes the major results reported here. The three curves are qualitatively
different:

(a) The erack-vesistant 9% Ni steel has a high static fracture
toughness (i.e., Ky (v = 0) = Kyo) and toughness increases
monotonically, although slowly, with crack speed. At a
speed of 1000 m/s, this steel has the highest toughness of
all, even when tested at ~196°C.

(b} The A517F and ABS-C grades tested at -196°C, well below the
ductile/brittle transition temperature, initially exhibit
a small decrease of toughness, which passes through a
minimum at modest speeds and then increases at a moderate
rate.

(¢) The ABS grades (C, E, and EH) and the A517F grade tested at
NDT#* show a sharp decrease in toughness. It is not
established whether there is a minimum in the toughness/
velocity curve, although some indirect evidence suggests
that the lowest value in the NDT curve of Figure 2 is
close to the minimum,

The behavior of the steels at NDT is particularly important because
it represents a strong tendency for unstable fracture, in that the faster a
crack travels, the less energy it consumes, Balancing this are the rather
high toughness level and the apparently extremely high initiation toughness.
In a practical situation, the initiation toughness can be "bypassed” by the
presence of welds with high residual stress and localized regions of low
toughness which can serve as sites for ipitiation. The research alsoc shows
that NDT is a useful reference temperature for comparing different steels, a
factor which may become important inm translating the data here to practical
terms.

The Ky values at NDI reported here correspond to fracture energies in
the range of 50-200 KI/m2, In contrast, the dynamic tear energies of 25.4 mm
thick ship steel are on the order of 250-500 KJ/m? at NDT.[5] The difference
arises at least partly from the presence of side grocoves in the DCB specimens
tested on this program. The side grooves inhibit shear lip formation which
begins to make an important contribution te fracture energy in 25,4 mm thick
samples at temperatures around NDT.[5] As the temperature is raised above NDT,
the dynamic tear energy rises more steeply than the fracture energy measured on
side~grooved specimens because cof the increasing importance of shear-1ip
formation in the full-thickness sample. For this reason the side-grooved
specimen provides a measure of crack propagation resistance which is likely to
be conservative at NDT and to become increasingly more conservative as the
temperature is raised above NDT.

% The nil-ductility temperature as measured by ASTM-E-208,
-6
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6. TImplications 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
(2)
a *\— (4)

where a is the half cr7ck length, and ¢ is the applied stress. Using typical
values, Ky = 100 MNm~3/2 and ¢ = 170 MNm‘z, a becomes 110 mm. Larger cracks
would propagate catastrophically.

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

(1) Treating the ship as an infinite center—cracked panel. While
this assumption was made in a recent failure amalysis,[6] its
justification is not clear. For impact loads, this assumption
is probably very bad. The deck can be treated as a center-
cracked panel for hogging loads since the form of the stress
intensity 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.

(2) An initial flaw size has to be specified. 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 Ky values in the range 250-350 Mm~3/2,

(3) The conservative value of dynamic fracture toughness is the
minimum in the toughness/velocity curve. PFurther experimenta-—
tion is needed to determine the exact value of the minimum.
Also research is required to determine whether there is a
relation between values cbtained in simpler, cheaper tests,
such as Charpy, and those degcribed 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 must be known as
functions of velocity.

7. Recommendations for Future Research

1, Develop methods for testing thin sections. In this context,
"thin" refers to plates where the constraints due to plane
strain have broken down and shear lip formation is allowed.
Such experimentation will allow for more realistiec 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.
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2. Develop a fuller description of the variation of the dynamic
fracture toughness associated with a rapidly propagating crack.
The results develcoped in this program need to be extended over
a wider velocity range, particularly at anticipated service
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. Such an
analysis should be applied to laboratory specimens such as
dynamic tear and to ship hull structures under impact loading,
for example.

MATERTALS

Five steels were chosen for investigation as being of current of
potential interest for ship huil applications, Relevant properties are listed
in Table 1.

The three ABS grades are the same plates investigated by the Naval
Research Laboratoyxy [5] in their survey to determine whether currently available
ship plate meets the fracture-safety criterion suggested by Rolfe, et al.[1]
Microstructures of these steels are given in Figure 3. Note particularly that
there is a correlation between fine grain size, low NDT, aznd high dynamic tear
energy at NDT.

The A517F is a high-strength gquenched and tempered steel which is of
possible future interest., Preliminary dynsmic toughmess data had previously been
obtained in this laboratory[9] and extensive impact-test results have been
reported by Rolfe and co-workers [7,10].

The S7ZNi steel is being used for cryogenic applications, such as LNG
tankers. Its nil-ductility-temperature is reported to be below the boiling
point of liquid pitrogen. [8] More precise measurements of low-temperature
toughness have been difficult to obtain., Attempis to measure Ky at -196°C have
been complicated by excess plasticity,[31,13] but values of Ky corresponding to
extension of a fatigue pre-crack and based on 5% secant offget zre in the range
110-140 MN/m=3/2, 4as a result, the constraint associlated with plane-strain
behavior is lost beyond rather modest thicknesses (25-40 mm), and side grooves
are required to produce flat fracture,

The resistance to rapid crack propagation and to crack arrest is very
poorly defined, Charpy impact energies in excess of 50J (37 ft-1b) at tempera-
tures below -150°C have been reported by several authors., [12,14] To the
extent that Charpy energy related to crack propagation resistence, this is
encouraging evidence that this steel has adequate toughness. t the same time,
toughness appears tc be extremely sensitive to heat treatment. TFigure 4,
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taken from the data of Ooka, et al, [15] shows the extent of this effect.
Note particularly the shaded band in Figure 4b, defining the allowable
tempering temperature according to ASTM-A553-72, one of the specifications
covering the steel. Variations in Charpy energy of almost a factor of
three fall within this band.

While the exact reasons for the variability of toughness are not
clear, they must arise from the special effects of heat treatment in 9% Ni
steels. Marschall, et al[l6] have pointed out that austenite begins te form
upon heating these steels to temperatures v450-500°C, Thus, tempering at
higher temperatures will result in partial reaustenization, as is shown in
Figure 4a, The austenite retention varies with reheating temperature: in
steels heated above Vv565°C, martensite formation is more complete after auench-
ing to -196°C than to 25°C, while the austenite formed at and below Vv565°¢C is
more stable, in that cooling below room temperature provides no additional
martensite formation.[1l6] 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 test 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 austenite 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 different laboratories.

Notwithstanding these difficulties it is important to define the
crack propagation resistance and crack arrest capability of 9% Ni steel. 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 veloecity could be measured.

PROCEDURE

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
extensively elsewhere.*[9,17-19] 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 A517F early 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 extension. Once the crack begins to propagate, this oversupply becomes
available to drive the crack rapidly. Eventually the crack exhausts the supply

* Modifications were that for temperatures below -78°C, the velocity measuring
grid was insulated from the specimen by Al2 Epoxy (Techkits, Demarest, N.J.),
and that in the last year of the program velocity traces were recorded on a
Biomation Transient Recorder,

12—
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Data of QOoka, et. al. [6] at -196°C.
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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. Veloeity was measured by
recording the rupturing of individual lines of the vapor-deposited grid evident
on the specimen surface in Figure 6. A time trace representative 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 SAF4340 steel [18] or structural steel at very low
temperatures. However excessive yielding will occur before rapid crack
propagation can be initiated when [20]

h > 1.5 2 (5)
Y

where h is the specimen half-height, K, is the effective stress intensity at
the onset of fast fracture, and oy is the yield stress. For steels of low
yvield strength, the size requirements imposed by Equation (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 sectiom,
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 steady-state crack velocity is achieved in the starter section. After the
crack has penetrated into the test section, a mnew steady-state velocity,
characteristic of the higher toughness structural steel, is achieved. Finally,
the crack beings to decelerate and arrest. It is believed that this process
cccurs essgentially under fixed-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-up" and rveleasing additional stored energy into the
specimen. While the jump had not been detected earlier,[3,28] it was found in a
number of the present experiments due to the higher resolution brought about by
the introduction of the transient receorder,

The arrestor specimen, shown in 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 starter-section
in the 9% Ni steel experiments were unsuccessful because of severe weld cracking.
This difficulty was overcome by using ASTM~A517F instead. Since the experiments
were carried out a temperatures £ -150°C, A517F steel [9] was appropriate for
the low-toughmness starter section., Initial root diameter of the starter notch
varied from 0.28 to 1.85 mm to insure a range of crack speeds in the various
specimens.

In the earliest experiments on 97 Ni steel 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 advantages:

-15-
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FIGURE &. VELOCITY TRACE DETECTED ON
TRANSLENT RECORDER
ABS-E Steel Tested at =-12°C.
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(1) The reduced cross section extends the measuring capacity of the
specimen to higher toughness levels,

(2) The grooves inhibit shear 1ip 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 section propevties.

(3) The grooves also promote straight-line crack travel.

Straight~line crack travel is promoted when the smallest possible
included angle of the side-groove ig 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.

While this procedure was successful for the 9% Ni steels, when it
was applied to the ABS grades a problem was encountered with the crack
deviating from a straight-line path in the SAE4340 steel starter section and
not entering the test section. To overcome this, fully side-grooved specimens
were adopted, in which the grooves ran the entire length of the specimen
{(Figure 10b), This design also had the advantage of cutting machining costs
considerably by eliminating an EDM operation. In addition, the problems with
weld cracking were solved by using a preheat of 260°C and a postheat of 315°C
without cooldown.

Table 2 lists the designs of the individual specimens tested in this
program., The duplex, fully-side-grooved DCB specimen wag found to be the most
suitable design for these experiments. However, this design has two drawbacks:

(1) Since shear 1ip formation in the test section ig 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 side-grooved specimen allows the
toughness range investigated to be extended to higher
levels (see Appendix A).

There were several early experiments on the AS17F steel at -196°C for
which the crack velocities were not measured, (series Z in Table 2). 1In this
case they were interpolated from a plot of Ko vs velocity for all of the
specimens tested at -196°C for which velocities were measured.

In some of the specimens tested at -196°C crack arrest occurred by a
perpendicular deviation 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% of 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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TABLEIT. TEST SPECIMEN DESIGN CHARACTERISTICS

Material
Specimen Numbers Thickness (mm) Type Starter Section Test Section
A2-A4 12.7 Duplex AS517F 97 Wi
A5, A8 12,7 Duplex(a) A517F 9% Ni
AG, A7 12.7 Duplex, Test Section A517F 9% Wi
5ide Grooved
Fl, F2, F4, F5 25.4 Duplex, Test Section 4340 4BS-C
Side Grooved
F3, F6, F7, F8 25.4 Duplex, Fully Side Grooved 4340 ABS-C
G1-G3 25.4 Duplex, Test Section 4340 ABS-E
Side Grooved
G4-G6 25.4 Duplex, Fully Side Grooved 4340 ABS-E
H1-H5 25.4 Duplex, Test Section 4340 ABS~EH
Side Grooved
H6, H7 25,4 Duplex, Fully Side Grooved 4340 ABS-EH
VYi0-13 12,7 Duplex 4340 AS517F
VY23, VY28 25,4 Duplex 4340 AB17F
VY26 25,4 Duplex, Test Section 4340 AS17F
Side Grooved
VYV1-ViV=6 12.7 Arrestor 4340 A517F(b)
Y2-Y5 12,7 Ordinary - A517F
Z1~Z4 12.7 Ordinary - AB17F

{a) Contained side groove extending l6mm into test section.
(b} Arvestor strip.



Dynamic toughness values were obtained from the analysis of
Kanninen.[22,23] A feature of this analysis is that the crack velocity is
determined by the ratio of Kp to KQ and does not depend sensitively on the shape
of the Ky vs velocity curve. Figure 11 shows the vwelation among these quantities
for the dimensions adopted for all of the specimens (except a few of the ordinary
AS17F tests). Given the steady-state velocity and Ko, which is the effective
static stress intensity at the onset of rapid crack propagation, Kp can be
determined from the graph. For duplex specimens, individual Ky values for the
separate sections can be determined from K, and the velocity measured in each
sectiomn.

RESULTS

AS517F

Table 3 lists the experimental results, while the data are plotted in
Figures 12-14. Kp values are taken from the data of Barsom and Rolfe [10].
Although there are insufficient points to define the full Kp versus velocity
curve at any one temperature, several trends are clear. Chief among these is the
increasingly higher values of dynamic toughness at the higher temperatures. This
effect may be due partially to the loss of constraint as the temperature is
raised and, consequently, as the yield stress is lowered. Some loss 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 tec -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 5¢ of Referemce [17].
If the actual veloeity is 200 m/s higher than the reported wvalue, the dypamic
fracture toughness would be 10-207%7 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 13. The
zero velocity value is Ky,. 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

2

Ky = K, {(1*3.8&"—\\” 38{"—)
1 c,} \c
o] o]

R

(6)

|
!
4

where ¢, 1s the bar wave speed. Equation 6 is of the form generally accepted
for cleavage failure: with increasing velocity Kp first decreases, passes
through a minimum and then begins to increase rapidly.[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 Ky = 0.91 Xy, occurring
at a velocity of 0.05 cg4.
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TABLE 1II.CRACK PROPAGATION AND ARREST DATA FOR A517F STEEL

Stress

Dynamic Intensity at
Specimen Temperature Crack Toughness, Ky Arrest, Kg,
No. (°cy Velocity (m/s) Mm—3/2 MNm"-%’/2
Duplex Specimens
VYy-1 —48/—5052% 700 161 —
-3 —52/—54(3) 155 225 -
-5 ~35/—44(a) 370 276 207
-6 —-44 /=48 300 242 217
VY-10 ~-78 475 180 114
-~12 -78 560 159 102
-13 -78 625 170 68(d)
_23(b) -78 740 159 73
-26 -78 900 167 ~7(d)
-28 -78 780 164 78
A2 -152 830 73 —
-3 -196 940 49 -
-4 -196 1010 68 -
-5 -196 1500 75 -
-6 -196 1090 81 -
-8 -196 1260 54 -
Qrdinary Specimens
7-1 ~196 053 34 34
-2 -196 (230) (o) 31 20
-3 ~196 (240) (o) 26 13
-4 -196 (620) 40 18
7-2 196 640 49 33(D
-5 -196 870 61 ~70d)
-3 -196 830 48 28(d)
-4 -196 890 56 27
(a) Temperature variation over the crack path.

(b)
(e)
(d)

Side~grooved in test section.

Estimated from relation between KQ and crack velocity.

Crack ran to one side.
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The points on Figure 12 represent two different size samples with the
velocity measurements having been made on larger samples and the veloeity
estimates on smaller samples. In particular the ratio of initial crack length
to beam height (ap/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, Kg is clearly not constant but a
function of the initial conditions as expressed by Ko (the stress intensity at
crack extension) and of the material as expressed by Kj.. Secondly, the Ky
values associated with rapidly moving cracks are larger than for more slowly
moving cracks. This is in accord with Kanazawa's [26] 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, if the material were rate independent Kz 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 associlated
with extension from an initially sharp crack, That the resistance to fast fracture
in Mode I is not extremely high is illustrated by Specimen 7 which broke completely
in two, The side grooves were required to provide crack penetration into the A533.
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 graph.

One of these (Specimen 6) represents a measurement deduced from crack velocity
data where the trace was quite poor and prevented an accurate value, The other
inaccurate point was caleulated using Equation A~4 for a sample (Specimen 8)
where the crack penetration into the Lest section was small, resulting in a
large relative error. Both of these values were much higher than the comparison
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,

While comparison with data from other investigators may not be meaning-
ful because of the extreme sensitivity of toughness to heat treatment, it is
interesting to note that Vishnevsky and Steigerwald [11] report K, values for
crack initiation *120 MNm—3/2 for a heat treatment reasonaply close vo the one
vsed in this investigation., Our datum peoint for the very low velocity of 45
m/s is close to this value.

Experiments at higher temperatures were only partially successful. As
discussed in Appendix A it is possible to set some bounds on the dynamic tough-
ness at -152 and -164°C. It appeatrs that Kp is not very much larger at these
temperatures than at -196°C, a trend also apparent in the data for Kq values
for crack initiation from a sharp notch.[12,13]

Scanning electron microscopy (Figure l7a) revealed that the micro-
mechanism of fracture was dimpled rupture. In addition, a anumber of shewxp
ridges are observed. On other parts of the surface, the ridges are replaced by
valleys. While the cause of these ridges and valleys was not imvestigated in
detail, they are probably related to inhomogeneities in the microstructure
resembling banding and shown in Figure 17b.
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TABLE TV-- DYNAMIC FRACTURE IN DUPLEX SPECIMENS CONSISTING

OF AS1YF AND 9% N1 SIEELS

(a2} Crack Initiation and Arrest Data

Root Radius Crack Stress Intensity (MNm-3/2)

Specimen Temp. of Starter Penetration Crack Crack

No. (&) Notech {mm) Into Test Section (mm) Initiation, Arrest, Ka
A-3 -196 0.14 0 98 > 73
A-4 -194 0,56 0 142 >101
a-6(8) -196 0.55 136 248¢d) 59
a-g(®) -196 0.81 7.4®) 118 73
a-5(0) 196 0.93 16.3 259 111
A-2 =152 0.25 2.4 134 a5
A-7(a) ~164 0.57 (c) 395 (@ ()

{(a) Side-grooved.

(b} Side-groove only extended 16 wm into the test sectlon.

(c) Specimen broke coupletely in two.

(d)

Based on specimen width at side grooves.
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TABLE IV. DYNAMIC FRACTURE IN DUPLEX SPHECIMENS CONSISTING
OF A517F AND 9% Wi STIELS

(b) Crack Propagation Data

Stress Intensity and Fracture

Specimen Temp . Toughness (MNm—3/2) Crack Velocity (m/s)
No. ) % %5 (A517) Xy (A553) A517 A553
A3 ~196 98 holed »9g(2) 940 (2)
Acd -196 142 5a (e >142(8) 1010 (a)
A6 196 248(H) g1 (&) 130¢P7, 290(e)» (@ 1090 A300
A8 196 118 54(¢) 18180 (D) 4 .00) 71260 45
A5 ~196 259 75(¢) <162 130(®) 1500 1070
A2 152 134 73(e) >134 830 (2)
AT 164 395(0) - $160 -- (o)

(a) Did not penetrate test section.

()
(e)
(d)
(e)
(£)

Based on crack arrest.

Based on crack wvelocity.

Value subject to large errors, see fext.
Specimen completely broke in two.

Based on specimen widih at side grooves.
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In both pictures the horizountal 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 dynamic toughness of 9% Ni steel contrasts sharply with that of
A517F as shown in Figure 16. In turn, the bzhavior of A5SL7F is characteristic
of steels tested below their ductile-brittle transition temperatures,[25] While
the velocity dependence of the 9% Ni steel is not particularly well defined, the
curve appears to 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 toughness/velocity curve.

Because of the presence of side grooves, the values cited here are for
fast fracture characteristics of thick sections and only for ome particular heat
treatment. The Charpy data indicate that the heat treatment used on our experi-
mental material produced the lowest toughness levels of any within ASTM-A553.

It is reasonable to assume that the Kp 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,

ABS—~C, ~E, and -EH Steels

Complete experimental results are listed in Table 5. For all three
steels, the temperature range spans NDT and extends over ~100°C, Crack
velocities range from 380-1120 m/s, whereas the limiting speed is estimated to
be 2,000 m/s., With three exceptions Kp values exceed 100 MNme/Z, whereas
K1g, the energy associated with crack initiation by impact, is reported to be
<50 MNm‘3/2.[7,28] Thus, the energy absorbed by a rapidly propagating crack
appears to be in excess of that required to initiate a crack by dynamic loading.

Figure 18 shows the temperature dependence of Ky for each of the three
steelz along with the dynamic tear energies for the same plates measured by
Hawthorne and Less.{5] While there is quite a bit of scatter, it 1s clear that
NDT marks an upturn in the toughness versus temperature curve. Also Figure 18
suggests that the steels can be best compared by referring to NDT as a standard.
Thig 1s done in Figure 19. Only those specimens for which velocity traces are
available have been included, since toughness depends on crack velocity as well
as test temperature. Note particularly that the data are ordered with respect
to crack velocity, with the lower velecities systematically associated with
higher toughness. In particular, the toughness associated with the highest
velocities appears to be temperature-independent and sbout equal to 100 MNm=3/2
over a 60°C span in temperature, The values are also seen to be considersbly
higher than the lower bond values which have been suggesied based on Ky, and
Ky measurements, [9,29]

The velocity dependence of toughness at NDT, deduced from Figure 19,
is shown in Figure 20. Alsc shown in Figure 20 are data on AS517F steel,{21] as
well as Ky values for € steel and A517F.[7] A steep dependence of toughness
on velocity, common to all four steels, is revealed. In particular, the
behavior appears to fit the descending segment of the idealized material B curve
(Figure 18), A moot point remains as to whether still lower values of ¥Xp would
be observed if hicher velocities were achieved and whether Kp approximates the
minimum in the toughness versus velocity curve.
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TABLE V.

CRACK PROPAGATION AND ARREST BEHAVIOR OF SHIP-HULL STEEL

2. Crack Initiation and Arrest Data

Root Radius of Crack Penetration

Specimen Temperature Starter Notch into Test Section Stress Intensity (MNm'3/2)
No. (°c) {rum) {mm) Crack Initiation, Kq Crack Arvest, K,
C Steel (NDT = - 12°C)
F-2 24 0.65 61.0 239 98-143
F-1 9 0.66 73.7 251 93-160
F-5 -12 0.56 (h) 264 -
rg(a) 12 0.58 104.9 211 58-90
F-7 (8) _31 0.57 (b) 174 -
r—g{a) ~50 0.57 (b) 158 -
F-g () =53 0.56 119.9 145 35-90
F-4 -80 0.58 (h) 239 -
E Steel (NDT = - 23°C)
G-2 8 0.62 156.4 228 49-129
€1, -12 0.69 15,2 224 139-287
G52 _17 0.56 (b) 190 -
G-3 -40 0.56 (b) 246 -
g (@) ~60 0.58 s61.0(e) 168 69-164
64 (2 ~80 0.61 (®) 171 -
EH Steel (NDT = - 51°C)
H-3 24 0.56 31.8 296 128-225
n-7¢a) 0 0.57 21.8 189 '103-149
H-1 -17 0.67 55.9 284 121-225
H-4, -17 0.56 62.5 280 1n8-212
-5 —54 0.58 {b) 224 -
g5 (8) -94 0.56 (b) 191 -

(a) TFully side-grooved.
{(b) Specimen broke completely in two.
(c) Crack ran out of side groove.
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FRACTURE APPEARANCE OF SHIP-HULL STEELS

i

a. ABS-E tested at -17°C: crack velocity
1120 m/s, K = 90 MNm=3/2,

b. ARS-EH tested at 24°C; crack velocity =
800 m/s, K = 165 MNm—3/2.
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The fracture appearances of the different veloeity regimes (and thus
different toughness levels), are consistent with the velocity-sensitive behavior

shown in Figure 20. Four different surface morphologies were noted as
illustrated in Figure 21:

(a) Velocity - 1000 m/s, Temperatures = NDT: Figure 2la shows a
fracture surface which is quite flat and shiny, typical of a
low-energy cleavage fracture,

(b) Velocity - 800 m/s, Temperature = NDT + 75°C: TFigure 21b
shows a fracture surface that is dull and flat. Only one
specimen displayed this behavior.

(¢) Velocity = 500 m/s, Temperatures Between NDT -20°C and
NDT + 50°C: The fracture surface illustrated in
Figure 21lc is flat but also contains large cleavage
facets. The behavior was confined to C steel.

(d) Velocity * 400 m/s, Temperatures > NDT: Three samples of
Grades E and EH steel displayed the behavior shown in Figure 21d
which was characterized by combined flat fracture and shear lip
formation. The shear lip formed at the root of the side groove
is parallel to the broad face of the test specimen. Thus it is
a mirror image of the shear-lip formed in a flat-sided plate.

The stress intensity values at crack arrest tended to increase with
increasing temperature. All of the values obtained are plotted in Figure 22,
again using NDT as a reference temperature to provide a common basis for
comparison. Two values of K, are plotted, a lower 1imit corresponding to the
displacement value at crack extension and an upper limit corresponding to the
larger displacement attained after the machine has provided additional energy
to the speciwen. Note particularly that the values of Ky within the narrow
temperature range of NDT + 30°C to NDT + 36°C wvary by a2 factor of two, This
obgervation is not surprising, since Ky is not & material constant but is
determined by the history of energy absorption during crack propagation,

Also indicated on Figure 21 is the Kp versus temperature cutrve Ifor crack
initiation in C steel, and the Kip curve adopted by ASME [29] on the basis of
tests on A533B. Kyp is a lower bound for all reported toughness measurements
for this latter steel and contains some Ky, values. These two latter curves
are a rough lower limit for the present data, but tend to underestimate the
results seriously for most specimens.

DISCUSSION OF RESULTS

Taken together, the experimental results defime a consistent picture
of the fracture process and provide added support for the energy balance
approach.

Previous results [18,27] have shown that crack propagation associated
with the ductile dimple mechanism results in a monotonically rising Kp 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 resistance to fast fracture at
-162°C and ~196°C than ordinary ship grades (i.e. ABS-C, -E and -EH) tested at
the same temperatures (See Figure 2). But, it is also important to note that the
Kp values obtained for the 9% Ni steel at -162°C and ~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 test piece
illustrated in Figure 15 which broke in two, at a wvelocity 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 im the form of present,
side grooved laboratory test peices is not large enocugh 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
better definition of K are needed. Secondly, there should be scope to
improve the fast fracture resistance via heat treatment as discussed earlier.

The curve for AS17F 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 [25,28,30] and some preliminary results
from the present study, as shown in Figure 23, support the existence of the
minimum although its precise depth and the corresponding velocity are poorly
defined,

Any decrease in toughness with increasing velocity will result in an
instability in that progressively higher velocities absorb progressively less
energy. The data for the ABS steels at NDT reported here suggests that this
instability persists even into the transition range. The initial decrease in
the toughness/velocity curve may be connected with the competition between yield-
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 Kp vs. velocity curve was not determined.
From Figure 19, it would appear the Kp(min) = 105 Mm~3/2 at NDT. At the same
time K, (the stress intensity at crack arrest), appears to be > 80 M¥m~3/2 at
NDT, Calculations by Kamninen [19] for the double cantilever beam geometry
suggest that K, v~ (0.6-1.1) K D(min% with a typical value of 0.8 Kp(pin)- Thus
one can estimate Kp(min) ~ 100 MNm™ /2, which is close to the lowest values
observed herein. Since Ky appears to be sensibly independent of velocity over
a range of 800-1120 m/s, 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 fracture
resistance 1s Kyg the toughess associated with rapid crack imitiatiom.
Several authors [1,5,31-33] have estimated that Krg at NDT is:
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2 (0.06-0.12) mw (7

where °Yd is the dynamic yield stress, which can be approximated by adding
210 MNm~% to the static room temperature yield stress, to compensate for rate
effects and for the temperature difference between ambient and NDT.

The minimum K; values obtained in this laboratory at temperatures on
the order of NDT are summarized in Table 6. Note that these lowest values are
roughly twice as large as Ky determined from Equation 7. Accordingly, it eppears
that Kg, as well as K;, vnderestimates the fast fracture resistance of the
steel., However, the values cited in Table 6 are not necessarily the minimum
values of Kp with respect to velocitly, KD’minﬂ which may be closer to the values
of Ky, This point requires further investigation.

TABLE VI — LOWEST MEASURED VALUES OF Ky FOR STEELS AT
TEMPERATURES CLOSE TO NDT

: m
Test Temperature 1/2

Steel NDT (°C) (°cy KD/GYd (m™" ™) Reference
A517F =40 -50 0.16 This work
AS533B -29 -18 0.17 [35]
ABS-C -1z =12 0.2% 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] that NDT is on the order of the
temperature at which plape strain breaks down for a 25 mm thick specimen., To
promote flat fracture, and to inhibit shear lip formation, the specimens used
in the current investigation were deeply side grooved. Experiments on A517F at
NDT ~40°C and on 4340 [39] have suggested that side-grooving does not affect Xp
in the absence of shear lips, but this point needs to be investigated more
systematically. However, since shear-1lip formation is inhibited by side~grooves,
it is believed that the values reported here are either representative or
conservative with regard to full-thickness behavior.

Dynamic tear energy is yet another measure of fast fracture resistance,
Qualitatively, the variation of dypamic fracture toughness with temperature
resembles the dynamic tear energy behavior (Figure 18). However, there are
impertant gquantitative differences between the two experiments. In the dynamic
tear test, the loading conditions are not simple, the crack velocity is not
necessarily constant, shear lip formation is not inhibited, and the kinetic
energy contribution is not accounted for. TFor 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 veleecity 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 crack veloeity
history of the latter test.is unknown, it is not clear what velocity or
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 within
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 size 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:
2
K
.1 D
2a o P (8)

where 2a, is the width of the embrittled region and ¢ is the applied stress.

In Appendix B typical values are inserted into eq. (8) and 2ay is found to be

* 140mm (5-1/2"), This means that 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 that
the largest tolerable flaw size is a small multiple of the parameter, Eploya)“,
cited in Table 6. Accordingly significant benefits can be anticipated by defining
composition and processing changes which increase Kp. The present research
suggests that the K 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].

CONCLUSIONS

(1) Rapid crack propagation and crack arrest in a variety of structural steels
are governed by an energy balance approach,

(2) The controlling material property for propagationm and arrest is the dynamic
fracture toughness, Kp. Experiments reveal that Ky depends on fracture
mechanism and crack velocity. There is also a temperature dependence of
Kp within the cleavage crack propagation range. TFor the steels studied
here, the dynamic fracture toughness is roughly twice the toughness
associated with crack initiation by impact.

{3) The stress intensity at crack arrest after cleavage failure is not constant
but varies in accord with the principle of conservation of energy.

(4) Dynamic fracture toughness values for a variety of ship-hull steels are
similar to one another at their respective nil-ductility-temperatures (NDT).
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APPENDIY A

ANALYSIS OF THE SIDE-GROOVED DCE SPECIMEN

The energy extracted from a partially side-grooved DCB specimen such as
shown in Figure 10,during crack propagation is found from:

du = R'Bda (A-1)

where U is the stored elastic energy, ar is the crack length at arrest, =z, is the

=0
crack length at initiation, B is the full thickness, and R' is the effective
fracture energy given by:

R' = R, a

<
o -

a4
(A-2)
R' = %-RT, az ay

where Ry is the fracture energy of the starter section, Rp the fracture energy of
the test section, b is the (reduced) thickness of the test section and a; is the
crack length at the weld line between starter and test sections. Previous experi-
ments, [17]confirmed by the present results, show that the crack propagates at a
constant velocity in the starter section and at another constant veloeity in the
test section before it decelerates and arrests. Thus, it is reasonabls to assume
that there is a constant fracture enerpy in each of the sections.

To a good approximation: [9,36]

a
b

= (GQGa)l/2 (a, - &) (B) (A-3)
[a]

where GOQ is the stress intensity at crack initiation and G, is the stress intensity
at crack arrest. Note that there are three sources of error in Fquation A-3:

(1) It is an approximation of a more complex expression. However,
within the range of normal specimen designs and distances of
erack travel, it is an excellent approximation. [36]
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(2) Within the context of Kanninen's beam-on-elastic-foundation
model, [22,23] the foundation modulus should differ imn the
non-side-grooved and side-grooved regions of the specimen.
This factor was not taken into account in the derivation of
Equation A-3; the resulting error is not known but is
believed to be quite small.

(3) 'There is a moment of inertia correction arising from the
introduction of side grooves; [37] for typical DCR geometries
used in these experiments, the correction 1s %1%.

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

Combining Equations A-1 through A-3, rearranging terms, and expressing
the results in terms of fracture toughness and stress intensity:
1/2

1/2 2
(.}?’_) (KqKn) (ar“ao) - K D(S) (al—ao) (A—[})
b ar — aj

K (T)

where K p(T) and K ,(8) are the dynamic fracture toughness of the test and
starter sections, respectively.

As before,{17]K D(S) is determined from Kq and the steady-state crack
velocity, X4 and K, from the static solution [38] wusing clip gage displacement
and measureg crack lengths (2, and ap, respectively).

In the two cases where Equation A-4 is inapplicabde, limits can be
set on K p{T):

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

1/2
) {(A-5a)

o' |

R @ < (

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

(b) When the crack is not arrested and the specimen breaks completely
in two, preliminary unpublished calculations by Kanninen suggest
that

1/2

) K (A~5b)

K D(T) £0.4 ( a

o

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

ESTIMATION OF SIZE OF LARGEST
TOLERABLE EMBRITTLED REGION IN SHIP
STEEL AT NDT

Using the conservative assumption that all of the kinetic emergy 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:

afg af 2
Gda

1A
(oW
o

(3-1)

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

o 1s the original half-crack length,

If the specimen contains an embrittled region (Kp = 0) of width 2a,,
and if the starting flaw size is very small, a; << ag, we can estimate the
largest value of a, consistant with crack arrest by the base metal. This wvalue
represents the largest size of embrittled region which the ship hull could
contain and resist catastrophic fracture. Using the two assumptions just cited
Eg. (B-1) becomes:

a
£
r -2

Gda Kp2

< D
J .j E da (B-2)
o

Approximating the ship hull as an infinite center-cracked pamel loaded in tension:

G = (B-3)

equation (B-2) becomes:

) s Ky (ag - a) (B-4)
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Rearranging eq. (B-4), a condition for which the crack will arrest at a half-

length of af is defined:

=

— - 1

g Taa a,

2%p Z?_Z— (B-3)
3

The maximum value of the right hand side of eq. (B-3) is 1/4, corresponding to
afF = 2ag. If the left hand side of eq. (B-5) exceeds 1/4, the inequality is
never satisfied and the crack will never arrest. Accordingly the largest
tolerable size of an embrittled region is:

52
2]
15 (B-6)

Using a typical value of

|~

2a =
e

For ship plate, o s 0.50y and oy = 300 MNm—2,
Kp = 100 M¥m~3/2 at NDT, 2a, becomes 140mm (5-1/2").
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